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A Physico-Chemical Study of Soft Lining Materials for Acrylic Dentures 

P. S. Wright 

Abstract 

Although soft lining materials are inadequate to their requirements, 

their use is widespread. - This investigation has been undertaken in an 

attempt to determine which are the better materials and how they may be 

evaluated. In addition some new materials have become available which 

may have advantages over existing materials. 

A representative selection of thirteen commercially available soft 

lining materials were chemically analysed. These, together with four 

experimental materials, were subjected to laboratory investigation of 

their water absorption and water solubility; their visco-elastic 

properties and the effect on these properties of bonding the materials 

to poly (methyl methacrylate); their rupture properties; their 

wettability and their effect on the growth of Candida albicans. An 

attempt was made to relate these properties to the chemical composition 

of the materials. 

Their water absorption and water solubility was in general 

unacceptably high with the exception of two silicone rubber materials 

and an experimental acrylic resin material. Conversely their 

compliance was generally satisfactory, two experimental acrylic resin 

materials being the exceptions. Two extremes of resilience were 

recorded but either may prove clinically satisfactory. 

With the exception of three of the silicone rubber materials their 

rupture properties were satisfactory, and only an experimental natural 

rubber material demonstrated completely unsatisfactory adhesion to 

poly (methyl methacrylate), although other materials may be unreliable 

in this respect. 

Eleven of the materials demonstrated satisfactory wettability, the 
OTHclZ 

Femaining six including four of the rubber materials. Only four 

materials inhibited the growth of Candida albicans and the constituents 

responsible were identified. Concern was expressed regarding the tissue 

compatibility of some of the constituents. 
In conclusion, only three of the materials investigated merit 

further study, two silicone rubber materials and an experimental 

acrylic resin material which utilises a polymerisable plasticiser. 
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CHAPTER I 

GENERAL INTRODUCTION 

1.1. Definition 

A soft lining may be defined as a soft, elastic and resilient 

material forming all or part of the fit or impression surface of a 

denture. 0 
The softness of the material or the ease with which it is deformed 

may be more correctly described as its compliance, which, as a physical 

term, is the reciprocal of the modulus. Elasticity ensures that the 

material will regain its original shape following deformation while the 

resilience is also important because it determines the rate of recovery. 
This has led-some to label these materials as resilient lining materials 

but soft lining materials is-more correct as it is the softness or ease 

of deformation which particularly separates them from other denture base 

materials. 

The use of soft lining materials is most usually associated with 

dentures constructed otherwise of poly-(methyl methacrylate) and this 

study is confined to their use in this context. 

1.2. The concept, advantages and indications for providing a laver 

of soft material on the fit surface of a denture. 

1.2.1. Concept 

The provision of a soft material on the fit surface of a denture 

enables changes in shape to occur in this surface in response to 

functional loading. Provided the material is also elastic within the 

energy range utilised the original shape will be regained following the 

removal of the load. In addition some of the energy applied to the 

denture during functional loading will be absorbed in producing the 

deformation and subsequently utilised to produce the recovery of the 

original shape. 

Thus a soft lining material assists in producing even distribution 

of functional load over the whole of the denture bearing area, avoiding 

local concentrations of stress and, to a limited degree, reducing the 

overall load falling onto the denture bearing area. In this way the 

oral mucosa covering the denture bearing area is less likely to be 

traumatised and the inevitable resorption of alveolar bone less likely 
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to be accelerated by the presence of the denture. 

1.2.2. Deficiency of oral mucosa 
These advantages credited to the use of a soft lining material 

may equally well be achieved by the presence of a soft and resilient 
layer of oral mucosa Qverlying the denture bearing area. It is 

particularly when the natural tissues are deficient that their prosthetic 

replacement with soft lining materials has most often been reported as 

being useful. 
1-12 It is also for good anatomical reasons that soft 

lining materials are most commonly utilised beneath the mandibular 

complete denture where the denture bearing area is initially smaller, is 

considerably reduced by the more rapid resorption of alveolar bone that 

occurs in the mandible, 
13 

and is often narrow of knife-edged in shape. 
3 

It is also not surprising that soft lining materials are more commonly 

utilised in the older age groups as age related changes in the oral 

mucosa make it less suitable as a load bearing structure. 
1,14 

Generalised atrophic changes of the oral mucosa may similarly 

occur in response to systemic disease such as diabetes, 14 
as a consequence 

of salivary gland disturbances resulting in reduced salivary flow14 and 

as a side effect of radiation treatment of tumours of the face and 

neck. 
15.16 Soft lining materials have received g particular attention in 

the provision of dentures for the latter group. 
6,7; 17-19 In female 

patients post-menopausal changes may also accelerate atrophic changes in 

the oral mucosa. 
20 

In addition to atrophic changes which may occur in the denture 

bearing mucosa there are other situations where the mucosa underlying 

the denture may have a generally reduced resistance to stress with 

consequent susceptibility to trauma. Oral mucosa which has been subjected 

to surgical treatment may heal with the formation of scar tissue which 

is less resistant to stress and the use of a soft lining material has 

been suggested in this situation 
21,22 

as it has where sulcus deepening 

operations have made use of skin grafts to form part of the covering of 

the denture bearing area. 
22 In the case of patients with'cleft palates 

or acquired oral defects following surgery for oral or maxillo-facial 

tumours the denture or obturator may be required to rest either on nasal 

mucosa or skin grafts used in the repair of the defect. These tissues 

are less suitable as load bearing tissues and in the attempt to overcome 

some of the many difficulties associated with the treatment of these 

patients soft lining materials have often been suggested. 
2'4,6,7,17,22-33 
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1.2.3. Local concentrations of stress 

The lack of a soft and resilient layer of oral mucosa covering 

the denture bearing area is not always a general phenomenon and local 

deficiencies over bony prominences will also cause local concentrations 

of stress. Surgical removal of these bony prominences may be indicated 

but frequently other factors contra-indicate this solution and the 

provision of a soft lining material has been suggested to reduce the 

local 2'8,22,34 
Such a solution has been problem. particularly suggested 

in the case of maxillary tori, 
4,10 

the mylohyoid ridges, 
3 

the external 

oblique ridge, 
3 the genial tubercles, 3'4 

the palatal rugae22 and over 

the hard median palatal raphe. 
2'6,7,22,23,28 

In the last mentioned 

situation an added advantage is claimed to be the prevention of rocking 

around the midline of the upper denture, a problem that may otherwise 
have been dealt with by the provision of a relief chamber which has the 

dual, though mutually exclusive disadvantages, of reducing the retention 

of the upper denture because of the presence of an air pocket beneath 

the denture or the elimination of the relief by a hyperplastic response 

of the oral mucosa. 

A similar situation occurs where the residual alveolar bone has a 
knife-edged or spinous anatomy although the concentration of stress 

occurs over a more extensive area than with local bony prominences and 
the use of soft lining materials has been frequently suggested in this 

situation. 
4,6,7,10,22,35 

It has been demonstrated that regardless of 

the anatomy of the residual ridge the maximum pressure occurs in the 

centre of the loaded area or along a central axis depending on the 

geometry of the model adopted. 
36 

. 
Soft lining materials have also been suggested to relieve pressure 

over local areas which are sensitive to pressure because resorption of 

alveolar bone has exposed the mandibular nerves either at the mental 

foramen 6,10,22 
or at any point along the mandibular canal. 

6,22 

1.2.4. Reduced tolerance to stress 

Thus anatomical and histological explanations may often be found 

for the reduced tolerance of the denture bearing mucosa to the load 

applied to it by the denture. Sometimes however, no such explanation 

exists and despite apparent anatomical sufficiency of the denture 

bearing tissues the physiological tolerance of the mucosa to pain and 

traumatic changes is reduced. Where the indication for the provision of 

a soft lining material is thus symptomatic rather than anatomic 

particular care must be taken to ensure that errors in the provision 
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of conventional prostheses are not responsible for the symptoms. It is 

preferable in all patient care that the cause of the symptoms is 

established and that the cause not the symptoms are treated. It may be 

stated, however, that there are some patients for whom no cause can be 

established for the low physiological tolerance of the mucosa and that 

soft lining materials may prove useful in such cases. 
35 Of those 

patients for whom Storer37 provided soft linings because of an inability 

to wear lower complete dentures on account of pain, initial relief of 

symptoms and improvement in masticatory efficiency was noted in 76.7 per 

cent of the 219 cases. The connection between relief of pain and 

improved masticatory efficiency is obvious. Where a soft lining was 

provided by Mäkilä38 as treatment for chronic tissue soreness 89 per cent 

of the 18 patients initially became symptom free. In one of these 

patients the chronic tissue soreness was ascribed to bruxism and this is 

a cause of increased stress to the oral mucosa that must not be 

overlooked 
22'39 

although possibly the only treatment that can be offered 

is symptomatic. 

1.2.5. Conditioning oral mucosa 

. 
Storer 

37 
suggested that in many cases the reduction of softness 

that occurs with many soft linings in use led to a conditioning of the 

oral mucosa so that eventually many of his patients were able to wear 

conventional hard poly (methyl methacrylate) dentures. This 

conditioning took place over a fairly long period of time, between 12-18 

months and he suggests that one explanation for the improved tolerance 

of the mucosa may be found in an increased thickness of mucosa and/or 

further resorption of an irregular bony alveolar ridge. 

Conditioning of the oral mucosa is, however, more usually 

associated with the treatment of mucosa demonstrating inflammation and 

oedema caused by ill-fitting or poorly constructed dentures. Such 

inflammatory changes can return to normal if the patient does not wear 

the dentures for 48-72 hours. 40 To overcome the social inconvenience of 

being without dentures soft lining materials have been developed which, 

by their visco-elastic properties, reduce the stress falling on the 

damaged mucosa and adapt in some measure to the changing shape of the 

denture bearing mucosa as healing progresses. The properties that are 

required and the composition of such tissue conditioning materials are 

quite different to those of a longer lasting soft lining'material. Some 

confusion, however, exists in the proprietary naming of materials, 

manufacturers describing materials with tissue conditioner formulations 
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as resilient or soft lining materials for dentures. This study is 

concerned with those materials which are intended to be 'permanent' 

in the sense that any prosthesis is permanent, i. e. the need for 

replacement being dictated by clinical rather than material changes, 

and thus consideration of tissue conditioning materials is only 
incidental and included sometimes for cömparison. 

One area of tissue treatment or conditioning where the more 

'permanent'soft lining materials may have a part to play is in the 

treatment of Candida albicans indticed denture stomatitis. The 

incorporation of anti-candidal drugs such as Nystatin into soft lining 

materials has been advocated in the treatment of this condition. 
41,42 

1.2.6. Anatomical undercut areas 

The anatomy of the residual alveolar ridge is often not ideally 

suited for the provision of a complete denture constructed of a hard 

or non-deformable material. Prominences of the ridge are often 

bilaterally opposed in such a way as to create undercut areas whatever 

path of insertion of the denture is chosen. If these prominences are 

composed entirely of soft tissue, deformation of the tissue may allow 

the denture to be seated successfully. However, more often part of _' 

the prominence is composed of alveolar bone and either the prominence 

must be surgically removed or space left between the fit surface of the 

denture and the undercut area to allow insertion of the denture. Surgery 

may be contra-indicated for medical or psychological reasons while space 

or relief within the denture causes reduction in the stability and 

retention of the denture. The use of a compliant material in this 

situation allows the denture to be inserted over. the prominence and 

providing the compliant material is also elastic it will spring back 

into close contact with the undercut area. Not only does this prevent 

air entrapment under the denture reducing the retention, but the 

retention will be positively increased as the material will need to be 

deformed in order to remove the denture. This has been suggested as one 

of the major indications for the use of soft lining materials. 
2,4,6,7,10, 

11,12,22,23,28,43 
It has also been quoted as an advantage where soft 

lining' materials are used for obturators after maxillo-facial surgery 

or in patients with a cleft palate. 
2'6,17,22-25,29-33 Indeed this may be 

the only means of achieving satisfactory retention for this type of 

appliance. A soft lining has also been suggested to obtain retention 

for an overlay denture engaging undercuts on the crowns of the teeth. 
44 
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Improved retention for complete dentures incorporating a soft 

lining has also been claimed in the absence of undercuts when using a 

modified hydrophilic polymer as the soft lining material 
45-47 

although 
this has not been substantiated by other workers. 

43.48 

1.2.7. Additional uses for soft lining materials 
Compliant and resilient materials are also used in dentistry in 

fabricating facial prostheses 
49-51 

and protective mouthguards27,52,53 

although the properties that are required of the materials for this 

purpose are in'some ways different to those required for 'permanent' 

soft lining materials. They have also been used for stabilising 

occlusal record bases, 
4,26 

as an artificial periodontal membrane 
between denture teeth and denture base, 23,54,55 

as a shock 
absorbing layer between a hard poly (methyl methacrylate) denture base 

and a similar hard 28,56-58 
portion carrying the denture teeth and for 

constructing complete denture bases, only the teeth remaining fabricated 
from hard poly (methyl. methacrylate). 

59 While all these uses may have 

advantages and disadvantages it is not proposed to consider them further 
but only to mention them for completeness in considering the advantages 
and indications for the use of soft lining materials in dentistry. 

1.3. Disadvantages of providing a layer of soft material on the 

fit surface of a denture 

1.3.1. Introduction 

It can be seen that the advantages of soft lining materials 

accrue mainly from the increased compliance of the materials when 

compared with a hard poly (methyl methacrylate) denture base of 

which the majority of dentures are constructed. The disadvantages of 

providing a layer of soft material on the fit surface of a denture are 

more complex and may be considered under three headings. Firstly, the 

replacement of part of the poly (methyl methacrylate) denture base with 

a more compliant material will have consequences in the properties and 
function of the denture as a whole. Secondly, although the increased 

compliance of the material may be an advantage other physical properties 

of the material may be disadvantageous to the patient, dental surgeon or 
dental technician, and thirdly, the permanence or useful functional life 

of the lined denture must be considered. 
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1.3.2. Properties of the denture 

The replacement of part of a relatively rigid structure with a 

more easily deformable material will have obvious consequences in 

terms of the overall flexibility and strength of the composite 

structure. 

This effect will depend upon the proportion of the denture base 

which is replaced by the soft lining material which in turn will 

depend upon the overall thickness of the denture base and the thickness 

of soft lining necessary to be effective in securing the advantages 

previously discussed. The overall thickness of the denture base is 

largely outside the clinicians control as it must be constructed to 

conform to the vertical face height and to lie within the denture space. 

The thickness of soft lining necessary will depend upon the physical 

properties of the soft lining itself and on its properties when bonded 

to the poly (methyl methacrylate) and this will be considered in 

greater detail later. Suffice it to say for the moment that in some 

cases the effect on the flexibility and strength o. f the composite denture 

base will be considerable, and it has been suggested that when inter 
10 

ridge distance is small it is impossible to use a soft lining. 

Surprisingly little comment has been made about the increased 

flexibility of dentures with soft linings although Woelfel and Paffenbarger60 

attributed inflammatory changes in the denture bearing mucosa to this 

increased flexibility, and Hegde61 has confirmed the increased flexibility 

of the composite structure by means of transverse deflection tests. The 

theoretical consideration of the properties of flexible dentures conducted 

by Koivumaa62 concluded that "Elasticity in a denture causes the strain 

of the masticatory force to be borne by a limited part of the ridge close 

to the point of action of the force; the pressure is therefore not evenly 

distributed over all the tissues covered by the dentures. " This would 

seem to be in contradiction to the objectives of providing a soft lining. 

However, in one study59 twenty-six out of thirty patients preferred a 

soft (flexible) denture to a conventional acrylic resin denture because 

of better retention, stability and comfort. 

The reduction in strength of dentures with a soft lining has been 

commented upon by several authors. Poly (methyl methacrylate) is well 

known to be susceptible to fatigue failure and its impact strength is 

low. The replacement of part of the cross-sectional area will inevitably 

increase the tendency to fracture of the denture base. Starer37 reported 

16 cases of fracture out of a total of 295 cases, 15 occurring in 

function and one because of carelessness on the part of the patient. 
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Sauer? reported 2 out of 16 cases fractured in use but he attributed 

this to the fact that these were maxillary dentures opposed to natural 

teeth and could have been prevented by thickening the acrylic palate. 

Woelfel and Paffenbarger6o reported several fractures and Laney 
39 

also 

reported an increased susceptibility to fracture. Means, Rupp and 

Paffenbargerfi3 reported 2 out of 23 dentures fracturing and Mäkilä and 

Honka64 9 out of 37 dentures all of which were mandibular complete 

dentures. Storer37 also comments on the difficulty of repairing dentures 

lined with acrylic soft lining materials although those lined with 

silicone rubber proved very tolerant of the repair procedure. Most 

authors 
37,39,64 

see the solution to the problem of recurrent fracture 

of soft lined dentures in the provision of metal reinforcing structures 

in the denture base and two types have been described in detail either. 

using a metal framework that is completely enclosed in the denture base65 

or a cast metal veneer lingual plate. 
66 Although not mentioned by these 

authors both these methods would also have the advantage of increasing 

the rigidity of the composite denture base thus eliminating the 

disadvantage of denture flexibility considered previously. 

1.3.3. Characteristics of the soft lining materials 

1.3.3.1. Introduction 

There are many different types of soft lining material available 

and their characteristics will obviously be different in many respects. 

It is not proposed at this stage to compare the different types of 

materials but only to consider those characteristics which may, prove 

disadvantageous when compared with poly (methyl methacrylate). These 

concern the construction of the denture, characteristics of the material 

when first processed and the tolerance of the material to the oral 

conditions. 

1.3.3.2. Construction of the denture 

A material that may only be used infrequently in dental practice 

must have a reasonable shelf life so as to be available and fit for use 

when required. The shelf life of room temperature vulcanising silicone 

rubbers may be inadequate for this purpose27 but generally this has not 

been considered as a problem. It is also undoubtedly true that the 

provision of a soft lining requires special processing techniques10 

which are more time consuming than fabrication of a conventional 

denture but this is not perceived as a disadvantage by most 
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authors presumably because it has no long term effect on the patient. 
A more serious difficulty occurs in the finishing, polishing and 

adjusting of silicone rubber soft lining material, 
7,12,60,64,67-69 

so as 

any attempt to alter the lining from its 'as processed' state leads to 

roughening thus spoiling the surface of the denture. 

1.3.3.3. Compliance and resilience 
It is pertinent to consider if the concept of providing a 

compliant layer on the fit surface of the denture has any theoretical 

disadvantages. This has received scant attention in the literature and 
the only disadvantages suggested are the instability of a denture base 

resting on a deformable material, 
57 

the possible "rubber ball" or bounce 

effect with the more resilient materials when chewing70 and the thinning 

and lateral or peripheral spreading of the soft layer under masticatory 
loads 56 this last causing continual movement of the fitting, surface over 
the mucosa leading to irritation and hyperaemia. It is possible that 
the compliance of the denture base may reduce the forces available for 
mastication thus reducing masticatory effectiveness, however the 
increased patient comfort achieved by providing this compliant layer 
undoubtedly has a much greater effect on masticatory effectiveness. 

37 

1.3.3.4. Loss of compliance 
Some of the materials which are used as soft lining materials 

have proved not to be stable in an aqueous environment such as is found 
in the oral cavity. This is particularly true of those materials where 

a plasticiser is used to increase the compliance of an otherwise hard 

basic polymeric material and where the plasticiser is susceptible to 

leaching out of the materials by aqueous solutions thus reducing the 

compliance of the material. Such loss of compliance has been reported 

with plasticised acrylic materials, 
4,63,70,74-77 

tissue conditioning 

materials4,77-79 and even one silicone rubber material. 
69 The effect of 

loss of plasticiser may be confused by the absorption of water into the 

soft lining material which will act as a plasticiser itself thus 
77' 

maintaining or increasing compliance of the material, 
80,81 

indeed 

one type of material relies entirely on water as its plasticiser. 
47,82-85 

If, however, these materials are removed from the aqueous environment 

evaporation of the water will lead to loss of compliance of the material 
in a fairly short period of time. 85 
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1.3.3.5. Dimensional stability 

It is important that the dimensions of materials constructed 

accurately to fit the anatomy of the oral cavity should remain stable 

in use. The loss of constituents such as plasticisers or the absorption 

of material, most commonly water may affect this stability. Water 

absorption and solubility of soft lining materials are commonly measured 

and most authors have commented on the probable effect these changes 

would have on dimensional stability, 
2,4,61,67,73,79,80,85-88 

and the 
" 

dimensional changes have been demonstrated in some cases to be 

considerable. 
84-86 

With those materials which depend upon water as a 

plasticiser an attempt has been made to balance the increase in volume 

caused by the absorption of water with an equal loss of added solvent' 

thus negating any dimensional change47 but this has not always proved 

completely successful. 
85 

The dimensional stability of soft lining 

materials during processing has also been considered2 but this has not 

been demonstrated to be a problem. 
60 

1.3.3.6. Adhesion to poly (methyl methacrylate) 
Having a denture constructed of two different materials may be 

a disadvantage if it is either difficult to construct successfully the 
join or if any separation of the two parts occurs in use. The difficulty 

in finishing silicone rubber materials has already been discussed and 
this may lead to difficulties in constructing a neat join. In addition 
the bond of silicone rubber materials to poly (methyl methacrylate) has 

3.37,60,63,64,68,69 
proved unreliable in clinical use and this has 

generally been confirmed in laboratory studies. 
67,73,77,89 Complete 

separation does not always occur but local areas of separation between 

the liner and the base rapidly become unhygienic because of difficulty 

of cleaning between the two. 

In order to overcome the relatively poor bonding of silicone rubber 

materials to poly (methyl methacrylate) it has been suggested that the 

soft lining material should be enclosed or 'boxed' within a hard acrylic 

framework at the peripheries of the denture. 
2'7'69 This, however, does 

have the. disadvantages of placing more stress on the soft tissues on 

which the peripheries rest and of restricting the displaceability of the 

soft lining material. 

Bonding of other materials'to poly (methyl, methacrylate) is also 

not 100 per cent effective in laboratory testing67,73,77,89 but generally 

has proved satisfactory in clinical use. 
43,63,67,73,74 
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1.3.3.7. Rupture properties 

The ability of a soft lining material to resist rupture during 

normal use, which includes cleaning procedures, is of obvious practical 

importance. Laboratory studies have shown the relative weakness of soft 

lining materials when compared with poly (methyl methaCrylate) 
77,84,89,90 

but-there are few reports of failure from this cause in clinical use. 

The soft lining is most susceptible if it extends to form the periphery 

of the denture and Bell43 has reported tearing of small pieces of one 

type of material in this situation. Rupture or cracking has also been 

reported with some materials in that portion of the soft lining related 

to the crest of the ridge37,67,74 which suggests that particularly high 

stresses may occur in the soft lining in this area. 

1.3.3.8. Abrasion and loss of surface detail 

Laboratory testing has shown the resistance to abrasion of 

silicone rubber materials and some of the acrylic copolymers to be poor 
73 

and this has been confirmed clinically by the same author37 and 
others. 

39,64,91 

Abrasion resistance has been shown to be closely related to tensile 

strength and percentage elongation at break of the materials73 and 
therefore the tendency to wear and tear of the materials are related. 

Loss of surface detail has also been commented upon by Bates and 
Smith67 and Means et al63 but they implicate loss of plasticiser and 

absorption of water and/or essential oils in the aetiology of this surface 

change. Certainly the dimensional changes associated with water 

absorption and solubility already discussed will have an effect upon the 

surface and may account for the wrinkling of the surface reported by 

some authors. 
10,60,68,70 In addition some types of denture cleansers 

may affect the surface of soft lining materials. 
43,67,92,93 

1.3.3.9. Wettability 

Bates and Smith67 have drawn attention to the fact that silicone 

soft lining materials are not "wetted" by the saliva to the same extent 

as acrylic materials and that this led to a lack of lubrication and an 

unpleasant feeling as moving tissues slid over the surface. This 

irritation, particularly in a dry mouth, has also been referred to by 

Laney39 and Bell et al12 and both Smith88 and Suchatlampong80 have found 

the frictional resistance of soft lining materials to be higher than hard 

acrylic under all conditions although it is apparent that this is not 

entirely due to the wettability of the materials. 
80 Attempts have been 
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made to improve the wettability of soft lining materials94 and some 

materials have been produced which claim to have better wettability than 

poly (methyl methacrylate)46 but it is not clear how much decreased 

wettability is a problem in clinical use. It is also not clear how 

absorption of oral fluids may affect the wettability. 

1.3.3.10. Denture hygiene 

Perhaps the greatest disadvantage of the soft lining material 

is the difficulty of keeping it clean64 and this is related to the fact 

that excessive brushing is liable to lead to wear of the material. 

Whether or not soft lining materials are harder to clean than poly 
(methyl methacrylate), the results of poor denture hygiene have been 

commented on by almost all those authors who have used the materials. 
61 per cent of M8kil8 and Honka's patients64 had poor denture hygiene__ 

while approximately 20 per cent of Bates and Smith's67 patients 
demonstrated staining and calculus associated with the soft linings, a 
feature that was also commented upon by Bascom, 

70 
Lantz, 68 Laney39 and 

Bell. 43 
The percentage of full denture wearers who might demonstrate 

poor denture hygiene is not known but it is probable that it would not 
be much different from the figures quoted for patients wearing soft lined 
dentures. Soft linings are, however, more susceptible to denture hygiene 
factors in that they are much more susceptible to colour changes, the 

development of odour and taste and to colonisation with fungal organisms 

particularly Candida albicans. 

Colour changes which have been reported are either as a result of 

staining by drinks 7,43 
or tobacco 60,64,69,70 

or a loss of colour or 

bleaching 
3'7'64,67,69 

which is often attributed to denture cleansers, 

particularly the hypochiorite type 3.9,67,69,70,74,92,93,95,96 
Changes in 

taste and smell may also be related to either tobacco60,64 or denture 

cleansers60 although occasionally strange tastes were related to the 

soft lining itself when first given to the patient64,67 but this 

disappeared in time. 

There are-numerous reports of soft lining materials being colonised 

by Candida albicans in the clinical situation 
7'39'60,64,69,97-101 

and one. 

report of a soft lining material being colonised by Ochroconis constrictum02 

although most of these involve the silicone rubber type of soft lining. 

It is not clear why soft linings are susceptible to this colonisation 

although it has been suggested that the porosity of the material may be 

an important factor99 and that because of the high water absorption of 

many soft lining materials nutrient may become available within the 
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material. 
103 Candida albicans is well established as a contributory 

factor in the aetiology of denture stomatitis104,105 and this must 

therefore be considered as a severe disadvantage of soft lining 

materials. It has, however, been demonstrated that this colonisation 

can be prevented by the use of certain denture cleansers 
99,106,107 

or 

by incorporating anti-fungal agents into the soft lining 41,42,100,107-9 

and some soft linings are themselves inhibitory to the growth of Candida 

albicans. 
103,110. 

P 

1.3.3.11. Tissue compatibility 

A possible disadvantage of soft lining materials may be a toxic 

or allergic reaction to the material or one of its constituents. 

including all additives, 
ill 

unpolymerised monomer remaining in the polymer 

after polymerisation 
111 

and any excess catalyst not used in a cross- 

linking process. 
103 One such reaction has been reported in relation to 

the catalyst liquid of a room temperature vulcanising silicone rubber 

soft lining material. 
112 

1.3.4. Permanence or useful functional life of soft lining materials 

", t'is not possible to estimate accurately the useful functional 

life of any denture because of the large variation in clinical factors 

which may necessitate its replacement. It is normally considered, 
however, that the average conventional full denture will need replacement 

approximately once'every five years. The physical properties of poly 

(methyl methacrylate) are more than adequate for this life span and for 

a soft lined denture to be considered an equally suitable alternative it 

would seem reasonable to expect it to last about this period of time. 

Gonzalez and Laney, 6 however, consider that a material that serves for 

more than two years can be classified as essentially adequate presumably. 

on the basis that replacement every two years is not an excessive 

liability to the patient or the dental surgeon. Many of the disadvantages 

of soft lining materials that have been discussed including the tendency 

of the denture to fracture, the loss of compliance, the poor dimensional 

stability, the failure of the bond between the soft lining and the 

acrylic, the tendency to tear and abrade, the changes in the surface 

detail and the consequences of poor dental hygiene, especially the 

colonisation by Candida albicans, would prevent the soft lined denture 

from fulfilling this requirement. For a soft lined denture to be 

considered an equally suitable alternative, therefore, all of these 

possible disadvantages must be overcome. The evidence reported to date 
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would indicate that none of the available soft lining materials have 

achieved-this. The American Dental Association, in the latest edition 

of their Guide to Dental Materials and Devices, 113 
conclude on the basis 

of present knowledge that the routine general use of soft liners is 

unwarranted. At present., the Council recommends that soft resilient 
liners be considered only as temporary expedients. They must be observed 

regularly by the dentist and removed when unsatisfactory. 

1.4. Assessment of the need for soft lining materials 
There is ample clinical evidence that there are some patients for 

whom a soft lined denture is the only satisfactory method of treatment 

and others for whom it is the preferred alternative to possible 

pre-prosthetic surgery. It is arguable that the advantages of soft 
lining materials would be of benefit to every patient who requires 
dentures, particularly because any method of reducing the load on the 

supporting tissues is advantageous as it is these loads which may 

accelerate the progression of alveolar bone resorption, but at present 
the disadvantages are such that this is not a sensible proposition. 
It must be emphasised, however, that soft lining materials must never be 

used as an alternative to correct prosthetic techniques and many would 

argue that. if care is taken in providing a. conventional complete denture 

the need for soft lining materials would be significantly reduced. 
An attempt to evaluate the current usage of soft lining materials 

may give some insight into the need for their use. Soft lining materials 

are most commonly used in the provision of the mandibular complete 

denture and the need for a soft lining material is therefore related to 

the need for complete dentures. A survey on dental knowledge, attitudes 

and behaviour carried out by Market and Opinion Research International 

on behalf of the National Dental Health Action Campaign in 1977 showed 

that 30 per cent of the population over 15 years of age in England and 

Wales were edentulous. 
114 It is difficult to assess how many of this 

large number of individuals might need the use of a soft lining material 

in the provision of their dentures. However, while 786,140 mandibular 

complete dentures were provided under the general dental services in 

1977 a soft lining was provided on only 7840 occasions. 
115 If it is 

assumed that all these soft linings were associated with mandibular 

complete dentures we may say that approximately one per cent of patients 

requiring a mandibular complete denture also required the provision of 

a soft lining. These figures are probably an understatement of the 

actual use of soft lining materials as no account is taken of soft 
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linings provided under private contract or within the hospital service. 

It is, in fact, probable that their use in the hospital service is 

considerably greater as the proportion of 'difficult' mandibular complete 

dentures provided is undoubtedly greater. In support of these-figures 

it has been estimated that about 1.5 to 2 per cent of the complete 

dentures processed in a large commercial laboratory'in America have a 

resilient (soft) lining. Almost all of these were lower dentures. 60 

Windecker, 55 
however, in a West German publication estimates that 

soft material is used in 3-5 per cent of all complete mandibular dentures. 

On the basis of current usage, therefore, there is a definable 

need for a soft lining material and if an improved material could be 

found the usage would, in all probability, be much greater. 

1.5. Desirable properties and requirements of soft lining materials 

1.5.1. Introduction 

Following a consideration of the advantages and disadvantages of 

soft lining materials it is possible to construct a concept of which 

may be the ideal denture soft lining material although despite the 

extensive literature surveyed it would appear that there are some 

properties that cannot be quantified accurately at present. This may 

be because a wide variation in properties seems to give clinically 

successful results and in addition even if we consider only the use of 

these materials as 'permanent' soft linings for dentures the indications 

for their use are quite varied and may require different properties to 

be successful. The desirable properties or requirements may be 

considered in two distinct categories; those necessary for the successful 

construction of dentures and those for the successful functioning of the 

soft lined dentures. 

1.5.2. Construction of soft lined dentures 

1.5.2.1. Shelf life 

The material should be sufficiently stable as packed so as to be 

useable when required over a long enough period of time to include 

distribution and storage. 
39,67,80 
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1.5.2.2. Ease of processing 

The material should be reasonably easy to process using conventional 

laboratory equipment bearing in mind that the construction of any soft 

lined denture with a metal insert to give the structure rigidity is 

necessarily more complex because of its three part nature. 
2,22,34,39,67, 

73,80,116 

1.5.2.3. Dimensional stability 

. There should preferably be no dimensional changes during processing 

of the material. 
2'28,35,39,73,80,117 If dimensional changes do occur 

they should be no greater than those that occur in processing of poly 

(methyl methacrylate). Significant differences in dimensional changes 

in processing between a soft lining and the poly (methyl methacrylate) 

base may result in distortion and strains being devloped at the junction 

between the two. 2 

1.5.2.4. Denture base 

The material should not have any adverse effect on the rigid 

poly (methyl methacrylate) part of the denture base. 6,22,34,35,39,81,117 

1.5.2.5. Finishing, polishing and adjusting 

It should be possible to adjust the processed material accurately 

and to be able to polish it to a sufficiently smooth surface to be used 

as part of the polished surface intra-orally. 6.22,34,35,39 

1.5.2.6. Repair 

It should be possible to repair the material. 
39.73 

1.5.2.7. Cost 

The cost of the material and of the processing should be 

reasonable. 
39 

1.5.3. Functional requirements of soft lining materials 

1.5.3.1. Tissue compatibility 

The material and its constituents should be compatible with the 

body tissues in all respects. They should be aesthetically comparable, 

odourless, tasteless, non-toxic, non-irritant and should not provoke any 

allergic response. 
6,22,28,34,35,39,67,72,73,76,80,117,118 They should 

also be innocuous if ingested. 
118 
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1.5.3.2. Compliance and resilience 
It is obvious that a soft lining material should be compliant 

but the degree ofcompliance is uncertain. It is possible that the 

degree required will vary from patient to patient and it is obvious 
from clinical reports that a large number of materials with different 

initial compliance are clinically successful. Craig 34 has suggested 
that the initial hardness measured by a Shore A Ourometer should be 

approximately 40 while Gonzalez, 22 
using the-same units suggests a 

figure of 20 to 25. McC be 
and Wilson119 utilising elastic modulus 

as a measure of softness suggest that a standard specification for 

soft lining materials should stipulate an elastic modulus of less than 

1.5 MN/m2. Craig34 has also suggested that the compliance should be the 

same or greater than that of the normal soft tissue which according to 

Tomlin et al120,121 is 2.0 MN/m2 for 52 per cent of denture bearing 

tissues. The compliance of the material will also be affected by the 

thickness of the soft lining layer and the bonding of the soft layer 

to the hard denture base. 67,73,80,85 
Conversely the thickness of soft 

lining material that should be provided within the denture will depend 

upon the compliance of the material as well as the patients needs. 
It is also important that. the soft lining should exhibit total 

recovery of its original form following deformation 22'34,116,120,122 

and the time taken for this recovery is dependent upon the resilýnce of 

the material. The more resilient the material the quicker it will regain 

its original shape and this might seem to be desirable in the oral 

situation where the denture is subjected to the cyclic forces of 

mastication, 
85 

however, materials exhibiting both high and low resilience 

appear to be clinically successful. 
67 

Whatever the initial compliance and resilience, it is desirable 

that this is maintained in the oral environment in order that the 

denture may remain functionally useful for the purpose it was 

originally intended. 2'6,22,28,34,35,39,45,67,73,80,81,117 

1.5.3.3. Dimensional stability 

The material should be dimensionally stable in the oral 

environment in order that the denture may maintain its accurate fit to 
6,22,35,39,45,67,73,81,117 

the oral tissues. The dimensional stability 

of cured soft lining materials is largely dependent upon their ability 
to absorb fluids and their solubility in the same fluids, the fluid 

with which they are most often in contact being saliva. Soft lining 

materials should therefore show low levels of absorption in saliva or 
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other fluids2,6,22,28,34,35,39,67,73,81,100,117 67 Bates and Smith 

suggest this should be the same as the level of absorption of poly 
(methyl methacrylate)at about 2.2 per cent by weight to avoid stresses 

b being created at the soft lining/poly (methyl methäcrylate) interface 

thus weakening the bond between the two. They should also demonstrate 

low solubility in saliva 
28,35,80,81,117 

although it must be appreciated 

that if solubility could be balanced with absorption dimensional changes 

might not occur. 
47 

1.5.3.4. Rupture properties 

The materials should have adequate mechanical strength to avoid 

damage in clinical use 
6,22,34,45,90 

and this must include adequate 

abrasion resistance. 
2,6,2a, 35,39,67,73,80,117 

1.5.3.5. Adhesion to poly (methyl methacrylate) 

The material should bond sufficiently well to poly (methyl 

methacrylate) to avoid separation in clinical use. 
2,6,22,28,34,35,39,45, 

67,72,73,76,80,81,117 

1.5.3.6. Wettability 

The material should show good surface wettability to ensure that 

the surfaces of the soft lining are adequately lubricated by saliva to 

prevent frictional trauma. 
2,22,34 

1.5.3.7. Denture hygiene 
R 77 '7A Aa AS_7R_An_117 

The material should be easy to clean. ' '`. and 

preferably should not require any special cleaning instructions as it 

is likely that some patients will not follow these instructions. 
69 The 

material should not be affected by the constituents of food, drink and 

tobacco or denture cleansers in such a way that permanent changes in 

appearance, taste or smell occur. 
6,22,28,34,35,39,67,72,76,80,116,117 

The materials should not support the growth of micro-organisms, in 

particular Candida albicans, 
22,34,35 

and it is desirable that the 

material should'inhibit the growth of Candida albicans. 
80,81 

1.6. The scope of the present investigation 

It has been shown that the soft lining materials are desirable in 

at least some situations and the present investigation is therefore 

concerned with the attempt to provide a satisfactory material for use as 

e'permanent'soft lining material for poly (methyl methacrylate) dentures. 
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A representative sample of commercially available soft lining 

materials were therefore selected and chemically analysed. These 

together with some experimental materials were subjected to laboratory 

testing of physical properties in an'attemptto relate chemical 

composition to physical properties and to assess their suitability for 

this purpose. The physical investigations were designed to test most 

of the properties considered desirable in a way that is as relevant to 

the clinical situation as possible. 

The following physical propertidt have therefore been investigated: - 
The water absorption and water solubility of the materials and the 

effect of these properties on the dimensional stability, rupture 

properties and the adhesion of the materials-to poly (methyl 

methacrylate). 

The compliance and resilience or visco-elastic properties of the 

materials and the effect of bonding the material to a poly (methyl 

methacrylate) base. 

The rupture properties of the materials. 
The adhesion of the materials to poly (methyl methacrylate). 
The wettability of the materials. 

The effect of'the materials on the growth of Candida albicans. 
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CHAPTER 2 

CONSTITUENTS AND COMPOSITION OF SOFT LINING MATERIALS 

2.1. Review of the literature 

2.1.1. Introduction 

The lack of an ideal soft lining material is confirmed by the 

number of materials available. A search of the literature has revealed ~ 

references to forty different proprietary materials and while it is 

certain that some of these are no longer commercially produced it is also 

probable that there are others which have not been reported or 

investigated. In addition to proprietary materials references have been 

found to twenty-four different experimental materials, often materials 

used in other fields which have been suggested as 'permanent' soft lining 

materials for dentures. 

2.1.2. The development of soft lining materials 

2.1.2.1. Introduction 

Not surprisingly the earliest soft lining materials were produced 

from naturally occurring materials. Soft rubber was used as early as 

1869 by Twitche11123 who patented the use of "a soft rubber facing 

throughout all the portions of the plate which come into contact with 

the mouth" which "arrangement prevents the irritation that arises from 

the hard rubber pressing upon the gums and cheeks". While he did not 

specify the composition of this soft rubber, soft rubber compositions were 

generally preferred as soft linings as long as hard rubber (vulcanite) 

was used as the denture base material, 
2,124-127 

although other natural 

materials such as chamois leather cemented to the denture base with 

celluloid varnish were also suggested. 
128 

Natural rubber materials have 

been developed further and are still used occasionally today but the 

rapid advances in polymer technology which have occurred in recent years 

has led to many different lines of development of soft lining materials, 

based on different polymeric materials, occurring in parallel. Their 

development will therefore be discussed in groups according to their 

general composition. 
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2.1.2.2. Natural rubber materials 

The earlier natural or "Velum" rubbers demonstrated high water 

absorption and became foul and ill-fitting after a variable period in 

use. 
2,126,127 Lammie and Storer2 attributed a large amount of this water 

absorption to the presence of protein impurities and consequently 

developed a highly purified or "washed" natural rubber. Since this 

rubber was developed at a time when the denture base was beginning 

to be made of poly (methyl methacrylate) a bonding agent was necessary 

and they used a commercial bonding agent called Desmodur R which was 

essentially p-p'-p" tricarbimido-triphenylmethane in methyl chloride. 

The formulation also took account of the need for vulcanisation of the 

rubber to take place at a low enough temperature to avoid damage to the 

poly (methyl methacrylate) base. Nevertheless this material proved 

difficult to process, its colour was aesthetically poor and the bond 

strength was adequate in only 50 per cent of cases. 
2 

The material was 

probably too soft in 2 mm layers and when it was suggested that the 

bonding agent might be a carcinogen the material was withdrawn from use37 

More recently the Natural Rubber Producers' Research Association 

have produced a soft natural rubber compound with a zinc dimethyl 

dithincarbamate-sulphur curing system which will cure at 1000C. 

Adhesion to the denture base is obtained using a rubber-poly (methyl 

methacrylate) graft polymer solution (Heveaplus M. G. ). 85,129,130 
This 

material still demonstrated the high water absorption85 typical of 

natural rubbers but preliminary clinical trials were promising. 
129 

2.1.2.3. Vinyl resin materials 

One of the first synthetic resins to be used as a soft lining 

material was poly (vinyl chloride). Poly (vinyl chloride) is a hard 

resin and in order to make this suitable as a soft lining material the 

addition of"a plasticiser is necessary. Matthews71 had been using 

poly (vinyl chloride) powder with a liquid di-n-butyl phthalate 

plasticiser in the form of a paste as a facial prosthetic material and 

it occurred to him to try this as a soft lining material in 1942. His 

first attempt was a success, his only criticism of the material being 

its long term tendency to harden'due to the loss of plasticiser. 

Kinnear and Davison 131 
patented this and similar materials in 

1944 the patent quoting plasticised poly (vinyl chloride) and plasticised 

poly (vinyl chloride) copolymers having between 20 and 70 per cent of 

plasticiser as being suitable as soft lining materials for dentures. 

Suitable copolymers included copolymers of vinyl chloride with vinyl 
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acetate, methacrylate esters and styrene. The. plasticiser was not 

specified but again di-n-butyl phthalate was most commonly used. 

MacKinnon et a1116 tried plasticising poly (vinyl chloride) with 

tricresyl phosphate but abandoned this formulation because it could not 

easily or satisfactorily be processed in the dental laboratory. 

Nelson 126,127 
at about the same time used butyl phthalyl butyl 

glycollate as a plasticiser for vinyl chloracetate because he believed 

that this plasticiser improved the adhesion between the lining and the 

poly (methyl methacrylate) denture base. Initially he used a combination 

of dioctyl phthalate, dl-n-butyl phthalate and butyl phthalyl butyl. 

glycollate and prepared the compound for processing by heating but later 

he discovered that he could use only butyl phthalyl butyl glycollate 

and prepare the compound by milling on calendar rolls and sheeting out 

into sheet form. 

Jones in a contribution from the Commonwealth Bureau of Dental 

Standards132 in 1951 considered that the problem of hardening of the lining 

in use could be overcome by the use of dioctyl phthalate as a plasticiser. 

This was confirmed by Bains72 who in a comprehensive study of 

possible plasticisers for poly (vinyl chloride) recommended sextol 

. sebacate, di-octyl phthalate or di-alpha=ol phthalate as being suitable, 

this recommendation being based on a consideration of their volatility, 

solubility and diffusion rates. He also recommended that gelation of 

poly (vinyl chloride) should be by dry heat at 1400C to give a thorough 

incorporation of the plasticisers and a tougher material; and the use of 

a polymerisable adhesive paste consisting of poly (vinyl chloride), a 

plasticiser and methyl methacrylate between the poly (vinyl chloride) 

lining and the poly (methyl methacrylate) denture base to improve the 

adhesion between the two. Despite these improvements, however, he 

concluded that there was no 'ideal' plasticiser and 'absolute permanence' 

of the soft liner was not possible. 

Lammie and Storer2found the use of a poly (vinyl chloride) 

plasticised with di-n-butyl phthalate very unsatisfactory, the curing 

temperature was critical, difficult to control and so high as to cause 

damage to the poly (methyl methacrylate) base and teeth. In addition 

the soft lining was found to harden and crack in use after only 6-12 

months. The alternative plasticser, dioctyl phthalate, was considered 

'little better'. 

However, following further laboratory and clinical testing 

Storer37,73 suggested that the use of dioctyl phthalate was a definite 

improvement, the material remaining soft for longer, and cracks taking 
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longer to appear. Lammie and Storer2 also report on the use of 

plasticised poly (vinyl acetate) but found'this totally unsatisfactory 
because of high water absorption, hardening and cracking. 

Sates and Smith67 investigated a poly (vinyl chloride-acetate) 

copolymer plasticised with both di-n-butyl phthalate and dioctyl 

phthalate using the processing techniques described by Bains72 but 

despite promising laboratory results the linings when used in the 

mouth failed either because of breakage of the bond to the denture 

base or because of hardening and cracking. 
The use of plasticised poly (vinyl chloride and acetate) was 

discontinued about this time although a poly (vinyl chloride) acrylic 

resin mixture was used for a while2,37 but proved no better than the 

earlier vinyl resins. Recently an ethylene-vinyl acetate copolymer 

which is elastomeric has been suggested 
133 

but no results of clinical 

testing are available. 

2.1.2.4. Acrylic resin materials 

According to Nelson 126,127 
modified methacrylate resins have been 

used as soft lining materials since the inception of poly (methyl 

methacrylate) as a denture base material. Tylman134 discusses the use of 

copolymers of the acrylate group of resins but Mackinnon et al 
116 

seem 

to be the first to discuss the composition of acrylic resin soft lining 

materials in detail. They used poly (methyl methacrylate) plasticised 

with between 60-75 per cent of di-n-butyl phthalate the addition of 

which was considered very erroneously to convert the poly (methyl 

methacrylate) to a copolymer of poly (methyl methacrylate) and poly 

(n-butyl methacrylate). Although the plasticiser actually acts by 

lubrication of the intermolecular bonding rather than by producing 

co-polymers this wa. s early recognition of the fact that higher 

methacrylate polymers have lower glass-transition temperatures and are 

softer at room temperature than poly (methyl methacrylate). The high 

proportion of plasticiser used in their materials would seem to favour 

migration of the plasticiser out of the material and a short service 

life due to hardening of the material. They did, however, have some 

clinical success with the material. 

Hetzel135 overcame the problem of high percentage plasticiser 

content by using poly'(n-butyl methacrylate) as the basic polymer. It 

was possible to use this polymer without plasticiser but the addition 

of 10-15 per cent of plasticiser was considered to make 'particularly 

good linings from the standpoint of degree of softness at body temperature! 
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The plasticiser was not specified but butyl phthalyl butyl glycollate and 

ethyl phthalyl ethyl glycollate were both used as examples. Hetzel also 
demonstrated how soft materials could be made without the use of 

plasticisers by co-polymerising n-butyl methacrylate with between 

10-40 per cent of higher methacrylates, examples quoted being 

n-hexyl-methacrylate, and n-octyl methacrylate. 

An acrylic resin soft lining material which was a'copolymer of 
35 parts of methyl methacrylate with 65 parts of the butyl ester of 

acrylic acid' was apparently in commercial production by 19582 but this 

and a subsequent modified material proved rather unsatisfactory in 

clinical use. 
2'37 

However, acrylic resin materials have continued to 

be used up to the present day. An indication of the complexity and 

possible variation that might occur in their composition is given by a 

consideration of an experimental material developed by Braden and Clarke 

in 1972130 which consisted of a powder of poly (ethyl methacrylate) and 

a liquid containing nonyl methacrylate (15%), butyl methacrylate (5%), 

ethylene glycol dimethacrylate (5%) and butyl phthalyl butyl glycollate 
(75%). In contrast, and somewhat surprisingly bearing in mind earlier 

use of similar compositions, Prosen136 as recently as 1976 patented a 

material which consisted simply of 40% methyl methacrylate polymer, 

10% methyl methacrylate monomer and 50% butyl phthalyl butyl glycollate. 
Thus far acrylic resin materials were an improvement on the 

vinyl resin materials. Particularly because of the similar chemical 

composition of denture base and soft lining there were few bonding 

problems. However,. one major disadvantage had not been overcome, namely 

the tendency of the plasticiser to leach out into the oral fluids thus 

causing hardening of the soft material. There have been two relatively 

recent developments which have attempted to overcome this problem by 

different means. 

In 1965 Litchfield and Wood137 patented on behalf of*R. H. Cole 

and Company Limited a soft synthetic resin produced by co-polymerising a 

methacrylate polymer or copolymer with both a methacrylate ester and 

an unsaturated diester. The preferred methacrylate ester was 

2-ethoxy-ethyl methacrylate and the preferred unsaturated diester 

di-2-ethyl-hexyl maleate. Since all of these constituents are 

polymerised in processing there is no free plasticiser to be. leached 

into the oral fluids. Preliminary laboratory tests show this material 

to have satisfactory properties. 
85 
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Most recently Braden 
138 

has developed a material which is 

completely free of plasticisers. Instead, a finely powdered natural 

or synthetic rubber is used, with a methacrylate monomer which 

polymerises to form an elastomer. Preliminary trials on this material 

are promising. 

One development only has turned the disadvantage of water 

absorption and solubility to advantage by adding the anti-fungal agent 

Nystatin to an acrylic resin soft lining 41 
which is used to treat and 

prevent recurrence of denture stomatitis. However, this does not solve 

the fundamental problem of reduction in softness of the lining over a 

period of time. 

Before leaving the acrylic resin soft lining materials mention 

should be made of the tissue conditioner materials. These were developed 

in the early 1960's and consist of higher methacrylate--polymers, normally 

a blend of copolymers based on poly (ethyl methacrylate), along with a 

plasticiser, commonly butyl phthalyl butyl glycollate and up to 30 per 

cent of ethanol. 
139 Despite the apparent similarity of the constituents 

there is a fundamental difference between these materials and permanent 

soft lining materials. Tissue conditioners form a soft visco-elastic 

material by a solution process, the polymer dissolving in the 

plasticiser assisted by the ethanol while the 'permanent' soft lining 

materials are cross-linked by the application of heat and the use of 

catalysts to form cross-linked elastomers. The former are elastic only 

at rapid rates of deformation and there is a marked difference in the 

way in which the materials are intended to be used. 

2.1.2.5. Hydrophilic acrylic resin materials 

In the early 1960's Wichterle and Lim140,141 developed hydrophilic 

polymers based on derivatives of acrylic and methacrylic acid and 

proposed numerous mostly biological uses for these new materials 

including a suggestion for-their use as denture linings. One group 

of these polymers included cross-linked gels of poly (hydroxyethyl 

methacrylate) which were chemically stable due to the three dimensional 

structure of the polymeric chains and the firm C-C bonds and were also 

hydrophilic due to the presence of large numbers of hydroxyl groups 

within their structure. 
83 

The most common example of these hydrophilic 

gels being that based on 2-hydroxyethyl methacrylate cross-linked with 

small amounts of ethylene glycol dimethacrylate. 
83,119 Polymerisation 

of hydroxyethyl methacrylate in the absence of solvents results in a 

hard brittle polymer resembling poly (methyl methacrylate), which when 
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immersed in water, gradually swells to become soft with a final water 

content of approximately 37 per cent. 
83 These materials were soon 

being used apparently successfully as soft lining materials for 

dentures, 45 
the only difficulty being to control the dimensions of 

the materials between processing and its fully hydrated state which 

was overcome by polymerisation in the presence of a suitable water 

soluble non-toxic solvent. This solvent is subsequently washed out of 

the polymerised material by water which also replaces it volume for 

volume. 
47,142,143 One suggested solvent is a mixture of diacetins 

(i. e. esters of glycerol with acetic acid). 
47 

Later laboratory and 

clinical studies 
43,85,86 

cast doubts as to the suitability of this 

material as a soft lining and subsequently the commercial product 

'Softdent' was withdrawn from the market. 

2.1.2.6. Silicone rubber materials 
Silicone rubber materials based on poly (dimethyl siloxane) have 

been used as soft lining materials since about 1958.2 Although silicone 

rubber was attractive as a soft lining initial development was hampered 

by the need to use high temperatures and pressure in processing. 
2.144,145' 

Consequently many of the early silicone rubber soft linings were 

processed separately from the denture base and then cemented to 

it. 
17,145-147 However, materials soon became available that could be 

conveniently processed in association with the poly (methyl methacrylate) 

denture base 
2,37,146,147 

often at room temperature. Two cross-linking 

methods are available for these materials. The material may be cross- 

linked by the reaction between terminal hydroxyl groups of the polymer 

and an alkoxy (methyl or ethyl) ortho-silicate with the elimination of. 

an alcohol. This reaction requires the presence of an activator, 

usually a dialkyltin carboxylate. 
148,149 
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This latter type requires careful treatment after cross-linking to 

avoid residual acetic acid being introduced into the mouth. Most 

silicone rubber materials also contain up to 35 per cent of silica by 

weight as a filler to improve the strength of the material. 
85,151 

Although silicone rubber materials. have other disadvantages as'soft 

lining materials the most significant problem is the adhesion of the 

silicone rubber to the poly (methyl methacrylate). Adhesive or primers 

are almost always used but little information is available as to the 

composition of these adhesives. One adhesive described recently is 

stated to consist of silicone -organic K-4 resin and aminoethoxysilane 

ADE-3 solution in ethyl acetate. 
152 More recently a silicone rubber 

material has been described which incorporates more than 2 per cent and 

less than 10 per cent by weight, based on the silicone rubber, of 

methyl methacrylate polymer together with a sufficient amount of 

vinylsilane or acryloxyalkylsilane to increase the bonding of the 

silicone rubber to the denture base. 
153 

The acrylaxyalKylsilanes are 

the preferred compounds and particular mention is made of 

y-methacryloxypropyltrimethoxysilane. This will enable a bond to be 

formed between poly (methyl methacrylate) and a-w-dihydroxy end blocked 

poly (dimethyl siloxane) without the use of an adhesive or securing 

primer in the following manner: - 

CH CH CH OCH 
,3,3,33 
C- CH -C --CH - C-000- (CH- O- Si - OCH 

22 2)3 ,3 
COOCH3 000CH3 OCH3 
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a-w-dihydroxy end blocked poly 
(dimethyl siloxane) 
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This material may be similar to the silicone-acrylic'co-polymer 

mentioned by Braden. 154 

2.1.2.7. Polyurethane materials 

In America a polyurethane elastomer has been successfully used 

in the fabrication of various facial prostheses. Results from 

preliminary tests of its physical properties suggested its feasibility 

as a soft-lining material for dentures 155 
but so far there is very 

little evidence to support or contradict this contention. Of possible 

concern is the use of the very toxic isocyanates in the production 

of such polyurethane materials. 

2.1.3. Classification of proprietary soft lining materials 
To facilitate discussion of available soft lining materials and 

comparison with experimental materials it is convenient to be able to 

classify or describe them in terms of their chemical composition. Most 

authors have presumably classified proprietary soft lining materials 

according to the manufacturers information because they do not describe 

any analysis of the materials' composition. In fact there is 

surprisingly little information available about the detailed composition 

of proprietary soft lining materials either from the manufacturers or 

from independent research and this effectively prevents comparison of 

different investigations and materials and a proper understanding of 

how the composition affects the properties of the materials. 

Suchatlampong80 was the first worker who attempted to identify 

the detailed composition of some proprietary materials. Using infrared 

spectroscopy by both the transmission and the attenuated total 

reflectance methods she analysed seven proprietary soft lining materials. 

These were divided into "self-curing" plasticised acrylic resins (Soft 

Oryl, Coe-Soft); heat-curing copolymer resins (Coe Super-Soft, Verno 

Soft); self-curing silicones (Flexibase, Verone R. S. ) and a heat-curing 

silicone (Molloplast-b). The powder component of all the acrylic resins 

was identified as poly (ethyl methacrylate) with Coe-Soft having an 

additional nitrogen containing compound, possible a secondary amine. The 

liquid components, however, showed a marked difference between the 

"self-curing" and the heat-curing varieties. Neither of the "self-curing" 

acrylic resins had any monomer in their liquid component but consisted 

of an alcoholic solution of a plasticiser, butyl phthalyl butyl 

glycollatein Soft Oryl and di-n-butyl phthalate in Coe-Soft. In 

addition the presence of an amine was said to be detected in the 
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Coe-Soft liquid. In contrast the composition of the liquid 

components of the heat-curing copolymer resins was; in the case of 

Coe Super-Soft, found to be ethyl methacrylate monomer, and the 

plasticiser di-n-butyl phthalate, and in the case of Verne Soft to be 

an organophosphate, 2-ethoxyl hexyl diphenyl phosphate although the 

presence of some monomer was not discounted 

The basic component in all the silicone rubbers was identified 

as a methyl silicone resin dimethyl siloxane. The catalysts with the 

two self-curing silicones were considered to be identical, being a 

mixture of dibutyltin dilaurate and ethyl orthopolysilicate. The 

heat-curing silicone demonstrated additional features in its infrared 

spectrum which indicated the presence of an acetoxy group and coupled with 

other evidence it was considered highly likely that Molloplast-b 

contained acetic anhydride. 

McCabe156 analysed five proprietary acrylic soft lining materials 

(Coe-Soft, Soft Oryl, Coe Super-Soft, Palasiv and Virina) using gas 

chromatography, liquid distillations and measurements of the glass- 

transition temperature of the polymer powders. The chromatography 

traces were compared with those of standard solutions to identify the 

chemical composition of the liquid components of the soft linings and 

the liquid distillations were used to determine the quantity of low 

boiling liquid for each material. The glass-transition temperature 

of the polymer powder was used to identify the n-substituent of the 

poly-n-alkyl methacrylate present as these have characteristic glass- 

transit-ion temperatures. 

In this way the polymer powders were identified as follows: - 

Soft Oryl : poly (methyl methacrylate) 

Coe-Soft and Virina : co-polymers in which the main constituent was 

methyl methacrylate 

Coo Super-Soft : poly (ethyl methacrylate) or a co-polymer of methyl 

methacrylate with a higher methacrylate such as n-butyl methacrylate 

Palasiv :a co-polymer containing a high proportion of n-butyl 

methacrylate. 

The composition of the liquid components were identified as 

follows: 

Soft Oryl : Di-n-butyl phthalate (82%), ethyl alcohol (15.8%) and 

ethyl acetate (2.2%) 

Coe-Soft : Di-n-butyl phthalate (60.3%), ethyl alcohol (20.3%) and 

ethyl acetate (19.4%) 
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Palasiv : Di-n-butyl. phthalate (83.4%), butyl methacrylate (16.7%) 

and a trace of methyl methacrylate 

Virina : Di-n-butyl phthalate (80.5%), methyl methacrylate (17.5%), 

ethyl acetate (2.0%) and a trace of n-butyl methacrylate 

Coe Super-Soft : Di-n-butyl phthalate (75.7%), methyl methacrylate (24.3%) 

and a trace of n-butyl methacrylate. 

The acrylic soft lining materials tested could therefore be 

divided into two basic groups] those that contain an*acrylic monomer 

in the liquid component and those that are free of monomer. The 

latter materials are, in fact, similar in composition to those materiäls 

described as tissue conditioners 
139 

although the presence of ethyl 

acetate is confusing. McCabe156 considers its only purpose could be to 

disguise the presence of ethyl alcohol or to overcome a patent 
description. The distinction between tissue conditioning materials and 

'permanent' soft lining materials has already-be-en discussed (2.1.2.4. ). 

Most recently Ellis et a1118 chemically analysed one soft lining 

material (Coe-Soft) in detail using infrared spectrophotometry, high 

resolution N. M. R. spectra, mass spectra and gas chromatography: From 

the results they identified the powder component of Coe-Soft as poly 
(ethyl methacrylate) and found the liquid component to contain di-n-butyl 

phthalate (45 ± 2%), benzyl salicylate (35 ± 2%) and ethanol (20 ± 2%). 

This was confirmed by comparison with the same experiments performed on 

known materials in the proportions determined. 

2.2. Materials analysed in the present investigation 

The proprietary materials analysed in this investigation are listed 

in Table 2.1. together with four experimental materials which were 

subjected to some parts of the analysis to supplement or confirm informa- 

tion received from the manufacturers. 

Flexibase, Simpa, Coe-Soft, Soft Oryl and Ardee are designed to be 

used directly in the mouth to reline existing dentures but the 

manufacturers of Flexibase and Simpa also suggest their use in the 

laboratory. All the other, materials are intended for laboratory use 

only. 



Table 2.1. 

Materials and Manufacturers 

46 

PROPRIETARY NAME PRESENTATION CURING MANUFACTURE1 

Base Paste Room Flexico Developments 
Flexibase Liquid Catalyst Temp. Ltd., London 

Base Paste Room A. Kettenbach 
Simpa 2 Liquid Catalysts Temp. West Germany 

Cardex-Stabon 
Base Putty Room 

Cardex, Austria Liquid Catalyst Temp. 

Per-Fit One Pack Gel Heated Dental Products 
Unlimited California 

Molloplast-b One Pack Putty Heated Kostner & Co Germany 

Coe-Soft Powder/Liquid Room Coe Laboratories 
Temp. Inc., Illinois 

Soft Oryl Powder/Liquid Room The William Getz 
Temp. Corp., Illinois 

Ardee Flexible Sheet Used as Reliance Dental MFG. 
Supplied Co., Chicago 

Coe Super-Soft Powder/Liquid Heated Coe Laboratories 
Inc., Illinois 

Palasiv 62 Powder/Liquid Heated Kulzer & Co. Germany 

Soft Nobiltone One Pack Putty Heated Nobilium Products 
Inc., Illinois 

Virina Powder/Liquid Heated Virina Dental 
Products Ltd. Canada 

Verno Soft Powder/Liquid Heated enshoff Co. Verno- 
N Inc., New York 

EXPERIMENTAL NAME 

R. H. Cole & Co. Ltd., 
Cole Powder/Liquid Heated 

London 

A. D. I. Plastics Ltd. 
A. D. I. Powder/Liquid Heated Blackpool 

Hydron DentalProducts 
Hydron One Pack Gel Heated Inc., New Jersey 

Flexible Sheet The Malaysian Rubber 
Natural Rubber Softened by Heated Producers' Research 

Heating Association 
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2.3. Methods of analysis 

2.3.1. Infrared absorption spectroscopy 

All the individual components of the materials were subjected to 

Infrared absorption spectroscopy using a Pye-Unicam SP1000 instrument. 

The liquid components were tested directly by placing a small 

quantity of liquid between Or discs and applying pressure sufficient to 

form a suitably thin film of liquid. These included the liquid 

components of Coe-Soft, Soft Oryl, Coe Super-Soft, Palasiv 62, Virina, 

Verno Soft, Cole and A. D. I., the catalysts provided with Flexibase, 

Simpa and Cardex-Stabon and the single Hydron gel. In addition the 

liquid adhesives provided with Flexibase, Simpa, Per-Fit and 
Mol-loplast-b were tested. As these adhesives were assumed to be 

solutions in a volatile solvent the liquids were placed on the KBr discs, 

the solvent allowed to evaporate and the resultant solid film tested. 

This in any case is the way in which they are used. 
The solid polymer powders provided with Coe-Soft, Soft Oryl, 

Coe Super-Soft, Palasiv 62, Virina, Verno Soft, Cole and A. D. I., the 

flexible sheet of Ardee and the single Soft Nobiltone putty were dissolved 

in chloroform and a thin layer of the resultant solution poured into a 

clean Petri dish. The chloroform was allowed to evaporate, the 

resultant thin solid film floated off the Petri dish with distilled 

water, dried and placed in the Infrared beam for testing. 

The base pastes of Flexibase, Simpa,. Cardex-Stabon, Per-Fit and 

Molloplast-b, which were assumed to be silicone rubber materials, 

contained filler materials-and this was removed before the pastes were 

tested. The pastes were dissolved in carbon tetrachloride, filtered and 

the carbon tetrachloride allowed to evaporate. The resultant much less 

viscous paste was placed between KBr discs, and pressure applied to form 

a thin film suitable for testing. 

2.3.2. Acrylic resin plasticisers 

Those materials which were identified as acrylic resin materials 

were assumed to contain a plasticiser to lower their glass-transition. ' 

temperature and make them soft at mouth temperature. Quantitative and 

qualitative analysis of these plasticisers was desirable. To enable 

this a solvent for the plasticiser which would not dissolve the acrylic 

polymer was necessary to extract the plasticiser from the cured soft 

lining material (all the materials being cured according to the 

manufacturer's instructions). Advice from I. C. I. Ltd. indicated 



r; 48 

methanol as suitable. A Soxhlet extractor (Fig. 2.1. ) was used in which 
the methanol is heated in the lower flask, evaporates and passes to the 

condenser on top of the apparatus where it is condensed and drops onto 

a weighed sample of soft lining contained in a porous extraction thimble 
in the middle chamber. When the methanol reaches a certain level in the 

middle chamber it is returned to the lower flask by means of a siphon. 
In this way the sample is continually saturated in-hot pure methanol 
while the extract is collected in the lower flask. Since the methanol 
is recirculated this extraction process can be continued uninterrupted 
for long periods and in this case one material (Coe Super-Soft) was 

subjected to this extraction for five days. The extractor is then 

removed, the condensor placed on top of the flask and the methanol dis- 

tilled off leaving the extracted plasticiser in the flask. This was 
then analysed by infrared spectroscopy. The extraction thimble and the 

remaining polymer are dried to a constant weight over phosphorus- 

pentoxide in a vacuum desiccator, the percentage of plasticiser by 

weight present in the cured polymer calculated, and the remaining polymer 

also analysed by infrared spectroscopy. 

Although this method was very effective in extracting the plasticiser 
it was thought that the hot methanol may have been dissolving some of 
the polymer. A second method was therefore used. 

In this a small sample (approximately 1-3 gms) of cured polymer 

was weighed in a 250 ml beaker, dissolved in a minimum quantity of 

chloroform (a solvent for the polymer and the plasticiser) and then the 

polymer reprecipitated by pouring this solution into a large quantity of 

cold methanol (approximately 500 ml). The residual chloroform solution 
in the 250 ml beaker is allowed to evaporate to a constant weight to 

eliminate the chloroform and the original weight of polymer used thus 

calculated. The methanol solution is allowed to stand in a refrigerator 
for the polymer to precipitate and then the methanol/plasticiser 

solution decanted and distilled to give the plasticiser. The residual 

polymer is dried to a. constant weight over phosphorus pentbxide in a 
vacuum desiccator and the percentage of plasticiser present thus 

calculated. 

In this method problems arose with collecting all the polymer and 

with drying the rather thick polymer precipitate to a constant weight. 
It was therefore slightly modified to improve its accuracy. 
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Fig. 2.1. 

Soxhlet extraction apparatus 
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A larger quantity of methanol (approximately 1 litre) was used and. 

when pouring the chloroform/sample solution into the methanol, the 

methanol was stirred vigorously with a glass rod, and then immediately 

vacuum filtered to remove the polymer, carefully collecting all the 

precipitate by washing the container and the stirring rod with methanol. 

Several filter papers were used to avoid difficulty in drying the polymer 

and these were dried to a constant weight as before. The plasticiser 

could also be distilled from the methanol as before. 

All of the acrylic resin materials were tested by the second 

method and by the modified second method and the results compared. 

2.3.3. Silicone rubber fillers 

Those materials which were identified as silicone rubber materials 

contain a filler to confer strength on the cross-linked rubber. As 

already described this filler was removed from the base paste prior to 

subjecting the paste to infrared analysis. A weighed portion of paste 

was dissolved in carbon tetrachloride and vacuum filtered through a 

sintered glass crucible of appropriate pore size, which depended upon 

the filler particle size. The glass crucible plus the filler was then 

dried to a constant weight over phosphorus: pentoxide in a desiccator 

and the percentage of filler in the base paste calculated. 

The filler content was also measured using an ultra centrifuge to 

confirm the results obtained using the filtration method. An ultra 

centrifuge tube was weighed, a small portion of base paste added to the 

tube and the tube and base paste weighed. The base paste was dissolved 

in carbon tetrachloride and then ultra centrifuged at approximately 

18,000 revolutions per minute. The carbon tetrachloride and dissolved 

silicone polymer was removed with a capillary pipette, the ultra 

centrifuge tube and filler dried to a constant weight over phosphorus, 

pentoxide in a desiccator and the percentage of filler. in the base paste 

calculated. 

Since the catalyst liquids when used form only a very small 

proportion of the total cross-linked polymer this is sensibly equal to 

the percentage of filler. in the cross-linked material. 
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2.4. Results and discussion 

2.4.1. Infrared spectroscopy 

2.4.1.1. Silicone rubber materials cross-linked at room temperature 

The spectra of silicone polymers have as their most prominent 

feature a broad band of extremely high intensity in the 9 um to 10 um 

region, often with two or more distinct maxima, which arises from the 

Si-O-Si group. The silicone can also be distinguished in most cases 

by the. presence of absorption bands characteristic of alkyl groups 

directly attached to the silicone. The group most frequently encountered 

is the silicone-methyl group which has a highly characteristic sharp 

band at 7.9 um and where two methyl groups are joined to one silicone 

further bands at 11.7 um and 12.4 um - 12.5 pm with the 11.7 um band 

being the weaker. 
157 In addition the frequencies of the CH stretching 

vibrations of methyl groups on silicone are characteristic of the 

compound. Thus (Methyl2 SiO)n has absorption frequencies for CH 

stretching bands of 3.35 pm and 3.4 um. 
158 

It can be seen that the infrared spectra of the base polymers of 

Flexibase, Simpa and Cardex-Stabon (minus the filler) demonstrate these 

characteristics (Fig. 2.2. ) and by direct comparison with a spectrum 

of the pure compound can be identified as a-w-dihydroxy end blocked 

poly (dimethyl siloxane): 

CH3 CH3 

HO - Si -0- Si - OH 
ii 
CH; 

� 
CH, 

III 
CH- I CH- 

-n ý i 

This is in good agreement with the results for Flexibase and Verone R. S. 

obtained by Suchatlampong. 80 

These room temperature vulcanising silicone rubbers are cured by 

the addition of an external catalyst which is mixed thoroughly with the 

siloxane component. The silanol groups react with a cross-linking agent 

in the presence of a metallic salt catalyst. The most common cross- 

linking agents belong to the tetra alkoxysilane, polymeric 

polyalkoxypolysiloxane and trialkoxysilane groups of materials while the 

most common metallic salt catalysts are stannous octoate"or a dialkyltin 

diacylate. 148,149 Flexibase and Cardex-Stabon utilise one liquid 

catalyst combining the cross-linking agent and the metallic salt while 

Simpa provides them separately as two liquid catalysts. 
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. c-w-dihydroxy end blocked 
Polydimethyl Siloxene 
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Fig. 2.2. 

Comparison of the Infrared spectra of the Flexibase, 

Simpa and Cardex-Stabon base polymers with that of 

a-w-dihydroxy end blocked poly (dimethyl siloxane) 

3000 2000 Wevenumber 1000 

Fig. 2.3. 

Comparison of the Infrared spectrum of one of Simpa's 

catalyst liquids with that of ethyl polysilicate 
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Published spectra of ethyl polysilicate (Spectrum 1436)159 and 
tetraethoxy silane158 are very similar the only noteable difference 

relating to the two absorption bands between 9 um and 9.3 um which are 

of equal intensity for tetraethoxy silane and unequal intensity for 

ethyl polysilicate. 

0C2H5 

C2H50 - Si - 0C2H5 
I 
OC2H5 

OC2H5 

C2H50 - Si - 0C2H5 
i 

OC2H5 

Tetraethoxy silane Ethyl polysilicate 

With this information it is possible to identify one of the liquid 

catalysts of Simpa as being the cross-linking agent ethyl polysilicate 
(Fig. 2.3. ) while the cross-linking agent present in the combined 

catalyst of Cardex-Stabon is most probably tetraethoxy silane (Fig. 2.4. ). 

The cross-linking agent present in the combined catalyst of Flexibase 

in contrast has the absorption bands at 2.9 um, 11 pm and 12 um which 
indicate the presence of thfe Si-OH grouping (Fig. 2.5. ) which occurs 
in triethoxy silanol but not in tetraethoxy silane or ethyl polysilicate. 

C2H50 

0C2H5 

- Si - OH 
i 
OC2H5 

Triethoxy silanol 

This is slightly at variance with the interpretation of 

Suchatlempong80 for this material who identified the cross-linking agent 

as ethyl orthopolysilicate but the spectra for these materials are very 

similar and it is difficult to differentiate between them. 
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Consideration of the metallic salt catalysts is more difficult. 

The published spectra of stannous octoate and dibutyltin dilaurate are 

very similar. 
160 Noteable differences occur only in the 5.5 pm. - 6.5 pm 

area. For stannous octoate the 6.4 jim absorption band is stronger in 

intensity than that at 6.25 pm and the ester absorption band at 5.85 pm 

is stronger than that at 6.25 pm and nearly as strong as that at 6.4 um. 

In contrast for dibutyltin dilaurate the absorption band at 6.25 pm is 

stronger than that at 6.4 um while the ester absorption band at 5.85 um 

is much weaker than either of the former. 

C4H9 

I 

1 
(C8H17C00)4Sn C4H9 - Sn 

000. C11H23 

Stannous Octoate Dibutyltin Dilaurate 

The second liquid catalyst provided with Simpa has a spectrum 

which is essentially similar to that of dibutyltin dilaurate (Fig. 2.6. ) 

the only discrepancy being the presence of an extra absorption band in 

the commercial dibutyltin dilaurate used for comparison at 5.85 um which 

most probably indicates the presence of some free lauric acid in the 

commercial sample. 

The mixed catalysts of Flexibase and Cardex-Stabon cannot be 

positively identified. Where mixtures are subjected to infrared analysis 

absorption bands which may normally be characteristic of the individual 

component may be altered, masked or even displaced by the presence of the 

other components. It seems most likely that the catalyst for Flexibase 

(Fig. 2.5. ) contains dibutyltin dilaurate while that of Cardex-Stabon 

(Fig. 2.4. ) contains stannous octoate. This is in agreement with the 

findings of Suchatlampong80 for Flexibase. 

2.4.1.2. Silicone rubber materials cross-linked by the application of 

heat 

The infrared spectra of both the Molloplast-b putty and the Per-Fit 

gel after removal of the fillers are essentially similar to those of the 

room temperature cross-linking silicone rubbers i. e. a-w-dihydroxy end 

blocked poly (dimethyl siloxane), and this is in agreement with the 

findings öf Suchatlampong80 for Molloplast-b. 
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An infrared spectrum of an acetone extract of the uncured 

Molloplast-b demonstrated in addition absorption bands at 5.6 pm, 

5.65 pm, and 6.3 pm (Fig. 2.7. ) which is indicative of an organic 

peroxide, probably benzoyl peroxide which is used as a curing agent 

while the presence of a strong absorption band at 5.8 pm indicates an 

ester (C=0) absorption not normally found in silicone rubber materials. 

This was considered by Suchatlampong80 to be due to the presence of 

acetic anhydride but analysis of the adhesive supplied with Molloplast-b 

(see 2.4.1.3. ) suggested an alternative. Comparison of. the spectrum of 

the acetone extract of Molloplast-b with that of an acryloxyalkylsilane 
(Fig. 2.7. ) indicates similarities which make the presence of an 

acryloxyalkylsilane in the uncured Molloplast-b a distinct possibility. 

It is interesting to compare this analysis with a recent patent153 

(see 2.1.2.6. ). 

The infrared spectrum of Per-Fit also demonstrates an absorption 

band at 5.8 pm, indicating the presence of C=0 groups, but this is much 

weaker than the similar band found with Molloplast-b (Fig. 2.8. ). Since 

this product cross-links on exposure to atmospheric moisture it is almost 

certainly of the one pack type described by Watt149 in which the product 

as packed contains methyltriacetoxy silane as the cross-linking agent. 

CH3C00 OCOCH3 
ii 

R Si -0- (RSi0)- Si R 
12n 

CH 3 C00 -- 
OCOCH3 

Methyltriacetoxy Silane 

Since n is large the number of C=O groups is small per unit volume and 

the absorption peak is of low intensity. Presumably the manufacturers 

recommend heating the cross-linking rubber to accelerate the 

condensation reaction. 
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2.4.1.3. Adhesive for silicone rubber materials 

The infrared spectra of the adhesives for Flexibase, Simpa and 

Per-Fit as supplied and after evaporation of the solvent indicate the 

presence of a silicone polymer in an alcoholic solvent. Since they are 

all similar only one example is shown (Fig. 2.9. ): Presumably the 

silicone polymer is carried into the surface swollen poly (methyl 

methacrylate) by the solvent which then is allowed to evaporate leaving 

the ends of the silicone polymer chains to be chemically linked to the 

cross-linking silicone rubber. This form of adhesive is therefore 

purely mechanical in nature and unlikely to be very strong. 
The adhesive for Molloplast-b is of a completely different type 

and consists of an acryloxyalkylsilane in a solvent. The infrared 

spectrum of the adhesive after evaporation of the solvent is essentially 

similar to that of y-methacryloxypropyltrimethoxysilane (Fig. 2.10). 

As can be seen from the formula this compound has chemical groupings 

suitable for reacting with both poly (methyl methacrylate) and the 

silicone rubber thus giving a stronger chemical bond between the two 

(see 2.1.2.6. ) 

CH3 OCH 31t 

CH2 =C- COO - (CH2) 
3-0- Si - OCH 3 

OCHS 

Y-methacryloxypropyltrimethooxysilane 

The use of an aminoethoxysilane in an adhesive has also been 

suggested'by Pichuzhkin. 152 

2.4.1.4. 'Cold-curing' acrylic resin materials 

A large number of methacrylate resins exist but all the straight 

resins show a series of C-0 absorption bands (7.9 um, 8.1 um, 8.4 um 

and 8.7 um) which seems to be a characteristic of the infrared spectra 

of the methacrylate structure, together with the band at 13.4 um. 

Identification of individual esters is by matching of spectra and it 

may be noted that those of poly (methyl methacrylate) and poly (ethyl 

methacrylate) are easy to distinguish157 by reference to the 

9.5 pm - 12.5 pm region of the spectrum. Poly (ethyl methacrylate) has 

absorption bands at 9.7 um, 10.3 um and 10.6 pm (doublet) and at 11.6 um 
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Comparison of the Infrared spectra of Soft Oryl and Coe-Soft 
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while poly (methyl methacrylate) has absorption bands at 10.1 pm and 

10.3 pm (doublet), 10.9 um, 11.8 um, 12.1 pm and 12.3 pm. The powder 

components of both Coe-Soft and Soft Oryl have infrared' spectra which 

are essentially the same as that of poly (ethyl methacrylate) (Fig. 2.11. ). 

This is in agreement with the findings of Suchatlampong80 and Ellis et 

a1118 but at variance with McCabe 156 
who identified Soft Oryl polymer 

powder as poly (fiethyl methacrylate) and Coe-Soft as a co-polymer in 

which the main constituent' was methyl methacrylate. His results, 

however, were obtained by estimating glass-transition temperatures and 

this seems much less likely to be accurate. Furthermore, poly (methyl 

methacrylate) will not gel with ester/alcohol mixtures. 

In addition the infrared spectrum of Coe-Soft polymer demonstrates 

a double absorption band around 6.5 pm (Fig. 2.11. ). This was observed 

by Suchatlampong80 as a single peak and attributed to the presence of a 

secondary amine. This would be an expected finding if this material 

was a true cold-curing acrylic resin but, as will be demonstrated, this 

is not the case. It is possible, however, that the use of an existing 

polymer powder in originally formulating this material might explain its 

presence although it would have no function. An alternative suggestion, 

bearing in mind the doublet nature of this absorption band may be the 

presence in the powder of a phthalate plasticiser. This would normally 

produce double absorption peaks at approximately 6.3 pm but in a mixture 

shifting of band wavelength can occur. The presence of a plasticiser 

would speed the rate of solution of the polymer in the liquid. 161 

The spectrum of the Soft Oryl liquid component is essentially that 

of an ortho-phthalate plasticiser. The ortho-phthalate pattern is very 

distinctive and easily recognised having a C=0 absorption band at 

5.8 pm, C-0 bands 6t 7.8 um and 8.9 um and additional bands at 6.23 um, 

6.35 um (doublet), 9.35 um, 13.45 um and 14.25 um. If no additional 

bands of significant intensity appear in the 7 pm to 15 pm region the 

material contains a simple dialkyl phthalate. 

The differentiation of the lower members of the series is possible 

from the infrared spectrum, using the rather weak structure in the 

10 pm to 12 pm region, provided there is no interference from other 

constituents. More complex esters, which show the basic phthalate 

pattern but with additional strong bands in the 7 um to 10 um region 

include the alkyl phthalyl alkyl glycolates. An additional strong C-0 

alkyl band occurs in the spectra of this series at 8.3 pmj the short 

wavelength of the band distinguishing this group of esters from simple 

mixtures of phthalates with aliphatic esters in which the corresponding 
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C-0 alkyl band is found at 8.6 um to 8.7 um. 
157 The infrared spectrum 

of Soft Oryl liquid demonstrates the features of an alkyl phthalyl alkyl 

. glycollate and is essentially similar to that of butyl phthalyl butyl 

glycollate (Fig. 2.12. ) with an additional peak at 3.0 pm indicating the 

presence of an alcohol. 

" 

0 
II 
C- 0C4H9 

C- 0- CH - CH - C- 0C H 
11 22 11 '4 

9 

00 
Butyl Phthalyl Butyl Glycollate 

This is in good agreement with the interpretation of Suchatlampong80 

for this material but McCabe 156 
using gas chromatography identified the 

phthalate present as di-n-butyl phthalate. However, the infrared 

spectrum seems fairly conclusive. McCabe also identified the alcohol 

present as ethyl alcohol which is most probably correct. 
The liquid component of Coe-Soft is much more complex and probably 

consists of a mixture of plasticisers. These are impossible to identify 

without further analysis by different means. However, Suchatlampong80 

considered the infrared spectrum to indicate the presence of di-n-butyl 

phthalate and McCabe 156 
using gas chromatography also identified 

di-n-butyl phthalate together with ethyl alcohol and ethyl acetate. 
Ellis et a1118 confirmed the presence of di-n-butyl phthalate using gas 

chromatography but could find no evidence of the presence of ethyl 

acetate. In place of this they identified the presence of benzyl 

salicylate using mass spectrometry and confirmed the composition of the 

Coe-Soft liquid as a mixture of di-n-butyl phthalate, benzyl salicylate 

and ethyl alcohol by preparing a mixture of these compounds in the 

laboratory and matching its infrared spectrum with that of the Coe-Soft 

liquid. 

A, comparison of the spectrum of the Coe-Soft liquid obtained in 

this investigation with that of benzyl salicylate (Fig. 2.13. ) shows 

marked similarities thus supporting the presence of benzyl salicylate 

while the presence of phthalate plasticiser is indicated by the additional 

peaks at 5.8 um, 6.25 um, 7.75 um, 8.9 um, 9: 3 um-, and 13.5 um. 
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Comparison of the Infrared spectrum of Coe-Soft 

liquid with that of benzyl salicylate 
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The strength of the absorption bands at 13.25 um and 14.25 um 

particularly indicate the presence of 'benzyl' salicylate rather than 

'methyl' or 'ethyl' derivatives while the typical doublet band of the 

butyl ester (10.4 um and 10.6 um) 
157 

would seem to confirm the presence 

of di-n-butyl phthalate. The evidence of Ellis et al 
118 

seems 

conclusive in this respect. The presence of an alcohol is also confirmed 
by the broad absorption peak at 3.0 um and this is most probably ethyl 

alcohol. 

OH 

"C00 - CH2 fl Irt COOC4H9 

000C4H9 

Benzyl Salicylate 

It is clear that the composition of both Soft Oryl and Coe-Soft 

are similar to that of the tissue conditioner' materials 
139 

and they 

Di-n-butyl phthalate 

contain no acrylic monomer in their liquids. They are thus very different 

from the cross-linked elastomers usually supplied as 'permanent' soft 
lining materials and their properties would therefore be expected to be 

significantly different (see 2.1.2.4. ). 

The third material in this group is Ardee which is supplied as 

a sheet of soft rubbery material which is intended for direct application 
to the'denture without modification. Since this material is soft at 

room temperature it was suggested that this could be a'plasticised 

methacrylate polymer and its infrared spectrum does resemble that of 

poly (ethyl methacrylate) (Fig. 2.11 and 2.14. ) in many respects. In 

particular the absorption bands at 5.78 um, 7.9 um, 8.1 um, 8.4 um, 
8.7 um and 13.4 um which are typical of the methacrylate spectra are all 

present. There are, however, further absorption bands which are not 

typical of a plasticiser but correlate well with the absorption bands 

that would occur with poly (ethyl acrylate), i. e. 8.55 um, 9.75 um and 

11.75 Um. 
157 Furthermore pyrolysis of a sample of Ardee did not give 

the sweet smell of a methacrylate, but the acrid smell of an acrylate. 

Poly (ethyl acrylate) would be soft at room temperature while poly 

(ethyl methacrylate) would be hard. It is therefore assumed that a suit- 

ably proportioned co-polymer of poly (ethyl methacrylate) with poly 

. 
(ethyl acrylate) would produce a suitably soft liner such as Ardee. The 

use of a co-polymer that is soft at room temperature without the use of 
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a plasticiser may have advantages. 

2.4.1.5. Heat-curing acrylic resin materials 

The materials included under this heading are Coe Super-Soft, 

Palasiv 62, Soft Nobiltone, Virina, Verno Soft and two of the 

experimental materials referred to as Cole and A. D. I. With the 

exception of Soft Nobiltone they are all supplied as powder and liquid 

components to be used in the conventional 'dough' technique of processing. 

The powder and liquid are mixed in suitable proportions, allowed to 

stand at room temperature until a solution process produces a 'dough' 

of suitable consistency for packing into the denture mould, curing 

then being complete under pressure by heating. Soft Nobiltone is, 

supplied as a one-pack putty product being ready to pack as supplied but 

still requiring heat for curing. 

The powder components would therefore be expected to contain a 

polymer while the liquid would contain a monomer plus a plasticiser. 

The purpose of the plasticiser being to lower the glass transition 

temperature of the polymer (see 2.1.2.4. ). The powder may also contain 

an initiator such as benzoyl peroxide while the liquid may contain 

additional co-polymerising monomers to produce a degree of cross-linking 

between the polymer chains and an inhibitor to give the monomer liquid 

an adequate shelf-life. The initiator and the inhibitor will be present 

in such small quantities that it is unlikely that they will register on 

the infrared spectra of the powder and liquid components. 

In every case the infrared spectra of the powder components of. 

these materials demonstrate the characteristics of a methacrylate polymer 

(see 2.4.1.4. ) and are essentially the same as that of poly (ethyl 

methacrylate) (Fig. 2.15. ). Additional absorption bands at 5.6 pm and 

5.65 pm in Coe Super-Soft and A. D. I. are indicative of higher than 

usual concentrations of the initiator behzoyl peroxide. 

The identification of poly (ethyl methacrylate) is in agreement 

with Suchatlampong80 for Coe Super-Soft and Verno Soft but at variance 

with McCabe156 for Virina, Coe Super-Soft and Palasiv 62. McCabe did 

suggest that Coe Super-Soft may have been poly (ethyl methacrylate) but 

he seemed to prefer the suggestion that all three were co-polymers of 

methyl methacrylate and n-butyl methacrylate in varying proportions. 

This seems most unlikely in view of the clarity of the infrared spectra. 
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The use of poly (ethyl methacrylate) in Cole can be predicted from the 

Patent. 137 

Soft Nobiltone is exceptional not only in its packaging but also 

in that the basic polymer appears to be poly (methyl methacrylate) 

(Fig. 2.16. ) with additional absorption bands at 6.25 pm and 6.35 pm 

(doublet) indicating the presence of a phthalate plasticiser. The 

absence of an absorption band at 6.1 pm, which indicates the presence 

of the C=C double band of a methacrylate monomer, is not surprising in 

this spectrum bearing in mind the method of preparation of the sample 

(see 2.3.1. ). A spectrum of a solution of the putty in chloroform does, 

however, demonstrate a weak absorption band at this wavelength which 

indicates the presence_of the small amount of methacrylate monomer in 

the putty necessary to effect polymerisation. Following separatiön of 

the polymer and the plasticiser (see 2.3.2. ), the basic polymer can be 

clearly identified as poly (methyl methacrylate) (Fig. 2.16. ) while the 

plasticiser is most probably butyl phthalyl butyl glycollate (Fig. 2.17. ) 

(see 2.4.1.4. ). This material is therefore similar to the material 

described in a recent patent. 
136 

Where the material has a liquid component this is usually a mixture 

of a methacrylate monomer with a plasticiser. The infrared spectrum of 

such mixtures are. invariably difficult to interpret and some means of 

separating the individual components is desirable. In this case the 

plasticisers had already been extracted from the cured soft linings 

(see 2.3.2. ) and infrared spectra obtained. This enabled an examination 

of the plasticiser present in every case with the exception of Cole, the 

plasticiser of which. could not be separated from the cured material by 

the methods used in this investigation. In addition the presence of a 

methacrylate monomer in the whole liquid could be detected in every case 

by examination of the absorption bands not accounted for by the plasticiser, 

but the particular methacrylate ester cannot be identified by this means. 

It was therefore decided to subject the original liquids to high vacuum 

distillation* and examine the different fractions by infrared spectroscopy. 

The advantage of high vacuum distillation is that low boiling point 

liquids may be separated from mixtures . with higher boiling point liquids 

without the application of heat. The application of heat in this 

instance would cause the polymerisation of the methacrylate monomers 

and make infrared examination difficult. The distillate fraction will 

contain any methyl, ethyl or n-butyl methacrylate present while the 

much higher boiling point plasticisers will remain in the residue. 

*I am most grateful to Mr. K. W. M. Davy for performing these high vacuum 
distillations. 
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The following conclusions as to the composition fo the liquid 

components can then be drawn: - 
The plasticiser utilised in Virina and A. D. I. may be readily 

identified as di-n-butyl phthalate (Fig. 2.18. ) while that in 

Cos Super-Soft and Palasiv 62 is butyl phthalyl butyl glycollate 
(Fig. 2.17. ). The fine distinction between the spectra of these two 

plasticisers (see 2.4.1.4. ) or difficulty in separating the plasticisers 

from the methacrylate monomer may have confused previous workers for both 

Suchatlampong80 and McCabe 
156 

incorrectly identified the plasticiser in 

Coe Super-Soft as di-n-butyl phthalate and McCabe further incorrectly 

identified the plasticiser in Palasiv 62 as di-n-butyl phthalate but 

correctly identified its presence in Virina. 

The plasticiser utilised in Verno Soft is unique in commercially 

produced soft lining materials as it is not a phthalate. Phosphates, 

which are common plasticiser constituents, have their strongest 

absorption bands near 10 um, the aromatic phosphates absorbing strongly 

at about 10.3 Um. 
157 

A commonly used commercial phosphate plasticiser 

is Monsanto Santiciser 141 which is 2-ethyl-hexyl di-phenyl phosphate 

o 

0 

C8H 17 0 

P=0 

2-ethyl-hexyl di-phenyl phosphate (Monsanto Santiciser 141) 

and a comparison of the infrared spectrum of this with plasticiser found 

in Verno-Soft shows a remarkable similarilty (Fig. ä.. 19. ). The only 

difference is the strength of the C=0 absorption band at 5.8 um in 

the Verno Soft plasticiser which may indicate a slightly different 

compound but owing to the wide range of phosphate plasticisers available 

this has not been investigated further. Suchatlampong80 identified this 

plasticiser as 2-ethoxyl-hexyl di-phenyl phosphate which is very similar 

to Santiciser 141, but it must be noted that her published spectra of the 

Verno Soft monomer did not demonstrate the strong C=O absorption band. 
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The methacrylate monomers present in the liquid components can be 

clearly identified (see 2.4.1.4. ) in Coe Super-Soft as methyl methacrylate 

(Fig. 2.20. )i in Verno Soft as ethyl methacrylate (Fig. 2.21. ), in 

A. D. I. as 2-ethoxy-ethyl methacrylate (Fig. 2.22. ), and in Palasiv 62 

as n-butyl methacrylate (Fig. 2.23. ). Suchatlampong80 incorrectly 

identified the methacrylate monomer in Coe Super-Soft as ethyl 

methacrylate and did not identify any monomer in Verno Soft although its 

presence was not discounted. McCabe156 however, using gas chromatography 

identified the methacrylate monomers in Coe Super-Soft as methyl 

methacrylate and in Palasiv 62 as n-butyl methacrylater thus agreeing 

with the present findings. 

The high vacuum distillate from the Virina liquid is less easily 

identified., The infrared spectrum demonstrates all the absorption 

bands present in the spectra of methyl methacrylate but extra absorption 

bands at 7.3 um, 8.05 um and 9.5 um indicate that this is a mixture of 

two or more low boiling point liquids. McCabe156 suggested a mixture of 

methyl methacrylate and ethyl acetate and an examination of the spectrum 

of ethyl acetate does demonstrate strong absorption bands at the above 

wavelengths. 
157 The spectrum of the high vacuum distillate from Virina 

was therefore compared with--a 'spectrum of a mixture of methyl methacrylate 

and ethyl acetate prepared in the laboratory (Fig. 2.24. ) and the two can 

be seen to be essentially similar confirming McCabe's findings for this 

material. 

2.4.1.6. Hydrophilic acrylic resin material 

This material is a hydroxy ester and may be'identified from the 

usual absorption bands associated with the methacrylate plus the 

prominent hydroxyl band seen at 2.9 Um. 
157 Thus the uncured Hydron gel 

can be identified as hydroxyethyl methacrylate by comparison of its 

spectrum with that of ethyl methacrylate and this may be confirmed by 

comparison with a known hydroxyethyl methacrylate spectrum (Fig. 2.25. ). 

It is probable that the uncured Hydron gel is actually a mixture of poly 

(hydroxyethyl methacrylate) with the monomeric form and that there will 

be small quantities of initiator and cross-linking agent present both 

of which will not significantly register on the spectrum. There is, 

however, no need for a plasticiser as the hard polymer will be softened 

by the absorption of water which acts as the plasticiser in this, case 

(see 2.1.2.5. ). There is no evidence in the spectrum of the presence of 

more than minimal amounts of solvents or additives of any kind. 
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2.4.2. Acrylic resin plasticisers 

The percentages of plasticiser present in the cured soft lining 

materials are given in Table 2.2. for the three different methods 

employed. 

Table 2.2. 

Percentages of plasticiser in the cured soft lining materials 

P. 

MATERIAL PERCENTAGE OF PLASTICISER 

Soxhlet Precipitation Precipitation and 

Extraction of Polymer Vacuum Filtration 
of Polymer 

Coe Super-Soft 33.5 22.3 31.2 

Virina 35.2 36.2 

Soft Nobiltone 52.5 56.8 

Palasiv 62 29.8 24.9 

A. D. I. 25.2 23.9 " 

Verno Soft 28.2 39.0 

The general pattern of the results reflect the difficulties 

encountered during the experimental procedure. For Coe Super-Soft the 

highest percentage of plasticiser present was found using the Soxhlet 

extractor and this may well reflect the extraction of some of the 

lower molecular weight polymer by the hot methanol. On the other hand 

the lowest percentage of plasticiser recorded was with the precipitation 

method and this may reflect the difficulty in drying'the precipitated* 

mass of polymer completely. This was accentuated for this material as 
this was the first material investigated by this method and the initial 

sample size was larger than proved to be necessary thus resulting in a 
thicker mass of precipitated polymer. Similarly the results for Virina, 

Soft Nobiltone and Verno Soft demonstrate a higher percentage of 

plasticiser when the polymer is extracted by vacuum filtration as the- 

collected polymer is easier'to dry completely. The reverse is true for 

Palasiv 62 and A. D. I. but this may be explained by the difficulty that 

was experienced with these two materials in causing all of the polymer 
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to precipitate. Analysis of these materials (see 2.4.1.5. ) has shown 
them to contain some n-butyl methacrylate and 2-ethoxy-ethyl methacrylate 

respectively which when polymerised will be more difficult to 

precipitate than the methyl and ethyl methacrylates used in the other 

materials. Thus for these two materials collection of polymer is 

more complete using vacuum filtration. 

Thus in every case the use of vacuum filtration would be expected 

to give the most accurate results. However, no confidence can be 

expresed in the exactitude of these results as these estimations were 

only. performed once. Repeated estimations would be necessary to 

provide accurate results and in any case the proportioning of powder/ 

liquid in the preparation of the samples is usually by volume which 
for the powder components is notoriously inaccurate. Further, Haslam, 

Willis and Squirrel 157 
recommend the use of acetone and petroleum ether 

(B. P. 40-60°C) in a similar method for the determination of total 

plasticiser content and it may be that these solvents would give more 

accurate results than the use of chloroform and methanol. 

The general pattern of the results is, however, interesting. The 

quantity of plasticiser necessary to some extent depends upon the 

glass-transition. temperature of the basic polymer. The glass-transition 

temperatures of the polymers used in these materials are as follows: - 

poly (methyl methacrylate), 105°C; poly (ethyl methacrylate), 65°C; 

poly (n-butyl methacrylate). 20°C; poly (2-ethoxy-ethyl methacrylate), 

-15°C. Thus where poly (methyl methacrylate) is used alone-as the basic 

polymer as in Soft Nobiltone a high concentration of plasticiser is 

necessary whereas when a mixture of poly (ethyl methacrylate) and 

poly (n-butyl methacrylate) (Palasiv 62) or a mixture of poly (ethyl 

methacrylate) with poly (2-ethoxy-ethyl methacrylate) (A. D. I. ) is used 

as the basic polymer the lower glass-transition temperature allows the 

use of less plasticiser. In. Coe Super-Soft and Virina the basic polymer 
is a mixture of poly (ethyl methacrylate) with poly (methyl methacrylate) 

while in Verno Soft the basic polymer is poly (ethyl methacrylate) alone 

and in all these cases both the glass-transition temperatures and the 

amount of plasticiser necessary will fall between the two extremes. 
Thus the compliance of the materials will depend upon the basic 

polymer used and the quantity of plasticiser present. Since the 

plasticiser is found exclusively in the liquid component of the powder/ 
liquid types öf material it is possible to adjust the compliance of the 

final soft lining material by adjusting the powder/liquid ratios used 

provided always that sufficient monomer is used to effect polymerisation. 
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2.4.3. Silicone rubber fillers 

The percentage of filler present in the base pastes of the 

silicone rubber soft lining materials are given in Table 2.3. for both 

methods used together with the pore size of the sintered glass crucible 

used in the vacuum filtration. 

Table 2.3. 

Percentages of filler in the base paste of the silicone rubber soft 
lining material 

MATERIAL PERCENTAGE OF FILLER 

Vacuum Filtration 
(Pore size of Ultracentrifuge 

sintered glass crucible (18,000 r. p. m. ) 
in parenthesis 

Flexibase 34.2 (5-15 pm) 34.8 

Simpa 15.7 (15-40 pm) 17.3 

Cardex-Stabon 41.1 (15-40 pm) 44.1 

Per-Fit 10.1 (90-150 pm) 12.6 

Molloplast-b 21.5 (15-40 pm) 

There is reasonable agreement between the two methods used although 

the ultracentrifuge generally gave slightly higher values. This is most 

likely because there is less opportunity for filler to be lost during 

the experimental procedures and it is therefore probably the more 

accurate figure. The filler from Molloplast-b was exceptional in that 

it would not precipitate in the ultracentrifuge indicating a low density 

material. The pore size of the sintered glass crucible used is not an 

exact measurement of particle size but it may be noted that unlike the 

other materials the filler from Flexibase would pass through 15-40 um 

pores and had to be collected by a 5-15 um pore filter whereas the filler 

from Per-Fit rapidly clogged the small pore size fillers and would not 

pass through 90-150 um pores. The quantity of filler present varied 

quite markedly between 12.6 and 44.1 per cent. 
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2.5. Conclusions 

From the experimental analysis of these materials together with 
information from the Patent relating to the Cole Plastics material136 

85,128,129 the Natural Rubber Producers Research Association, 128,129 it is 

now possible to form a complete picture of the constituents and 

composition of the soft lining materials under investigation. This is 

presented in Table 2.4. 

It can be seen that the silicone rubber materials differ mainly 

in their method of cross-linking and the concentration and type of 

filler used. The exception to this is Molloplast-b which not only uses 

a different adhesive system (acryloxyalkylsilane) but also contains an 

acryloxyalkylsilane within the polymer, these modifications being 

intended to improve the adhesion of the silicone rubber to the poly 
(methyl methacrylate) base. 

The soft acrylic resin materials show much more variation. 

Coe-Soft and Soft Oryl are essentially the same as tissue conditioner 

materials and cannot be classed as permanent soft lining materials 
(see 2.1.2.4. ). Ardee, a copolymer which is compliant at room 

temperature was also never intended as a permanent soft lining but a 

material for temporary relining of old or painful dentures which is 

applied in the mouth and only adheres to the denture by cohesive and 

adhesive forces. Of the heat curing soft acrylic materials Soft 

Nobiltone is exceptional being based on poly (methyl methacrylate) while 

the other heat curing acrylic resin materials are all based on poly 
(ethyl methacrylate) and differ only in the type of methacrylate monomer 

and plasticiser used. 

Of the experimental materials A. D. I. and Cole are similar to the 

heat curing acrylic resin materials, with the same exception as above 

i. e. the use of different methacrylate monomers and plasticisers. Cole 

is exceptional in having a polymerisable unsaturated diester as a 

plasticiser while all other plasticisers undergo no change during the 

polymerisation of the soft lining. A. D. I. is not new but a variation, on 

an old theme but Cole can be said to be a complete innovation not found 

in any commercially produced soft lining material. Hydron is in fact 

an old material which has ceased to be used brought back for another try 

and the Natural Rubber material is also a variation on an old theme. 

However, despite many similarities within the groups not one of 

these seventeen materials is identical with another and the following 

chapters will endeavour to relate these differences'to the physical 
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properties of the materials in order to attempt to identify the 

relationship between composition and clinical behaviour that must 

occur. 
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CHAPTER 3 

WATER ABSORPTION AND WATER SOLUBILITY OF SOFT LINING MATERIALS 

3.1. Introduction 

Soft lining materials are likely to be constantly immersed in 

either an aqueous solution or in water itself. In use they are constantly 

bathed in saliva and when out of the mouth are usually immersed in 

either solutions of denture cleansers or water for storage. In these 

situations there are two processes taking place simultaneously. Water 

or saliva can be absorbed into the material and plasticisers or other 

constituents of the soft lining material can be leached out. Both 

processes are important in the effects they are likely to have on the 

physical properties of the material and its dimensional stability. To 

predict the clinical behaviour both the amount of water absorbed and the 

amount of soluble material lost must be measured over a period, which 

is comparable with the proposed period of use in the oral environment. 

If the behaviour of the different materials can also be related to their 

chemical composition it may then be possible to predict clinical 

behaviour--on the basis of the chemical composition df newer materials. 

3.2. Review of the literature 

The importance of water absorption and water solubility was 

appreciated in the early developement of soft lining materials. Bains72 

in his study on the gelation of poly (vinyl chloride) as a soft resin 

for use as a denture base liner considered that as oral fluids are mainly 

aqueous in nature, a plasticiser with a low water solubility and a low 

rate of diffusion was essential. He therefore conducted water partition 

tests on samples of poly (vinyl chloride) incorporating a number of 

different plasticisers. The samples were dried to a constant weight in a 

desiccator, immersed in distilled water, maintained at a temperature of 

37°C ± 0.5°C, removed after fourteen days and dried to a constant weight. 

This procedure was repeated for 8-12 weeks, after which the partition 

coefficients were calculated from the concentration of plasticiser in the 

water and the poly (vinyl chloride) respectively. The results showed 

that for most of the plasticisers investigated the partition coefficients 

were highest after the first fourteen days and then tended to a constant 

value indicating that they contained impurities, which had relatively 

high partition coefficients, such as the free acid or alcohol. Taking an 

arbitary figure of 10-6 as the maximum allowable value of a partition 

coefficient for a plasticiser used in poly (vinyl chloride) the following 
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were found to be satisfactory: - di-octyl phthalate, di-alphanol phthalate, 
di-octyl sebacate, di-alphanol sebacate, sextol sebacate and 
Santiciser 141 (di-phenyl 2-ethyl-hexyl phosphate). However the amount 

of water absorbed and the amount of soluble material lost during these 

tests were not reported and it is therefore difficult to compare these 

results with subsequent studies. 
Travaglini et al4 in 1960 were the first to report the weight 

changes that occur when storing soft lining materials in water at room 

temperature. The materials they investigated were Flexene, Oura Base, 

JustiTreatment Reliner, Soft Oryl, Soft Line (Amco), Plialite, Verno 

Soft, Nelson's Soft Lining, Silyne and Softline (Kerr). The first five 

materials were described as acrylic resin materials processed at room 
temperature; Plialite and. Verno Soft were acrylic resin materials curing 

at temperatures between 158 0 and 212°F; Nelson's Soft Lining was a 

plasticised vinyl polymer and Silyne and Softline were'room temperature 

vulcanising silicone rubbers. The materials were desiccated until a 

constant weight was established and then stored in distilled water at 
25°C for periods of between 4 and 30 weeks although the majority were 
tested up to between 10 and 14 weeks. The percentage weight change 

varied from +3.3 per cent for Softline after only 4 weeks to -1.6 per cent 

for Flexene after 30 weeks. It was recognised that the weight changes 
for the acrylic resin and vinyl resin materials was a combination of 

absorption of water and loss of plasticiser but no attempt was made to 

evaluate the relative effects of these two processes. The increase in 

weight of the silicone rubber materials was attributed to the absorption 

of water by fillers used in the compounding of the materials. 

One year later Craig and Gibbons77 reported on an extension of the 

same study and were able to give values for percentage weight changes for 

all the materials after storage in water at 25°C for 12 weeks. On the 

basis of these data the authors comment that all the materials would be 

expected to pick up oral fluids and gradually develop a bad taste and 

odour. 

One year later Eick et al89 repeated the work in the previous two 

reports but measured the weight changes. that occur after storage in 

water at 37°C on the basis that this more nearly simulated mouth 

conditions. In addition the storage time was increased to six months, 

but some samples were removed after one month, and dried to a constant 

weight over anhydrous calcium sulphate to quantify the percentage weight 

of material leached out of the samples in that time. In general terms 

the weight changes in water at 37°C were a. little larger than they had 
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been in water at 25°C. All of the materials showed a percentage weight 

gain after six months and in addition continued to increase in weight 
beyond this six month period. Knowing the percentage weight of material 
leached out after one month it was possible to calculate the actual 

water absorption for this period. The amount of material leached out 

and the amount of water absorbed was considered an indication of the 

liners serviceability in the mouth. 

In the same year Starer73 published his work on a different series 

of soft lining materials. He investigated twelve materials: - Velum 

rubber and an experimental natural rubber; poly (vinyl chloride) 

plasticised with dibutyl phthalate and poly (vinyl chloride) plasticised 

with dioctyl phthalate; Josphi white and Josphi red (poly (vinyl acetate) 

types); Provinyl p. Ultra (poly (vinyl chloride)-acrylic mixture); 
Plastupalat (acrylic co-polymer); D. P. Veldent, M. S. 2410, Flexibase and 

Verone (silicone rubbers). These materials were immersed in water at 
37°C for up to 30 months, the weight changes measured and from this the 

percentage volume change of the materials calculated. While recognising 

the effect of the possible loss of soluble matter from the materials no 

attempt was made to quantify this and the results therefore express a 

combination of water absorption and loss of soluble matter. Storer also 

implicated the fillers in the silicone rubber materials as playing a 

major role in determining the amount of water absorbed, but no attempt 

was made to explain the different percentage changes in the different 

materials. His results do, however, relate to a period of time which is 

comparable to the length of time for which the materials may be used. 

One year later and subsequently in 1965 Bates and Smith published 
67 

their work on another extensive list of materials which were divided 

into heat curing acrylic types (Palasiv and Neo-Plastupalat), cold 

curing acrylic types (Coe Soft, Cora-Line, Ourabase, Flexene and Soft 

Oryl), heat curing silicone type (Molloplast-b), cold curing silicone 

types (Flexibase, O. P. Silyne and. Verone R. S. ) and poly (vinyl chloride- 

acetate) type (Corvic S. U. ). Recognising the importance of loss of 

soluble material they immersed the materials, bonded to a regular heat 

cured. acrylic denture base material, in water at 37°C for 30 days and 

then dried them to a constant weight over phosphorus pentoxide. . By 

measuring the change in weight between the end of the water immersion 

period and the dehydrated constant weight they were able to quantify the 

actual amount of water absorbed but because the original weight of the 

specimens is not reported the amount of soluble matter lost cannot be 

calculated. The authors comment that a large water absorption may lead 

to swelling and stresses at the denture base interface which would tend 
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to promote reduction in bonding and distortion. Ideally the total water 
absorption should be close to that of the acrylic base material which 
was reported as 2.2 per cent. However, bearing in mind previous reports 
of water absorption of soft lining materials, 30 days does not seem an 
adequate length of time to make a valid comparison. 

Water absorption and solubility studies have also been used in the 

evaluation of new or modified materials. In 1968 Kliment at al 
47 

reported 
on the use of diacetins in the capacity of a diluent in the polymerisation 
of hydrophilic poly (ethleneglycol methacrylate) gels (Hydron) to be 

used as a soft denture liner. The chemical name given to this material 
by Kliment et al is confusing as it is strictly speaking poly (hydroxyethyl 

methacrylate) cross-linked with a glycol methacrylate. The disadvantage 

of the basic polymer was the change in dimensions caused by its high 

water absorption. By adding a suitable quantity of diluent, which would 
be washed out of the cured polymer, the water absorption would be 
balanced by the water solubility thus preventing the change in volume. 
By this means they were able to change the degree of volume increase from 
between 60 to 70 per cent, for polymers of the 'Softdent' type, to no 
volume change. 

The proprietary 'Softdent' material was further investigated by 
Clarke86 in 1970. Samples of the material were dried over anhydrous 
calcium sulphate to a constant weight, then stored in water at 37°C and 
weighed at daily intervals until the weight became constant. The 

material was presented in three forms; heat-cured jelly, heat-cured 

powder/liquid and self-cured powder/liquid and each form was tested both 

as a 1.5 mm layer bonded to 1.5 mm of hard acrylic and as a 3.0 mm 
unsupported specimen. For the supported specimens the percentage weight. 

changes varied from+14 per cent to +31 per cent and for the unsupported 

specimens from +47 per cent to +53 per cent. No explanation for the 

different results from supported or unsupported specimens was offered and 
it was reported that there was a large variation in percentage water 

uptake between samples of the same form treated in the same way. In 

addition no attempt was made to discover if any soluble material was 
lost from the samples. It was suggested that the volume change that 

would accompany these weight changes would (a) affect the bond between 

the hard and soft materials, (b) distort the denture base and (c) increase 

the vertical dimension and alter the occlusion. Further, if the material 

was allowed to dry out it contracted, lost its resilience, became brittle, 

cracked and would cause distortion of the denture base. 
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The commercial product Hydron was investigated again in 1972 by 

O'Brien at al. 
84 

Although weight changes on water absorption were not 

measured they did measure'the linear expansion of-a sample of the material 

placed in distilled water at 25°C. The most rapid change in length. 

occurred between 4 and 6 days after immersion in the water and 

equilibrium was reached after about 16 days when the linear expansion 

had reached 20 per cent. This linear expansion should be comparable 

with the percentage weight of water absorbed. 

Also in 1970 Walter30 measured the water absorption of a foamed 

resin of acrylic esters called Palamed which was designed for use in 

maxillofacial prostheses. The method used was the same as that of Bates 

and Smith67 and the results were compared with similar samples of 

Molloplast-b, Verona R. S. (silicone rubbers) and Qualitex P. V. (latex 

rubber). In the context of the present investigation the results for 

Molloplast-b and Verona R. S. are most interesting as these are soft 

lining materials. 

The effect on water absorption and water solubility of adding 
Nystatin to Coe-Comfort, Coe-Soft and Coe Super-Soft as a treatment for 

denture stomatitis has been investigated by Douglas and Clarke. 41 The 

materials were processed with and without Nystatin, dried to a constant 

weight over phosphorus pentoxide, immersed in water at 37°C and weighed 

at suitable intervals over a period of 60 days. It was noted that 

during the drying period any volatile constituents of the materials would 

be partially lost. The materials were redryed back to a constant weight 

after water absorption to determine the percentage weight loss of soluble 

material. The addition of Nystatin caused an increase in the water 

absorption of the material and an increase in the percentage weight loss 

on redrying indicates that in all probability Nystatin was being leached 

out of the material thus producing a local anti-fungal effect. 

More recent comprehensive studies on the water absorption and solub- 

ility of a range of soft lining materials have been reported by 

Suchatlampong80 Suchatlampong at al81 and Wright. 85 

Suchatlampong80 in 1975 investigated seven different soft lining 

materials: - Soft Oryl and Coe-Soft ("self-curing" plasticised acrylic 

resins); Coe Super-Soft and Verno Soft (heat-curing copolymer resins); 

Flexibase and Verona R. S. (self-curing silicone rubbers) and Molloplast-b 

(heat-curing silicone rubber). Unsupported samples were tested as 

processed both against dental stone and against brass moulds. The samples 

were first dried to a constant weight over silica gel and then immersed 

in distilled water at 37°C for periods of up to six months with weighings 

80 
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being recorded at specified intervals. In addition some samples were 

removed from the water at intervals and redried to a constant weight 

over silica gel. In this way the change in weight on water absorption 

and the amount of soluble matter lost was measured and presented both 

as weight per unit area (mg/cm2) and as percentage weight change. The 

following exceptions applied; the results for Coe-Soft were presented 

only in mg/cm2 as it was necessary to support this very flexible sample 

on a glass slide thus reducing the surface area available for absorption 

of water, Verna Soft was not available for water solubility studies; 

Coe-Soft, Verna Soft and Verore were not tested processed against brass 

and no samples processed against brass were tested for more than three 

months. Differences were observed between the specimens processed 

against stone and brass but these were not statistically evaluated and 

could have been due to batch variation. Certainly no really satisfactory 

explanation could be found for the variable effects on the surface 
finish. The high water absorption and solubility on the self-curing 

silicone rubbers was attributed to their filler content and it was 

considered that disparity, With results from earlier studies could have 

been the result of a change of composition, in particular of the filler. 

Th16 high water absorption was accompanied by a correspondingly large 

expansion of the samples. The heat-curing silicone rubber showed a low 

level of water absorption and on desorption it was not possible to 

reduce the weight of the material to its original weight indicating that 

some water had-been incorporated into the structure of the material. The 

differences between the two "self-curing" acrylic resin materials was 

accounted for by loss of. alcohol and the lower molecular weight of the 

plasticiser in Coe-Soft. A diffusion coefficient was calculated for 

Soft Oryl (3 x 10-8cm2/sec) as this material reached equilibrium over 

the six month absorption period but this was not possible for any of, the 

other materials. The diffusion coefficient is approximately three times 

as great as the diffusion coefficient for the denture base acrylic. The 

differences between the two heat-curing copolymer resins was also 

accounted for by the different plasticisers used and it was noted that 

the water absorption of Coe Super-Soft was not sufficient to balance the 

loss of plasticiser resulting in a net weight loss, this being the only 

material to show a weight loss. It was also commented that the 

compensation of loss of plasticiser with gain of water will also 

compensate the mechanical properties of the soft liner as the water will 

act as a plasticiser. Water absorption and solubility, however, are 
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important factors in determining the serviceability of a resilient liner 
because of the effect on their dimensional stability, the strength of the 

acrylic/soft liner bond and the surface roughness. It was concluded that 

none of the soft lining materials tested were stable in an aqueous 
environment and dimensional changes would therefore be expected to occur. 

Suchatlampong et a181 presented their report on some of the data 

presented in the previous report 
80 

but of interest is the suggestion,. 
supported by infrared spectroscopic analysis, that the absorption of 
water chemically changes the composition of some of the materials. 

The study reported by Wright85 in 1976 represents a preliminary 
report of the investigation and some of the data presented here, and as 
such is not discussed further at this stage. 

Most"rece, ntly Ellis et al118,162 have reported in detail on the 

water absorption and solubility of Coe-Soft. The earlier report 
162 

discusses the very different sorption characteristics of Coe-Soft when 
immersed in water or artificial saliva. Freshly prepared specimens, 
one millimeter thick, were immersed in either water or artificial saliva 
(KSCN, 0.22 gms; NaHCO3,0.77 gms; NaCl, 0.23 gms; Co(NH2)2,0.13 gms; 
K2HPO4,9.95 gms; CaC12,0.16 gms; made up to 1 litre with distilled 

water) at 37°C. " Initially there is a decrease in weight recorded in 
both cases because the diffusion out of ethanol is faster than water 
absorption. Subsequently the behaviour of specimens in water and 
artificial saliva differs. In water tha material absorbs sufficient 
water to produce a continuous gain in weight up to 100 days after 
commencement of the experiment with no signs of equilibrium being reached. 
In contrast in the artificial saliva following the initial decrease in 

weight the weight increases slightly and then begins to decrease again 

with the weight loss continuing for up to 100 days. Although no 

explanation of the differences is offered the authors state that clearly 

sorption studies in pure water are inadequate when assessing the clinical 
importance of water sorption by soft liners and tissue conditioners. 
The subsequent report118 discusses the water absorption and desorption 

of Coe-Soft over a period of 131 days, in detail. Water is absorbed 

without limit throughout the period of the experiment. On drying the 

sample after water absorption the water is rapidly lost after which there 

is a further slow loss of weight due to further desorption in air of the 

ethanol present in the material. 
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3.3. Thedretical considerations 

The theoretical treatment of absorption and desorption of water by 

acrylic resins and other polymers has been discussed in detail by 

Braden. 154,163 This water absorption and desorption is a diffusion 

process and the use of specimens that are flat thin strips of material 

ensures that the permeation is essentially uni-directional through 

the major surfaces. The water absorption behaviour of the polymer may 

then be characterised by two distinct parameters: - 
(1) The equilibrium uptake, co, which is related to the equilibrium 

water uptake, M.., of a particular specimen with a major surface area 

of A and a thickness of 21 by the equation: - 

Moo = 2Alco (1) 

This equilibrium uptake is measured in mass per unit volume or mass of 

the polymer, is characteristic of the polymer and is slightly 
temperature dependant. 

(2) The diffusion coefficient, 0, which may be determined from an 

experimental plot of Mt/M against t' where Mt is the water uptake at 

time t. For the early stages of diffusion (where t is small) the plot 

should be a straight line of slope = 2(0/Trl2)' from which the diffusion 

coefficient can be calculated. This may be expressed by the equation: - 
, 

Mt 
=2 

Dt2 

Mý 
ýl (2) 

The diffusion coefficient governs the rate of water uptake and the time 

taken to reach equilibrium and is highly temperature dependant. 

It is therefore desirable that both these parameters be measured 

at a temperature which is equivalent to the temperature of use of the 

material, i. e. 37.4°C. It is also of importance to note that the time 

taken to reach any degree of water uptake is proportional to the 

(thickness of the specimen) 
2. 

For classical diffusion, 0, should be the same for both absorption 

and desorption but most commonly a higher diffusion coefficient is found 

experimentally during desorption. This is due to the fact that D is a 

function of concentration in the sense of 0 decreasing with concentration, 

and means that the rate of water absorption will gradually slow as the 

concentration of water in the specimen increases thus extending the time 

taken for the specimen to reach equilibrium. Equation (2) therefore will 

give an average value of 0 over the concentration range studied. 
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For the evaluation of dental polymer a determination of diffusion 

coefficients in absorption (Ds) and desorption (Dd) at 37°C and of the 

equilibrium uptake (co) is desirable. However, while these figures are 

relatively easy to obtain for unmodified polymers any additive (such as 

plasticiser or filler) will significantly change the water absorption 
behaviour. Diffusion of such additives out of the material into 

water will mask weight changes of absorbed water and modify concentration 
factors. Fillers may have different water absorption characteristics to 

the basic polymer and consequently modify the overall absorption. 

Occasionally additives (such as ethanol) may even diffuse out of the 

material into air thus accentuating weight changes recorded in desorption. 

Repeated absorption and desorption cycles will give an indication of the 

structural changes that will occut'as a consequence of loss of additives 
from the polymer and this loss may be quantified. However, it will not 

always be possible to determine 0 
s, 

0d and co for these modified polymers. 

3.4. Experimental 

3.4.1. Materials 

The materials to be investigated are those discussed in Chapter 2 

and listed in Table 2.1. These materials were processed according to the 

manufacturers instructions into rectangular sheets of uniform thickness 

using glass microscope slides of dimensions 7.5 cm by 2.5 cm as molding 
blanks. Several measurements of the thickness were taken and an 

average thickness measurement was recorded. 

3.4.2. Method 

The materials were immersed in distilled water contained in a 

stoppered test tube, 25 cm long by 4 cm in diameterj a series of such 

tubes being in turn immersed in a thermostatically controlled water bath 

at 37°C ± 1°C. The specimens were weighed to ± 0.0001g at intervals 

following removal of excess water by blotting with filter paper. When 

equilibrium was reached or when it was decided that no further useful 

information could be gained from absorption measurements the material 

was transferred to a bacteriologic oven maintained at 37°C ± 2°C 

containing phosphorus pentoxide as a desiccant and weighing continued at 

appropriate intervals. Ideally further absorption and desorption cycles 

should be carried out until all the soluble material has been extracted 

and the behaviour of the material is reproduceable on subsequent 

absorption and desorption. However, these measurements have been carried 
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out over a5 year-period and this ideal situation has not been reached 

for many materials. It is evident that this period of time is probably 

in excess of the useful life of the materials in the mouth and 

therefore a further extension of this study will not be of significant 

value. 

3.4.3. Results 

The results are presented primarily as gräphs of percentage weight 

gain or loss plotted against time on a logarithmic scale for successive 

absorption and desorption cycles for each material (Figs. 3.1. - 3.17. ). 

In the few cases where equilibrium has been reached values for 

Ds, 0d and co have been calculated and are presented in Table 3.1. 

Table 3.1. 

Equilibrium uptake and absorption/desorption diffusion coefficients of 

some soft lining materials 

Equilibrium 
Uptake Diffusion Coefficient 

Material Cycle (g/cm3) 
. 

(cm2/sec) 

c 
Absorption Desorption 

o 0 0 
s d 

Per-Fit 2nd Absorption 7.08 x 10-3 4.84 x 10-9 

Molloplast-b 2nd Absorption 2.38 x 10-2 5.40 x 10-9 

Molloplast-b 3rd Absorption 2.62 x 10-2 6.39 x 10-9 

Molloplast-b 2nd Desorption 4.28 x 10-7 

Hydron 2nd Absorption 4.. 42 x 10-1 1.51 x 10-7 

Hydron 1st Desorption 1.13 x 10-7 

Hydron 2nd Desorption 1.39 x 10-7 
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Fig. 3.1. Absorption/Desorption cycles of Flexibase in water at 37 °i 
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Fig. 3.2. Absorption cycle of Simpa in water at 37°C 
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Absorption/Desorption cycles of Cardex-Stabon in water at 37°C 
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Fig. 3.4. 

Absorption/Desorption cycles of Per-Fit in water at 370 C 
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Absorption/Desorption cycles of Coe-Soft in water at 37°C 
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Absorption/Desorption cycles of Soft Oryl in water at 37°C 
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Absorption/Desorption cycles of Ardee in water at 37°C 
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Absorption/Desorption cycles of Coe Super-Soft in water at 37°C 
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Absorption/Desorption cycles of Palasiv 62 in water at 37°C 
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Absorption/Desorption cycles of Soft Nobiltone in water at 37°C 
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Fig. 3.12. 

Absorption/Desorption cycles of Virina in water at 37°C 
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Absorption/Oesorption cycles of Verna Soft in water at 37°C 
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Absorption/Desorption cycles of Cole in water at 37°C 
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Absorption/Desorption cycles of A. D. I. in water at 37°C 
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Absorption/Desorption cycles of Natural Rubber in water at 370C 
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The amount of soluble material lost over a given period of 
immersion in distilled water is presented as a percentage of the 

original sample weight in Table 3.2. 

Table 3.2. 

Soluble material lost, as a percentage of the original sample weight, 

over specified periods of immersion in water 

MATERIAL 
PERIOD OF IMMERSION 
IN DISTILLED WATER 

AT 37°C (DAYS) 

PERCENTAGE LOSS 
OF MATERIAL 

Flexibase 911 7.66 

Simpa 1855 8.38 

Cardex-Stabon 918 6.73 

Per-Fit 547 5.41 

Molloplast-b 176 2.17 

Coe-Soft 650 16.77 

Soft Oryl 938 12.23 

Ardee 939 14.92 

Coe Super-Soft 945 15.18 

Palasiv 62 1066 6.38 

Soft Nobiltone 911 41.22 

Virina 911 4.04 

Verno Soft 812 1.17 

Cole 1087 4.46 

A. D. I. 945 5.17 

Hydron 183 24.61 

Natural Rubber 812 0.52 
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3.5. Discussion 

3.5.1. Discussion of the method 

Investigations into the behaviour of soft lining materials when 

immersed in water are numerous but several variations in the detailed 

method of investigation make comparison of results difficult. These 

variations merit further discussion 'in order to try to identify the 

ideal method for standardised testing and they may be considered under 

several headings: - 

3.5.1.1. Effects of variation in processing procedure 

Soft lining materials are processed by two basic methods. Room 

temperature curing materials are usually intended to be applied to an 

existing denture, placed in the patient's mouth to form the fitting 

surface and allowed to cure in the patient's mouth. Heat curing 

materials are usually processed in a dental stone or plaster mould, the 

surface of which is sealed with an alginate release agent. The curing 

may take place in a heated water bath or utilising dry heat. In both 

cases, therefore, but particularly with room temperature materials, the 

material is exposed to moisture before and during curing. Similarly the 

processed surface will reflect the roughness of the mucosal surface. ' As 

a general principle it would seem logical to investigate the materials 

using the techniques that would be used if the material was to be used 

clinically. This is, however, hardly possible-where materials are 

intended for processing intra-orally. In addition samples with rough 

surfaces will have an increased surface area-. compared with a sample with 

similar dimensions but a smooth surface, and this surface area will be 

impossible to quantify. It is considered therefore that processing 

against dental stone will give a surface that most nearly approaches the 

clinical surface and of which the surface area can be calculated. In 

retrospect it seems undesirable to process samples against Brass80 or 

against a"glass surface (as the room temperature materials were in this 

investigation) as this may produce an unrealistically dense and smooth 

surface. Suchatlampong80 demonstrated the difference in results that may 

occur as a consequence of a variation in the surface finish, but failed 

to completely explain these differences. In her discussion of the results 

it was suggested that specimens produced from stone moulds sealed with 

alginate release agent may have undergone some degree of reaction with 

that agent. This reaction product may then have an initial effect on 
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the water absorption and solubility behaviour. However, if alginate 

release agents are commonly used, their use experimentally would be in 

accordance with the concept of testing the materials as they would be 

used clinically. Louka et al 
94 

have demonstrated' that a surface-wetting 
treatment may increase the water absorption of a range of soft lining 

materials thus indicating the limitations of this form of surface 

treatment. 

Processing against dental stone will also have the advantage of 

exposing all the materials to moisture during curing. Many 

authors 
4,41,77,80,81,86,89 dried experimental samples to a constant 

weight over a desiccant prior to studying water absorption. While this 

may simplify the interpretation of results it is at variance with the 

clinical situation. 

In this investigation it is relevant to note that for Per-Fit, 

moisture is essential to effect its cross-linking while the manufacturers 

instructions for Hydron indicate that the presence of moisture will have 

an adverse effect upon curing and they therefore recommend tin-foiling 

the plaster mould to exclude moisture during processing. 

3.5.1.2. Sample dimensions and character 

Following the general principle of clinical comparability it would 

seem desirable that experimental samples should be produced which are of 

similar thickness to that used clinically and which are bonded on one 

surface to a poly (methyl methacrylate) base. However, theoretical 

considerations show that the time taken to reach any degree of water 

uptake is proportional to the (thickness of the sample) 
2 

and therefore 

savings in experimental time can be made using thinner samples. Provided 

the results are quoted as a percentage of original sample weight (or 

weight gain per unit volume) only the time taken to reach equilibrium 

will be affected by this variation. Similarly using unsupported samples 

will expose an extra surface to diffusion of water thus reducing the time 

taken to reach equilibrium and provided account is taken of this extra 

surface in the calculation of results, the results should be comparable. 

3.5.1.3. Immersion. liquid 

It has been demonstrated 162 that the behaviour'of one soft lining 

material is different when immersed in artificial saliva as opposed to 

water. However, most dentures spend part of their life in the mouth, 

part immersed in ordinary tap water and part immersed in solutions of 
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denture cleansers. Ideally, therefore, experimental design should 

include all of these media but this would be extremely time consuming. 

The use of only distilled water as the immersion liquid is considered 

a practical alternative and will enable comparison of different types 

of material but care must be taken in extrapolating the results to the 

clinical situation. 

The temperature of the immersion liquid has been demonstrated to 

affect both the equilibrium water uptake and the diffusion coefficients 
163 

and it seems sensible to stabilise this at mouth temperature (37°C). 

However, as previously mentioned the denture does not spend its entire 

life in the mouth. 

3.5.1.4. Immersion time 

In order to calculate the parameters of equilibrium water uptake 

and the diffusion coefficient it is necessary to leave samples immersed 

in the liquid until equilibrium is reached. For soft lining materials 

this proves to be impractical and therefore the immersion time can only 

be based on the period of use in the mouth. This obviously depends on 

many factors (see 1.3.4. ) but the longer the experimental period the 

more useful the results will be. 

It is also important that the contributions of the absorption of 

water and'the loss of soluble material to the overall weight changes are 

evaluated. For this reason consecutive absorption and desorption cycles 

should be evaluated. It is in this respect that most previous 

investigations have failed to explain fully the behaviour of soft lining 

materials when immersed in water. 

3.5.2. Discussion of the results 

It is convenient to discuss the results of the present investigation 

according to the composition of the various materials. 

3.5.2.1. Silicone rubber materials 

Despite the very similar composition of all of. the silicone rubber 

soft lining materials there are marked differences in their water 

absorption and solubility characteristics. In general terms the most 

noteable difference occurs between those materials cross-linked at room 

temperature by chemical agents which show high levels of water 

absorption and those materials which are cross-linked by the application 

of heat which show low levels of water absorption. 
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Flexibase and Cardex-Stabon show certain similarities in their 

first water absorption cycle reaching a maximum weight after approximately 
10 and 24 months respectively followed by a loss of weight which appears 
to be progressing up to 12 months later when the first absorption cycle 

" was terminated. However, following desorption to a constant weight the 

second desorption cycles for these two materials are quite different. 

Flexibase appears to absorb water to a much lesser extent than in the 

first absorption cycle while Cardex-Stabon absorbs more water on the 

second absorption. Simpa behaves differently showing an initial loss of 

weight up to 3 months followed by a continuous increase in weight which 

was still occurring when the cycle was terminated over 48 months later. 

In the first absorption cycle the increase of weight of these 

materials after 6 months, 12 months and 24 months were respectively, 

Flexibase: - 46 per cent, 65 per cent and 31 per cent; 

Cardex-Stabon; - 19 per cent, 29 per cent and 32 per cent and 

Simpa: - 2 per cent, 6 per cent and 15 per cent. Of these materials only 
Flexibase has been previously investigated and the high water absorption 
found in this investigation correllates well with the 38.4 per cent 
increase in weight after 6 months in water found by Suchatlampong. 80 

Storer73 on the other hand found only a 2.8 per cent increase in volume 
(which may be equated with weight change) for this material after 

30 months in water. This could indicate modification of the composition 

of the material over the intervening years. 

On desorption these three materials lose the absorbed water and 

reach a constant weight within 24 hours (the plot for Simpa is not shown 

as sufficient data was not recorded early in the desorption cycle but a 

constant weight was recorded). Comparison with the initial weight shows 

a loss of soluble material of between 6 and 9 per cent for all these 

materials although it must be noted that Simpa was immersed in water 
for over twice as long as the other two materials. This correllates 

reasonably well with the 10.2 per cent weight loss found for Flexibase by 

Suchatlampong80 although once again the time of immersion was different 

being approximately five times as long in this investigation. The time 

of immersion may not, however, be relevant if there is only a finite 

amount of soluble material present. 
Of the materials cross-linked by the application of heat Per-Fit 

shows a net weight loss on the first absorption cycle amounting to 

approximately 2.3 per cent after 18 months. However, on desorption a 

further loss of weight is recorded demonstrating that water was being 

absorbed-at the same time as the loss of soluble material during the 
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absorption cycle so as the total loss of soluble material is 

approximately 5 per cent. The second absorption cycle then shows an 
increase of weight up to equilibrium which occurs after approximately 
6 months and an equilibrium water uptake Cc 

0) 
has been calculated as 

7.06 x 10- 
3'g/cm3 

with a diffusion coefficient of 4.84 x 10-9 cm2/sec. 
The total water absorption on this second cycle is less than I per cent. 

Molloplast-b also shows low levels of water absorption. The 

apparent equilibrium reached in the first absorption cycle is confused 

by a loss of soluble material so as the increase in weight of 1.3 per 

cent after 3 months represents a combination of water absorption and loss 

of soluble material. The first desorption cycle- shows this soluble 

material to be approximately 2 per cent by weight and the second and 

third absorption cycles are reasonably consistent showing a water 

absorption of about 2 per cent, equilibrium uptake being 2.38 x 10-2g/cm3 

and 2.62 x 10-2 g/cm3 respectively. The diffusion coefficients for the 

second and third absorption cycles are also reasonably consistent at 
5.40 x 10-9 cm2/sec and 6.39 x 10-9 cm2/sec, while that for the second 

desorption cycle is 4.28 x 10-7 cm2/sec. It may be noted that the 

diffusion coefficients in absorption for Per-Fit and Molloplast-b are of 

a similar order but that the diffusion coefficient of Molloplast-b in 

desorption is significantly higher. This is because the diffusion 

coefficient CO) is a function of concentration (see 3.3. ), D decreasing 

with increasing concentration. This concentration dependance is also 

the reason why the diffusion coefficients in absorption are lower than 

those usually quoted for silicone rubbers. 

-The diffusion coefficients and equilibrium water uptake of Per-Fit 

and Molloplast-b may be compared with those for a conventional poly 
(methyl methacrylate) reported by Stafford and Braden 164 

as 

1.59 x 10-8 cm2/sec (D 
s), 

3.5 x 10-8 cm2/sec (Dd) and 2.3 x 10-2g/cm3(c0). 

Thus the equilibrium water uptake for Molloplast-b is almost identical 

with that for poly (methyl methacrylate) while that for Per-Fit is 

significantly less. However, the silicone rubbers will take longer to 

'reach equilibrium in absorption but less time to reach equilibrium in 

desorption. 

Molloplast-b has been investigated on several previous occasions 

and the percentage of water absorbed has been variously reported as 
3.8 per cent over 30 days by Bates and Smith, 67 3.8 per cent over-30 days 

by Walter30 and 1.9 per cent over 6 months by Suchatlampong80 all of 

which figures agree reasonably well with the present investigation. 
Suchatlampong also suggested that some water was permanently incorporated 
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into the Molloplast-b as she could not achieve the original weight of the 

sample on desorption. This is not confirmed by this study, a positive 

weight loss being demonstrated. 

The different water absorption characteristics of the silicone 

rubber materials is difficult to explain. Pure silicone rubber has a 

very low water absorption and it has been suggested that the filler 

present in all these materials is responsible for the water absorption 

characteristics. 
4,73,80,85 

The percentage of filler in the individual 

materials does not correlate well with the water absorption behaviour 

but the type of filler and the degree to which the filler is bonded to 

the silicone rubber could influence its effect. In this latter effect 
the materials cross-linked by heat could demonstrate better bonding to 

the filler and the presence of an"acryloxyalkyl silane in the Molloplast-b 

may also be helpful. The degree of cross-linking could also be relevant 

and it is likely that those materials cross-linked by heat will 
demonstrate greater cross-linking while the nature of the heat curing 

process which involves the application of pressure may create a denser 

material so as no micropockets of water may exist within the material. 
In this respect the loss of soluble material will also create microspaces 

within the material in which water can collect but-the percentage of 

soluble material extracted is not greatly different between the materials. 
The change from water absorption to water loss that occurs with 

Flexibase and Cardex-Stabon while still immersed in water may also be 

associated with the inorganic filler. The pH of the distilled water in 

which the sample was immersed was found at this time to be alkaline 
(pH 7.6 for Flexibase and pH 7.7 for Cardex-Stabon) and it is well 

known that silicone rubber will break down in alkaline conditions. 

Presumably the filler is responsible for this change in pH. (N. B. the 

pH of the water in which Simpa was immersed was found at the same time 

to be pH 4.7). 

A full explanation of the water absorption behaviour of silicone 

rubber soft lining materials requires a detailed analysis. of the various 

inorganic fillers found in these materials and this has not been carried 

out in this investigation. 

The water solubility of these materials is easier to explain. For 

those materials cross-linked at room temperature (Flexibase, Cardex-Stabon 

and Simpa)"alcohol"is formed as a by-product of the reaction148 and this 

will be readily extracted by the distilled water. In addition the 

metallic salt catalyst is unchanged by the reaction and will also be 

readily extracted, these two together being quite sufficient to account 
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for the 7 per cent of soluble material lost. Per-Fit is cross-linked 
by moisture with the production of acetic acid as a by-product. 149 In a 

similar material the percentage of acetic acid present has been shown to 

be between 3-5 per cent by weight165 and this correllated well with the 

5 per cent c-F soluble material lost. Molloplast-b on the other hand is 

cross-linked by the effect of heat on the catalyst benzoyl peroxide 

which, in a similar material, has been shown to comprise about 2 per cent 
by weight of the rubber. 

165 
Some of the decomposition products of the 

catalyst do nod become integral parts of the matrix and have been found 

to be extractable most probably thereby accounting for*the 2 per cent of 

soluble material lost. For Per-Fit and Molloplast-b since equilibrium 

states have been reached it can be assumed that all of the soluble 

material originally present has been lost. Finally it must be remembered 

that--small amounts of water may be absorbed during processing and thereby 

incorporated in the initial weight of the sample as it was decided not to 

dehydrate the samples prior to commencing the experimental programme; 
this water will be lost during the first desorption cycle thus apparently 
increasing the amount of soluble material present. 

v 

3.5.2.2. Acrylic resin materials 

The behaviour of these materials is dependant upon the balance 

between loss of plasticisers by solution and the absorption of water. 
Coe-Soft and Soft Oryl may be considered together as they may both 

be described as 'tissue conditioner'-types of material. The first 

absorption cycles of both these materials show an initial loss of weight 

which apparently reaches equilibrium at about 4 per cent by weight. The 

first desorption cycle then shows a further loss of weight of 

approximately 3 per cent indicating that this quantity of water had been 

absorbed during. the first absorption cycle. The predominant feature in 

the first absorption cycle is however the loss of the ethyl alcohol 

content of these materials thus giving the overall weight loss observed. 
This pattern is consistent with the water immersion characteristics of 
tissue conditioners as described by Braden and Causton. 87 The first 

desorption cycle of Coe-Soft was continued for longer than was necessary 
to dehydrate the material and the continuing loss of weight that occurred 

can be attributed to the desorption of ethanol in air indicating that 

not all of the ethanol had been lost during the first absorption cycle. 
Subsequent absorption cycles demonstrated total weight gains of 

approximately 37 per cent for Coe-Soft and 15 per cent for Soft Oryl and 

there was no sign of equilibrium being reached. Equilibrium was reached 
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in the second desorption cycle of Soft Oryl with a total loss of 

soluble material of approximately 12 per cent but the second desorption 

cycle of Coe-Soft again showed further loss of weight following loss of 

all the absorbed water with a total loss of soluble material of nearly 
17 per cent when the weighings were terminated after nearly 24 months. 
McCabe 156 

estimated the ethyl alcohol content of these . 
materials as 

15.8 per cent and 20.3 per cent of the liquid component in Soft Oryl and 
1 Coe-Soft respectuvely and Ellis et al18 agree with this percentage for 

Coe-Soft. Ellis et al also state that the powder: liquid ratio for 

Coe-Soft is 5.5: 4.1 by weight which would mean a percentage of alcohol 

in the processed liner of approximately 8.5 per cent. Thus the total 

weight loss cannot be attributed to the loss of ethyl alcohol alone. 
Therefore some of the benzyl salicylate or the dibutyl phthalate or 

both in Coe-Soft and some of the butyl phthalyl butyl glycollate in 

Soft Oryl must be leached from the soft liner by the water. The higher 

weight loss from Coe-Soft, despite a shorter total period of immersion 

in water, could relate to the higher alcohol content or the different 

plasticisers used, but this cannot be determined from the present 

results. Butyl phthalyl butyl glycollate was the ester used in three 

of the tissue conditioners investigated by Braden139 so that these 

results contradict the statement87 that these esters are not extracted 

significantly by water. The length of time his samples were immersed in 

water was, however, only 7 days and this proves not to be sufficient to 

detect the more gradual loss of material that occurs on prolonged 

immersion. 

Soft Oryl and Coe-Soft have been included in many of the previous 

studies of water absorption of soft lining materials4,41,67,77,80,89,118,162 

but differences in experimental procedure mean that it is not possible 

to compare the results with the present findings. Ellis et al 
118 

continued their desorption cycle up to 4.68 months at which time there 

was no sign of the water absorption ceasing. They comment that the 

plasticiser is not soluble in water and that they would therefore expect 

the curve to change shape some time after their measurements ceased. It 

is interesting to note that in the present study water absorption was still 

continuing 24 months after the commencement of the second absorption 

cycle. In desorption they also observed the continuing diffusion of 

ethanol out of the Coe-Soft into the air after all the absorbed water 

had diffused out. They commented that in use the composition of Coe-Soft 

changes continuously and this is confirmed both for Coe-Soft and Soft 

Oryl in the present study. 
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Ardee cushion liner is unique both in composition and in 

presentation. It is supplied as a flexible sheet which is partially 

moulded to the denture base at the chairside and then closely adapted 

under biting pressure in the mouth. The manufacturers describe it as 

a temporary reliner and claim that it may be worn for up to three 

months. Being a co-polymer of poly (ethyl methacrylate) and poly 
(ethyl acrylate) no chemical change occurs in the material during its 

application the moulding being developed by pressure at oral temperature. 

In water Ardee showed an initial loss of weight on the first absorption 

cycle which appeared to equilibrate after about two weeks at 1.5 per 

cent. On desorption a further loss of weight of 2.5 per cent occurred 

which was the amount of water absorbed during the first absorption cycle 

the predominant feature therefore being loss of soluble material. The 

second absorption cycle demonstrated a gradual continuous increase in 

weight which had reached 16.5 per cent and was still increasing when 

this cycle was terminated after approximately 32 months (N. B. the steps 

in the curve for this absorption cycle were caused by the unfortunate 

tendency for the sample to float on top of the water if great care was 

not taken in replacing it in the water after weighing). The second 

desorption cycle then showed a loss of weight of 27.5 per cent at 

equilibrium which was reached at about 30 hours and the third absorption 

cycle demonstrated an increase of weight of 27.5 per cent which showed 

no sign of reaching equilibrium when the cycle was terminated after 

18 months. The loss of soluble material over the total period of water 

immersion was 14.9 per cent and this can only be accounted for by the 

loss of low molecular weight poly (ethyl acrylate) into the water as there 

are no plasticisers or solvents present in the material. It must be 

noted that this is a very severe test of a material that is only stated 

to last 3 months in the mouth. 

The water absorption and solubility behaviour of the heat-curing 

acrylic resins Coe Super-Soft, Palasiv 62, Soft Nobiltone, Virina, 

Verno Soft and A. D. I. may be considered together as these materials are 

similar in type if not in the exact methacrylate polymer and plasticiser 

used in their composition. In every case plasticiser is lost from the 

material as water is absorbed, the amount of plasticiser being lost 

determining the shape of the curve. Thus in Palasiv. 62, Virina, Verno 

Soft and A. D. I. the water absorption exceeds the plasticiser loss giving 

a gradual increase of weight during the first absorption cycle which 

amounted to, for Palasiv 62,5 per cent after immersion for 9 months 
(this cycle was stopped at 9 'months because it was thought that 
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equilibrium had been reached which seems in reference to the second 

absorption cycle to have been unlikely); for Virina, 19.5 per cent after 

32 months; for Verno Soft, 24 per cent after 30 months; and for A. D. I.; 

16.5 per cent after 32 months. In Coe Super-Soft the loss of 

plasticiser initially exceeds the gain of absorbed water thus giving an 

initial loss of weight of the sample which begins to reverse at about 

6 months. There is then a gradual increase in weight which eventually 

results in an increase of weight of 21 per cent after 32 months 

immersion. The first absorption cycle of Soft Nobiltone, however, is 

dominated by the loss of plasticiser, there is an initial gradual loss 

of weight of the sample which reverses into a weight gain between one 

week and six months followed by a further weight loss which eventually 

results in an overall loss of weight of 17.5 per cent after 32 months 

immersion. 

The subsequent desorption cycles greatly clarify the situation. 

In every case the samples desorb to an equilibrium within 48 hours. The 

percentage loss of weight is recorded showing the amount of water that 

had been absorbed during the first cycle as follows: - Palasiv 62, 

7.5 per cent; Virina, 22 per cent; Verno Soft, 25 per cent; A. D. I. 

22 per cent; Coe Super-Soft, 36 per cent and Soft Nobiltone, 23 per cent. 

At this stage also the loss of soluble material may be calculated 

(Table 3.2. ) although because the absorption cycle for Palasiv 62 was 

thought to have been prematurely terminated a second absorption and 

desorption cycle was performed before making this calculation. A second 

absorption cycle was also performed for the other materials and in 

every case water absorption now exceeded plasticiser loss so as to give 

a gradual rise of weight over the 18 months to 2 years period. The 

increase in weight was always greater for a given time than the first 

absorption cycle and there was no sign of equilibrium being reached in 

most of the materials. Coe Super-Soft and Soft Nobiltone were again 

exceptions in that there was a reverse from weight gain to weight loss 

at about 6 months and 1 month respectively but there was no certainty 

that Coe Super-Soft had reached equilibrium and the behaviour. of 
Soft Nobiltone became erratic. 

Many of. the previous studies that have included these materials 

cannot be compared with the present investigation because of differences 

in experimental technique. However figures for total weight gain on 
immersion in water that have been given for Verno Soft77,80.89 correspond 

reasonably well with the curve attained in this investigation for the 

relevant period of immersion. Also Eick et al89 were unable to leach 
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out any soluble material from Verno Soft over their six month period 

of immersion in water, which agrees well with the very small amount 
(1.2 per cent) of soluble material found in this investigation. For 

Coe Super-Soft the very small weight gain after 60 days found by 

Douglas and Clarke 41 
and the small weight loss after 6 months found 

by Suchatlampong80 are not greatly different from the small weight loss 

found in this investigation. In addition the loss of 6.3 per cent 

soluble material over 6 months found by Suchatlampong80 could be an 

early indication of the 15.2 per cent loss of soluble material found 

in this investigation over 33 months. 
The amount of water absorbed the the first absorption cycle is 

fairly consistent for Soft Nobiltone, Virina, Verno Soft and A. D. I. at 
between 22 and 25 per cent and it is difficult to explain the lower 

figure for water absorption for Palasiv 62 (even taking into account 

the shorter first absorption cycle) and the higher figure for 

Coe Super-Soft. The water absorbed does not correlate with the amount 

of plasticiser lost, the particular polymer or plasticiser used, or the 

amount of plasticiser in the original material. There must be some 

other factor such as the molecular weight or the degree of cross-linking 

of the polymer and this would need further investigation. 

The amount of soluble material lost does correlate with a 

combination of the amount of plasticiser present in the original 

material and the type of plasticiser used, but it is not a reliable 

relationship indicating some other factor may also be involved. It 

does seem, however, that of the three plasticisers used butyl phthalyl 

butyl glycollate is the easiest (Coe Super-Soft, Soft Nobiltone and 

Palasiv 62), dibutyl phthalate less easy (Virina and A. D. I. ) and 

2-ethyl-hexyl di-phenyl phosphate (Verno Soft) very resistant to 

diffusion out of the soft lining material into the water. This latter, 

despite an initial high concentration of the plasticiser in the material 

(39 per cent). This relationship between the three plasticisers is in 

agreement with their relative behaviour when used as plasticisers in 

poly (vinyl chloride). In this situation 6ains72 measuring water 

partition coefficients stated that butyl phthalyl butyl glycollate 

diffused out of the soft lining material into the water more readily than 

dibutyl phthalate while Santiciser 141 was very resistant to diffusion. 

Of course, partition coefficients refer only to the equilibrium state. 
The influence of the ethyl acetate in Virina must also be considered as 
having a lower molecular weight than most plasticisers it should be more 

readily soluble in water. 
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The last heat-curing acrylic resin soft lining material to be 

considered is the Cole material. This is considered separately because 

unlike all the other acrylic resin soft lining materials it has a 

plasticiser which is polymerised at the same time as the basic polymer. 
The first absorption cycle for this material showed a small weight gain 

of less than one per cent which appeared to equilibrate after 1-2 weeks 

and the first desorption cycle showed that this weight gain was produced 
by a combination of the. absorption of approximately 1.5 per cent of water 

plus the loss of some soluble material. Subsequent absorption and 
desorption cycles showed the apparent equilibrium reached in the first 

absorption cycle to be false as the material continued to absorb water 

up to a maximum of, 7.3 per cent when the third absorption cycle was 
terminated 2 years after its commencement with no sign of equilibrium 
being reached. Over the total period of water immersion in the three 

absorption cycles approximately 4.5 per cent of soluble material is lost 

and this is assumed to be caused by the loss of unpolymerised plasticiser 

as di-2-ethyl-hexyl maleate is difficult to polymerise completely. 
Despite the special nature of this material the loss of soluble material 
is greater than that found for Verno Soft and Virina and not much less 

than that found for Palasiv 62. The total weight gain for this material 
is, however, less than for any of the other acrylic resin materials and 

this may relate to the material being composed entirely of polymerised 

constituents. 

3.5.2.3. Hydrophilic acrylic resin material 

Hydron which is poly (hydroxyethyl methacrylate) is designed to be 

plasticised by absorbed water and it was not surprising that the first 

absorption cycle for this material showed a rapid increase in weight up 

to a maximum of 31 per cent after only 2 hours. There was then a loss of 

weight with the final increase in weight stabilising at about 20 per cent 

after 6 hours immersion. The first desorption cycle shows a rapid loss 

of the absorbed water reaching equilibrium after 24 hours at 40 per cent 

weight loss demonstrating that some soluble material had been lost during 

the first absorption cycle. Subsequent absorption and desorption cycles 

showed uptake and loss of water of 41 and 42 per cent by weight 

respectively, thus the water soluble material is lost completely by this 

stage and this has been calculated to comprise approximately 25 per cent 

of the original material. Since the material reaches equilibrium the 

equilibrium water uptake (co) in the'second absorption cycle has been 
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calculated to be 4.42 x 10-1 g/cm3 and diffusion coefficients have been 

calculated to be 1.51 x 10-7 cm2/sec for absorption and 1.13 x 10-7cm2/sec 

and 1.39 x 10-7 cm2/sec for the first and second desorption cycles 

respectively. These figures show the total water uptake and the rates 

of uptake and loss to be much greater than that found for the silicone 

rubbers for which these values have been calculated. In addition the 

diffusion of water is much less concentration dependant in Hydron the 

diffusion coefficient in desorption being only slightly less than that 

in absorption. 
0 

This material does not show identical behaviour to similar 

materials. Kliment et al 
47 

investigating a previous Hydron material 

discussed volume changes (which should equate with weight changes) of 

60-70 per cent for the basic polymer which they then modified by the 

addition of a suitable quantity of diluent to give no volume change. 

Subsequently Clarke86 investigating Softdent (which was a similar type 

of material) showed weight gains of 47-53 per cent on a single 

absorption cycle, while O'Brien et al84 demonstrated a 20 per cent 

linear expansion of a sample of Hydron immersed in water at 25°C, most 

of which occurred in the first 6 days. Hargreaves and Faster166 quote 

an equilibrium water uptake for poly (hydroxyethyl methacrylate) of 

37 per cent which agrees well with the present study but they do not 

quote where or how this figure was obtained. They also note that 

different conditions of polymerisation may significantly affect the 

water uptake. For the material presently being investigated it is 

difficult to explain the loss of soluble material as infrared analysis 

demonstrated no additives to the basic polymer. Some water may have been 

incorporated into the initial weight during polymerisation but this is 

not thought to be significant as the investing dental stone was covered 

with a layer of tin foil as directed by the manufacturers. A more 

probable explanation might be a failure to completely polymerise the 

monomer content which would then be diffused into the water in which 

the sample is immersed. 

3.5.2.4. Natural Rubber material 

The first absorption cycle for this material demonstrated a 

. gradual increase of weight which showed no sign of ceasing when the 

cycle was terminated after 30 months, when the weight gain was just 

under 30 per cent. The first desorption cycle took slightly longer 

to reach equilibrium than for most materials taking almost one week to 
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reach a weight loss of 30 per cent and calculation showed that almost 

all of the weight changes were due to absorption and desorption of 

water only 0.5 per cent of soluble material being lost. The soluble 

material was probably either the zinc dimethyl dithiocarbamate catalyst 

or impurities in the rubber or both. The material was left in air in 

the oven at 37°C for longer than was necessary and after 2 months the 

material began to show a slight increase in weight. This was due to 

the oxidation of natural rubber which is known to occur at this temperature 

and led to breakdown in the physical integrity of the material. 

Consequently the second absorption cycle which is shown for completeness 

is unrealistic and cannot be compared with what might happen in the 

clinical situation which is fortunate as up to 94 per cent of water was 

absorbed and the material began to deteriorate noticeably, on its surface. 

The large amount of water absorbed in the first absorption cycle 

was disappointing when compared with the increases of 3.94 per cent and 

2.81 per cent (in volume) over 30 months found by Storer73 for Velum 

rubber and his experimental natural rubber respectively. 

3.5.3. Discussion of the clinical implications of the water absorption 

and solubility characteristics of these soft lining materials 

3.5.3.1. Compliance 

The compliance of the soft lining material will be affected by 

both the absorption of water and the loss of soluble material where that 

soluble material acts as a plasticiser. For the silicone rubber 

materials the soluble material lost has no plasticising function and 

would affect the compliance very little. Conversely, absorbed water 

will disturb the molecular integrity of the material and result in an 

increased compliance of the material. No measurements of the effect of 

water absorption and solubility on compliance were made in this study but 

subjective observations of the materials did not detect any loss of 

compliance of any of the silicone rubber materials. Previous studies 

of silicone rubber materials have all shown very little change in compli- 

ance following water immersion. The minority of the studies demonstrating 

a slight loss of compliance'93 and the majority a slight increase in 69 

compliance 
8Q, 81,120,167,168 

while one study73 showed an increased 

compliance for heat-processed silicone rubber materials and a decreased 

compliance for room temperature-processed silicone rubber materials. 
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In most of the acrylic resin materials the absorption of water 

exceeds the loss of plasticiser and other additives but water is a less 

effective plasticiser than chemicals chosen for that purpose and in 

addition the water will diffuse throughout the sample while the 

plasticiser may be preferentially lost from the surface. On a 

subjective basis the change in compliance corresponded well with the 

loss of plasticiser so that Soft Nobiltone became very hard and brittle; 

Coe-Soft, Soft Oryl, Ardee and Coe Super-Soft all became hard on the 

surface although they maintained some flexibility while Palasiv 62 and 
Virina demonstrated only a small reduction in compliance. Verno Soft, 

Cole and A. D. I. were the least compliant materials at the commencement 

of the experiment 
85 

and little change in compliance was observed. These 

observations correspond well with those of Craig and Gibbons77 for 

Soft Oryl and Verno Soft over a 20 week period; with those of Solovan93 

for Coe-Soft, Soft Oryl and Coe Super-Soft over a2 week period; with 
those of Tomlin120 for Soft Oryl over a6 month period and with those 

of Duran et al167 for Coe-Soft, Soft Oryl and Coe Super-Soft over a 
3 month period. In contrast Suchatlampong et a180.81 found the absorbed 

water to be sufficiently effective as a plasticiser to give increased 

compressibility of 1,2 and 3 mm thicknesses of Soft Oryl and all 
thicknesses of Coe Super-Soft after 3 months immersion in water. They 

did, however, detect a reduced compressibility for 4 and 5 mm thicknesses 

of Soft Oryl after the same period which corresponds with the present 
findings. Wilson et x178 found the absorbed water to have a plasticising 

effect when investigating Ardee so that during 30 days immersion in water 
Ardee became gradually softer. Surprisingly Tomlin120 also found 

Coe-Soft to become softer over a period of 6 months immersion in water. 
It must be noted, however. that the observations in this study were made 

after a much longer period of water immersion. 

The hydrophilic acrylic resin material, Hydron, is designed to be 

plasticised by water and O'Brien et al 
84 

have shown how the compliance 

increases with increasing water-content. The absorption of 40 per cent 

of water in this instance is very effective in this respect increasing 

the compliance significantly. The high diffusion coefficients found with 

this material mean that changes occur rapidly on inserion and removal 
from an aqueous environment. For example in 10 minutes in air at 37°C, 

6 per cent by weight of water. evaporated from the lining material.. 
85 
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The natural rubber material which demonstrated very little soluble 
material loss but quite large amounts of water absorbed will also tend 

to be plasticised by this water to give an increase in compliance. This 

was not, however, sufficient to be easily observed. 
Once having selected a particular compliance for a soft lining 

material it would be ideal if this did not change in use. In practice, 
however, small changes are acceptable and it has been suggested that the 

gradual hardening that occurs with some of the acrylic resin materials 

will gradually condition the oral mucosa to eventually being able to 

accept a conventional hard denture. 37 
Coe-Soft, Soft Oryl and Ardee 

being 'tissue conditioner' type materials could not be expected to 

maintain their properties over the long period of this investigation. 

Coe Super-Soft and Soft Nobiltone, however, are described as 'permanents, 

soft lining materials but the change that occurs in their compliance 
limit their useful life. All of the other materials would seem to be 

satisfactory in this respect. 

3.5.3.2. Dimensional stability 

It is important that the dimensions of materials constructed 

accurately to fit*the anatomy of the oral cavity should remain stable 
in use. Since most soft lining materials will always be in an aqueous 

environment once they have been delivered to the patient the relevant 
information may be derived from the first absorption cycle conducted 
in this investigation but where this cycle was prematurely terminated 

because of the material apparently reaching equilibrium further 

information can be gained from subsequent absorption cycles. It may 

generally be assumed that percentage volume changes will be similar to 

percentage weight changes. 

The silicone rubber materials cross-linked at room temperature have 

been shown to absorb'large amounts of water and lose only small 

quantities of soluble material. The consequent increase in volume will 

cause large dimensional changes which will be modified by the banding 

of one surface of the soft lining to the denture base. Such large 

dimensional changes would be unacceptable in clinical use. Conversely 

those silicone rubber materials cross-linked by the application of heat 

absorb only small amounts of water and these are nearly balanced by the 

loss of small amounts of soluble material. They would therefore seem to 

be nearly ideal in this respect. 
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The dimensional stability of the soft acrylic resin materials 
depends upon a balance being achieved between absorption of water and 
loss of plasticiser. Although this seems to be achieved in the early 

stages with Coe-Soft, Soft Oryl, Coe Super-Soft and Soft Nobiltone all 

of these materials go on to demonstrate moderate weight changes which 

would give unacceptable changes in volume. Coe-Soft and Soft Oryl 

could, however, be considered satisfactory in this respect for short 
term use as tissue conditioners. Ardee which shows a gradual increase 

in weight could also be considered satisfactory for short term use. 
For those materials considered as 'permanent' soft lining materials 
in addition to Coe Super-Soft and Soft Nobiltone: Virina, Verno Soft 

and A. D. I. demonstrate unacceptably large weight and therefore volume 

changes. Of the commercial materials Palasiv 62 shows the smallest 
increase in weight (8.7 per cent of the original sample weight at the 

end of the second absorption cycle) and the Cole material has the lowest 

weight increase of all the acrylic resin materials (4.4 per cent of the 

original sample weight at the end of the third absorption cycle). Even 

these latter two, therefore, compare unfavourably with the usual 

equilibrium water uptake quoted for poly (methyl methacrylate)-of 
2 per cent and in addition even at this stage these materials had not 

reached equilibrium. However, it must be remembered that these 

investigations extended over a four year period and that the lower 

weight and volume changes demonstrated at, say the 2 year period, may 

make these latter two materials more acceptable for a relatively short 

period of clinical use. 

The weight and therefore dimensional, changes that occur with 

Hydron are not only large but rapid and this would make this material 

unacceptable in this respect. 

The natural rubber material also demQnstrates quite large changes 

in weight (up to 10 per cent in the first year) and again this would be 

unacceptable in terms of dimensional stability. 

Thus the weight and therefore dimensions of almost all of these 

materials change continuously in use. Only Per-Fit, Molloplast-b and 

Hydron reach equilibrium states in a reasonable period of time and of 
these only Per-Fit and Molloplast-b exhibit weight and dimensional 

changes that compare favöurably with conventional poly (methyl 

methacrylate). In addition the weight and dimensional changes of the 
Cole material are sufficiently gradual to make it a possibly useful 
material for a reasonable but limited period of time. The remaining 
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materials must be considered acceptable only as temporary soft lining 

materials because of their dimensional instability even if they are 

satisfactory in every other respect. 

3.5.3.3. Adhesion to poly (methyl methacrylate) 

The dimensional changes referred to above as being so different 

to those occurring in poly (methyl methacrylate) will inevitably create 

strains at the soft lining/poly (methyl methacrylate) interface. In 

addition the diffusion of water is not necessarily related to water 

absorption and the diffusion of water through silicone rubbers is rapid 

even in those materials which demonstrate low water absorption (see dif- 

fusion coefficients of Per-Fit and Molloplast-b). The effect of water 

absorption on the adhesion of the soft lining material to poly (methyl 

methacrylate) can only be speculated at this stage and for this reason 

has been investigated further and will be reported later. 

3.5.3.4. Rupture-properties 

Similarly water absorption and solubility may have an effect on 

the rupture properties of the materials and this has also been 

investigated and will be reported later. 

3.5.3.5. Loss of surface detail 

The loss of surface detail that occurs in association with 

dimensional changes caused by water absorption and the loss of soluble 

material has been observed in this investigation but has not been 

measured in any way. This is another reason why materials with high 

water absorption and solubility will be unacceptable in clinical use. 

3.5.3.6. Wettability. 

The effect of water absorption and solubility on the wettability 

of these soft lining materials has also been investigated and will be 

reported later. 
_ 

3.5.3.7. Tissue compatibility 

High molecular weight silicone and methacrylate polymers are most 

unlikely to produce toxic or allergic reactions. Indeed both these 

materials are successfully implanted in general and oral surgical 

procedures. 
ill On the other hand residual monomers, catalysts, 
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accelerators, stabilisers, plasticisers or-any other additives which may 

be extracted from the soft lining by its aqueous environment may produce 

primary irritant or sensitivity responses. 
ill 

For acrylic resin 

materials residual methyl methacrylate, the activator benzoyl peroxide 

and a stabiliser hydroquinone may all act as sensitisers. 
111 Thus the 

use of methyl methacrylate as the monomer in acrylic resin soft lining 

materials may be questioned (Coe Super-Soft and Virina) when higher 

methacrylate monomers are much less likely to cause a reaction. 

However, methyl methacrylate is so commonly used in producing 

conventional poly (methyl methacrylate) dentures that the risks of 

sensitisation must be acknowledge as very low. 

Benzoyl peroxide is also used as a cross-linking agent in 

Molloplast-b and is probably leached from the cross-linked material 

so that a sensitivity response,. may occur with this material but this has 

never been reported. 

Similarly acetic acid which is liberated during the cross-linking 

of Per-Fit is most probably leached into the oral environment and 

although the quantity is small the desirability of having acetic acid 

in the mouth must be questioned. 
ISO 

Adverse reactions to this material 

have, however, never been reported. 

Conversely the catalyst liquid used in Flexibase has been reported 

in one patient to act as a primary irritant in the mouth. 
112 

Skin tests 

also indicated a positive response to Simpa in this patient and since 

the only common factor in these two materials (with the exception of the 

polymer itself) is the catalyst dibutyltin dilaurate this seems most 

likely to be the primary irritant. 

In the same patient skin tests also indicated a positive response 

to Coe-Soft and Ellis et al 
118 

have recently suggested a possible reason 

for this. One of the constituents of Coe-Soft is benzyl salicylate which 

is a well known component of sun oils and toilet soaps and many cases 

have been documented in which this chemical has caused hypersensitivity 
169 

Ellis et al also questioned the safety of dibutyl phthalate which 

is used as a plasticiser in Coe-Soft and was also found in this 

investigation as the plasticiser in Virina and A. D. I. Braden in a 

personal communication to Ellis et al had suggested that ingested 

dibutyl phthalate was hydrolysed in the human stomach to phthalic acid 

which may be toxic and that it is safer to use butyl phthalyl butyl 

glycollate (found in this investigation in Soft Oryl, Coe Super-Soft, 

Palasiv 62 and Soft Nobiltone). There is no doubt that both of these 

plasticisers are extracted from the soft lining materials by an aqueous 
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environment and must therefore be ingested in significant amounts. 

Jaeger and Rubin170 have reported that both butyl phthalyl butyl 

glycollate and di (2-ethyl hexyl) phthalate are extracted by blood 

from plastic tubing and from plastic bags used for blood storage. 

Further, in experiments in which the technique of the isolated perfused 

rat liver was used the butyl phthalyl butyl glycollate was de-esterified 

by the liver producing phthalic acid whereas the di (2-ethyl hexyl) 

phthalate was sequestered in the liver. In addition this latter 

plasticiser was identified in samples of human tissue taken from 

patients who had received transfusions of blood stored in plastic bags. 

However, a later study171 demonstrated that most of the di (2-ethyl 

hexyl) phthalate was excreted in the urine collected for 24 hours 

post-transfusion. In general phthalate ester plasticisers have been 

reported to have a low order of toxicity*in experimental animals 
172-4 

and the extensive use of vinyl-stored blood and blood products during 

the past decade has failed to reveal any definitive adverse effects of 

such storage in humans. 171 
Phthalate ester plasticisers are, in 

addition, approved by the Food and Drug Administration for use in 

packaging materials for food intended for human consumption. 
170 

Although it has also been demonstrated that phthalate esters stimulate 

ATPase activity and induce mitochondrial swelling in rats with dibutyl 

phthalate exhibiting the greatest activity they have never been 
175 

shown to have any adverse effects in human beings. 

With regard to the other plasticisers used in the present series 

of soft lining materials Monsanto Santiciser 141 (2-ethyl-hexyl-di-phenyl 

phosphate) found in Verno Softs has apparently also been passed by the 

"Association of food and drug officials of the United States" as being 

non-toxic and suitable for wrapping water soluble foods72 and yet 

according to Williams 
ill 

aryl phosphates are neurotoxic. Thus, although 

no evidence has been discovered relating to the safety of the 

di-2-ethyl-hexyl maleate used as a plasticiser in the Cole material it 

would be sensible to conduct animal experiments prior to its use in 

humans and its possible release as a commercial soft lining material. 

Particular concern should be expressed regarding the zinc dimethyl 

dithiocarbamate used as a catalyst in the natural rubber material. This 

chemical is also used as a fungicide (Ziram) for agricultural use and 

has therefore received considerable attention as to its possible toxic 

effects. The evidence as to the local effects of this chemical on skin 

or mucosa is contradictory. Ziram in both dust and vapour form can 

cause irritation to the skin, eyes and respiratory tract. 
176,177 
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However, patch-testing on human skin, rarely causes sensitivity. 
178,179 

Possible systemic effects of this chemical are also relevant since it may 
be. leached from the cured soft lining into the saliva and subsequently 
ingested. Reviews of such effects of Ziram180,181 indicate varying 

"results from animal studies. Two studies carried out in the United 

States of America provided no evidence of carcinogenicity but several 
Russian investigations have indicated that Ziram may be weakly 

carcinogenic. It has also been shown to react with nitrite in the rat 

stomach to produce N-nitrosodimethylamine which is known to be 

carcinogenic. Mutagenic activity of Ziram has also been studied in nine 

workers who handled Ziram and were thus exposed for three to five years 

to a concentration of 1.95-3.7. mg/m3 air, using the test of chromosome 

aberrations in peripheral leucocytes. The number of aberrated cells 

in the group exposed to Ziram was 5.9 per cent and in a control group 
0.75 per cent. 

182 
The FAO and WHO committees on pesticide residues 

have taken an ambivalent attitude to the ambiguous data on Ziram. The 

temporary acceptable daily intake of up to 0.025 mg/kg recommended in 

1970180 was in 1974 lowered to 0.005 mg/kg. 
183 However, in 1977 it was 

raised again to 0.02 mg/kg184 despite the apparent absence of any recent 

studies justifying a revision in status. Despite the very small 

quantities involved in curing the natural rubber material, in view of 

the possible carcinogenic and mutagenic effects of zinc dimethyl 

dithiocarbamate it would not seem to be a very desirable chemical for 

use in a material which may remain in the mouth for considerable-periods 

of time. 

3.6. Conclusions 

The method used in this investigation of the water absorption and 

solubility of soft lining materials is generally satisfactory. The 

samples for investigation should be processed in conditions as similar 

to the clinical situation as possible and in retrospect it would be 

desirable to process self-curing materials in a dental stone mould so 

as to produce the same surface finish and conditions of moisture as 

those for heat-curing materials. This will be nearer to the conditions 

of curing in the mouth than using glass or metal moulds in a dry 

atmosphere. 

The period of immersion in water for the first absorption cycle 

should be as long as possible since most of these materials do not 

reach equilibrium states within the periods investigated here. Thus, 
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the first absorption cycle most closely matches the clinical situation 

where the material is not removed from an aqueous environment for more 

than very short periods. Care should be taken not to be misled by false 

equilibrium states where for variable periods water absorbed balances 

with'loss of soluble material, changes in weight continuing later as one 

or other process predominates. It is, however, essential following this 

prolonged first absorption cycle that the material is desorbed in order 

to calculate the relative influence of water absorption and loss of 

soluble material. Since the behaviour of 
1 he materials appears to differ 

when immersed in saliva rather than water future investigations should 

probably include duplicate samples immersed in artificial saliva. Most 

of the materials do not reach equilibrium states in reasonable periods 

of time therefore it is not usually possible to apply classical diffusion 

theory to them and they cannot be characterised by diffusion coefficients 

and equilibrium water uptake as are denture base materials. This is, 

however, the ideal method of describing water absorption behaviour and 

should be aspired to wherever possible. 
The most important effects of water absorption and solubility 

behaviour are on the dimensional stability and compliance of the 

materials. In these respects only Per-Fit, Molloplast-b and the Cole 

material show a dimensional stability comparable to poly (methyl 

methacrylate) and a stable compliance. Of these only Per-Fit and 

Molloplast-b have reached equilibrium states and the Cole material may 

continue to change in dimension and compliance beyond acceptable limits 

at some future time. 

Tissue compatibility is also very important and both Molloplast-b 

and Per-Fit contain substances that may act as primary irritants or 

sensitisers to the oral mucosa, however, both have been used extensively 

in the clinical situation without reported ill-effects. The plasticiser 

used in the Cole material needs further investigation in this respect, 

but most important is the possible carcinogenic and mutagenic effects of 

the catalyst used in the natural rubber material. 

An ideal material will therefore contain no soluble material and 

have a low water absorption. If this is the case immersion in water is 

unlikely to have any significant effects on the physical properties of 

the material. However, -the adhesion of the soft lining to the poly 

(methyl methacrylate) base may still be affected by water even if 

absorption is low if the rate of diffusion of water through that material 

is high. This is the case for Per-Fit and Molloplast-b and this will be 

investigated further. 
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CHAPTER 4 

MECHANICAL PROPERTIES OF SOFT LINING MATERIALS 

4.1. Introduction 

4.1.1. Compliance and resilience 

The need for a soft lining material to be both compliant and 

resilient has already been expressed (Chapter 1) although the degree of 

compliance and resilience necessary has not been established. 

Nevertheless characterisation of these properties for existing and 

experimental materials will enable newer materials to be compared with 

those which have been proved to be clinically successful. 

For a purely elastic material the compliance, being the reciprocal 

of the elastic modulus, may be derived from the linear relationship of 

stress to strain provided the proportional limit is not exceeded. The 

resilience of an elastomer may be defined as the capacity for storing 

and returning energy in a rapid deformation. 185 An elastomer which shows 

good elastic properties under a slow deformation does not necessarily 

have good resilience. 

The stress/strain relationship may be examined in many different 

ways, but is most commonly investigated by subjecting the material to 

tension, compression or shear stress. All three of these stresses have 

been used in characterising the compliance and resilience of soft lining 

materials, but although elastomeric materials usually exhibit linear 

behaviour in shear up to high strains they are non-linear in tension and 

compression. 
185 One method used in investigating stress/strain behaviour- 

in compression is the characterisation of the hardness (cf. softness) of 

a material by its resistance to indentation by a rigid spherical 

indentor. 
186 The measured indentation is converted into International 

Rubber Hardness Degrees which for substantiplly elastic isotropic 

materials bears a known relationship to Young's modulus although for 

markedly plastic or anisotropic materials the relationship will be less. 

precisely known. In addition, Waters187 has demonstrated how the results 

achieved with this method are dependant on the thickness of the indented 

material. However, many polymers are imperfectly elastic often demonstrat- 

ing a varying rate of response to deforming forces and a varying rate of 

recovery following deformation. These materials are, therefore, more 

correctly described as visco-elastic, a delayed recovery from deforming 

forces being the consequence of intermolecular and intramolecular forces 

similar to those responsible for viscosity in simple liquids. 188 
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In an attempt to describe the visco-elastic behaviour of these 

materials several authors 
78,120,122,189-192 

have measured the rate of 
recovery of the material following deformation while others 

167-8,193-4 

have measured the creep of the materials under constant stress 
conditions. Braden and Clarke, 130 

however, considered that visco- 
elastic properties should be measured as they relate to masticatory 
forces which are cyclic in nature and they and others167-8,190-1,195 
have developed methods which enable this to be done. The method 
described by Braden and Clarke has been used in this investigation to 

characterise the visco-elastic properties of the soft lining materials 

and thereby their compliance and resilience. 
In addition, simple stress/strain relationships in tension were 

investigated thus demonstrating the behaviour of the materials under 
steadily increasing stress up to their ultimate tensile strength. 

4.1.2. Effect of bonding soft lining materials to poly (methyl 

methacrylate) 

Most authors who have investigated the compliance of soft lining 

materials have commented on the significant effect that the thickness of 
the material has on the compliance recorded. However, the method of 
testing has not generally differentiated between samples of soft lining 

resting on hard surfaces and those bonded to the supporting surface. 
Waters187 when describing the departures from classical theory that 

occurred when indenting thin rubber sheets with spherical indentors 

showed that the results were dependent upon whether or not the under 

surface of the rubber was lubricated. This factor was described more 

clearly by Gent and Lindley196 who developed a theoretical formula for 

relating the apparent Young's modulus to the real Young's modulus of 

a cylindrical disc of rubber compressed between two parallel rigid 

plates to which it adheres. This theoretical relationship has been 

modified to take account of the fact that a soft lining is normally 
bonded on only one surface and lubricated on the other compressing 

surface i. e. the mucosa covered with saliva, and tested experimentally. 

4.1.3. Rupture properties 

In a normal tensile strength test, the energy expended in 

determining the ultimate tensile strength comprises that which is 

required to deform the test specimen as a whole as well as the actual 

rupture energy; in such a test it is usually impossible to separate 

to 
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the two components. Rivlin and Thomas197 following the principles of 

rupture processes established by Griffith 
198 

devised a range of test 

specimens which allow the characteristic surface energy for rupture of 

highly extensible materials such as rubbers to be obtained directly from 

the experimentally determined rupture force. One of these test specimens 

has been used in the present study to characterise the rupture properties 

of the soft lining materials under investigation. 

4.2. Review of the literature 

Most of the earlier investigations of soft lining materials 

evaluated their compliance by testing the hardness of the material by 

measuring its resistance to indentation. Travaglini et alA-utilised an 

instrument called a Shore A Durometer which had previously been used in 

the rubber industry to determine the relative hardness of elastic 

materials. It consists of a blunt-pointed indentor 1/32 inch in diameter 

which, tapers to a 1/16 inch cylinder over a distance of 1/16 inch, 

attached to a scale by a lever arrangement, reading 0 to 100 Shore A 

hardness units. Recognising the importance of the thickness of the 

spec. men and the hardness of the supporting surface they tested only 

2 mm thick specimens resting on a glass slab. An initial reading is 

obtained by rapid penetration of the specimen by the 3ndentor but if the 

load is maintained the soft materials flow and the hardness decreases to 

a stable value. The comparison of the initial reading with the stable 

reading is an indication of the creep of the material. They tested a 

range of soft lining materials (see 3.2. ) at room temperature both in 

the 'as processed' state and after immersion in water and the results 

indicated that the room temperature processed acrylic resin materials, 

the room temperature processed silicone rubber materials and the heat- 

processed vinyl materials were all softer than the heat-processed 

acrylic resin materials. In general, it was concluded that the acrylic 

resin materials creep more than the vinyl or silicone rubber materials. 

This investigation was extended by Craig and Gibbons77 by extending the 

period of immersion of the specimens in water and by including tensile 

and tear strength determinations in the testing procedure. The effect of 

the thickness of the liners on their hardness was also evaluated by 

measuring the Shore A Durometer values for various thicknesses of the. 

liner attached to a cured acrylic base. Most of the changes-in hardness 

which occurred on immersion in water occurred in the first four weeks 

with little further change occurring up to twenty weeks. The relative 
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hardness of the materials was therefore as reported in the previous 

investigation although it was noted that the heat-processed acrylic 

resins may be expected to be softer at mouth temperature. The effect 

of the thickness of the soft lining material was most pronounced for the 

softer materials, the thinner specimens being as expected apparently 

harder, but little change in hardness was observed for thicknesses 

greater than two millimeters. The original tensile strength values 

ranged from 1.17 to 3.86 MN/m2 and all the acrylic and vinyl materials 

increased in strength after storage in water. Conversely, the tensile 

strength of the silicone rubber materials did not change noticeably 

after storage in water. The tear strength of the materials was 

determined on crescent shaped specimens and ranged from 0.1 to 1.79 MN/m2 

with the silicone rubber materials demonstrating the lowest values. 

This was at the time a standard method, but is fundamentally unsound. 

It has long been superceded by the methods of Rivlin and Thomas197 as 

described in detail later in this chapter. 
Following these two investigations Eick et al 

89 
conducted a 

further study using the same methods on the same materials to determine 

the effects of"increasing the testing temperature to mouth temperature 

(37°C) on the hardness of the materials and the effect of storing the' 

materials in water at 37°C (cf. 26°C) on the tear strength of the 

materials. They also tested the recovery of the materials after a 20 per 

cent compression for 24 hours at 37°C. The results demonstrated that 

all of the acrylic and vinyl materials were softer at mouth temperature 

but that the silicone rubber materials were unaffected by the change in 

temperature. In addition the increased temperature tended to reduce the 

tear strength of all except the silicone rubber materials. In testing 

the recovery from compression it was noted that the method of testing 

was not really comparable to the clinical conditions of use but it was 

found that the silicone rubber materials showed the greatest total 

recovery and therefore would be most likely to retain their contour in 

, clinical use. All of the other materials showed significant permanent 

deformation at one hour after the release of the compressing force. 

In the same year Storer73 measured the indentation hardness of a 

different range of soft lining materials (see 3.2. ) both in the 'as 

processed' state and following immersion in water. Although the method 

was similar to previous investigations a different testing apparatus and 

sample thickness was used and insufficient information is available to 

enable results from the different investigations to be compared. The 

materials tested showed a wide degree of initial hardness with the 
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silicone rubber and acrylic resin materials tending to be harder than 

the poly (vinyl chloride) and natural rubber materials. Storer also 

performed standard laboratory tests for tensile strength and percentage 

elongation at break on dumbell test pieces in a Hounß'sfield tensometer 

and demonstrated a high degree of inverse correlation between both these 

parameters and the abrasion resistance of the material. 

One year later Bates and Smith 67 
reported on their investigation 

of yet another series of soft lining materials (see 3.2. ). They 

utilised the same method of testing indentation hardness as Storer but 

different sample thicknesses, once again making valid comparisons with 

other studies difficult. They tested 1.5 mm and 3.0 mm thicknesses of 

soft lining materials bonded to poly (methyl methacrylate) at both room 

temperature (200C) and mouth temperature (370C). In this study the 

silicone rubber and poly (vinyl chloride) materials tended to be harder 

than the acrylic resin materials and this was accentuated at mouth 
temperature, the acrylic resin materials being softer at the higher 

temperature while the silicone rubber materials were little affected. 
For very soft specimens the results were affected by the hard supporting 

poly (methyl methacrylate) as the indentor penetrated the soft lining 

completely and in all cases the thinner specimens appeared harder than 

the thicker specimens demonstrating the importance of the choice of 

sample thickness on the results from this type of testing. They also 

measured the. strain of a cylindrical sample of soft lining material, 
0.75 inch high and 0.5 inch diameter, under a specified compressive 

stress and the. compression set of the same samples one minute after the 

removal of the compressing stress. The compression strain recorded is a 

measure of the compliance of the material while the compressive set is a 

measure of the permanent deformation of the material at this time 

interval after the stress was removed. In both respects there was a 

sharp division between the silicone rubber materials and the other 

materials. The silicone rubber materials were stiffer, gave approximately 

constant strain and recovered almost completely within a few seconds 

while the acrylic resin materials exhibited a degree of flow and the 

deformation was time dependent. The authors comment that at that time 

there was no indication as to which type of behaviour would be preferred 

clinically. 
Tomlin120 in an extensive study of the mechanical properties of 

soft lining materials later reported in part by Wilson and Tomlin 122 

measured the behaviour of soft lining materials both in tension and 

compression and their resistance to indentation. The materials tested 
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were divided into heat-cured acrylic materials (Palasiv and 
Neo-Plastupalat); cold-cured acrylic materials (Coe-Soft and Soft 0ryl); 

heat-cured silicone rubber materials (Molloplast-b and Silastic 390); 

and a cold-cured silicone rubber material (Flexibase). Tensile stress 

was applied to dumbell shaped specimens at a constant strain rate of 
5 centimeters per minute at room temperature (20°C) on an Instron 

machine, the Young's modulus of the materials being calculated from the 

stress/strain relationship. Similarly compressive stress was applied to 

cylindrical specimens (20 mm in length and 12.5 mm diameter) at a 

constant strain rate of one centimeter per minute at 37°C on the Instron 

machine and again Young's modulus calculated from the stress/strain 

relationship. The Instron machine was also used in the indentation tests 

which were performed at 37°C on 1-5 mm thick specimens processed in 

Perspex (poly (methyl methacrylate)) cups with a 1.5 millimeter cylindrical 

indentor at a constant strain rate of one centimeter per minute. In 

addition the compression strain was measured under conditions of a 

constant stress applied to a cylindrical specimen for one minute at 37°C 

on a balanced beam instrument previously described. 
189 The compression 

strain was recorded at intervals both during the application of the load 

and up to 5 minutes after its removal, the latter measurements giving an 
indication of the permanent deformation or compression set of the 

material. 
The authors point out that the Young's modulus, which is a 

fundamental measurement of the rigidity of an elastic material, cannot 

be strictly used for these materials as they are visco-elastic. They do, 

however, continue to use the term to denote hardness. The results 

obtained for the hardness of the materials are comparable whether 

conditions of constant stress or constant strain are used with the 

silicone rubber materials tending to be harder than the acrylic resin 

materials. The indentation tests also rate the hardness of the materials 

in a similar order provided that the force applied did not exceed 

5 Newtons. With higher forces and particularly with thinner samples of 

soft lining the-hard supporting base on which the soft lining is mounted 

increasingly influenced the results. The recovery after compression was 

measured under constant stress conditions so that the softer materials 

were required to recover from a greater deformation. The authors point 

out, however, that in'clinical use softer materials will probably also 

be deformed to a greater extent by masticatory forces. Appreciable 

recovery occurs for all materials and as expected the softer materials 

show more incomplete recovery than the harder materials. If as suggested 
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el 

here the most suitable material will be soft and demonstrate complete 

recovery from compression none of the materials is ideal and a compromise 

between these two parameters will need to be selected. 

Between 1968 and 1972 hydrophilic acrylic polymers were introduced 

as soft lining materials and three investigations during this period 

reported on their mechanical properties. Kliment et al47 tested samples 

of poly (hydroxyethyl methacrylate) containing quantities of a filler 

and a mixture of diacetins (esters of glycerol with acetic acid) at 
temperatures of 25°C and 40°C. The materials were subjected to 

indentation and compression tests; the resistance to tearing was measured 

using a method based on that of Rivlin and Thomas197 and the equilibrium 

modulus of elasticity in shear determined. The presence of the.. diacetins 

and the filler very markedly improved the mechanical properties of these 

polymers but the units of measurement used are confusing making 

comparison with other investigations difficult. Clarke86 evaluated a 

proprietary material which was based on poly (hydroxyethyl methacrylate) 
(Softdent) using the same methods for testing indentation hardness and 

compression strain and set as Bates and Smith. 67 The material was 

presented in three different forms (one self-curing and two heat-curing) 

and alT samples were conditioned in water at*37°C prior to testing. The 

different forms gave a range of hardness values which covered the whole 

range of hardness values found for conventional soft lining materials 

investigated by Bates and Smith, and like all other materials the 

hardness was significantly affected by the thickness of the sample. All 

samples demonstrated a-high degree of elasticity recovering almost 

completely within seconds. O'Brien et al84 also tested the mechanical 

properties of a proprietary form of poly (hydroxyethyl methacrylate) and 

related these properties to the water content of the polymerised material. 

The indentation hardness of the dry polymer was found to be similar to 

that of poly (methyl methacrylate) but this was reduced to one tenth of 

this value at 19 per cent absorbed water content. Similarly the tensile 

strength and modulus of elasticity values decreased rapidly with 

increasing water content. The percentage elongation at the ultimate 

tensile strength increased from a value of 2.3 per cent for the dry 

polymer to 175 per cent for a 19.4 per cent water content, and the 

ultimate tensile strength at this latter water content was 0.96 MN/m2 

which was lower than for any of the materials investigated by Craig and 

Gibbons. 77 
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The hydrophilic acrylic resin materials did not prove to be very 

successful clinically and were eventually withdrawn from the market. 
Attention was directed back towards the more conventional materials and 
in 1972 in a report of a study on the effect of resilient lining 

materials on the physical properties of acrylic resin denture base 

materials Hegde61 tested the compression characteristics of the 

individual lining materials used in the study. As in previous studies 
the silicone rubber materials (Molloplast-b and Verona R. S. ) exhibited 
less compressibility than the acrylic resin materials (Coe-Soft and 
Palasiv 62). 

Also in 1972 Braden and Clarke 130 
first described the use of a 

torsional pendulum apparatus to investigate the visco-elastic properties 

of soft lining materials. This apparatus tests the response of the 

materials to cyclic (sinusoidal) deformation giving data at prescribed 
frequencies and temperatures and the authors emphasise the comparability 

with the cyclic nature of mastication. Six acrylic resin materials 
(Coe-Soft, Soft Oryl, Coe Super-Soft, Neoplastupalat, Palasiv and an 

experimental material), three silicone rubber materials (Silastic 390, 

Flexibase and Molloplast-b) and a natural rubber compound were investigated. 

The apparatus subjects the materials to torsional oscillations which 

result in simple shear deformation. Measurements were carried out in 

the frequency range 0.1 to 0.5 Hz over a temperature range of 200 to 450C 

and the physical properties measured were the storage and dissipative 

moduli, the latter measuring the non-elastic component of the modulus. 
Further, the mechanical loss tangent, Tan d, which is equal to the 

dissipative/storage, modulus is a measure of the fractional energy loss 

of the material on deformation. In all instances the properties varied 

only slightly with frequency in the range studied, but as indicated in 

previous studies the acrylic resin materials tended to become softer at 

the higher temperatures while the silicone rubber and natural rubber 

materials show relatively constant properties over the temperature range 

studied. The soft lining materials tested covered a wide range of 

shear modulus (almost ten to one) and in general terms the acrylic resin 

materials are less resilient than the silicone and natural rubber 

materials. The authors comment that at that time it was still not clear 

what was required clinically. In particular the choice between a 

material that responds quickly to deforming forces (silicone and natural 

rubber materials) and one that is sluggish in response (acrylic resin 

materials) had not been investigated. 
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Thb use of the torsional pendulum apparatus to investigate the 

visco-elastic properties of dental materials was discussed in much greater 

detail by Clarke 
195 

and amongst the many materials he investigated were 

five of the soft lining materials from the previous investigation. 

Coe-Soft was found to be the most flexible of all the materials tested, 

but demonstrated poor elastic properties, the properties not being 

significantly affected by temperature. Coe Super-Soft also demonstrated 

poor elasticity, especially at low temperatures, and is less flexible 

than Coe-Soft. In contrast, the silicone rubber materials, Flexibase 

and Molloplast-b, were considerably more elastic, but the most elastic, 

the most resilient and the strongest material was an experimental natural 

rubber. The properties of the silicone and natural, rubber materials were 

relatively constant over the temperature range studied. The five 

materials studied exhibited a wide range of shear moduli (0.3 to 3.0 MN/m2) 

and mechanical loss tangent (0.01 to 1.0) indicating the wide choice of 

visco-elastic properties available for clinical use. 
Clarke also subjected three of the above soft lining materials 

to forced frequncy vibrations within the range 60 to 1400Hz (cf. torsional 

pendulum frequency range 0.1 to 0.5 Hz) at room temperature using 

mechanical impedance equipment from which the Young's modulus and the 

loss tangent were calculated. Direct comparison of these results was 

made with values for Young's modulus obtained by static means for both 

Flexibase and Molloplast-b but static tests on Coe Super-Soft were not 

possible as the material showed incomplete recovery on removal of the 

smallest loads. In addition values for Young's modulus were calculated 

from the shear modulus values obtained with the torsional pendulum in 

order to complete the comparison. 

For Coe Super-Soft the modulus varies from 2.5 MN/m2 at low 

frequencies to 0.5 GN/m2 at higher frequencies. This latter value 

approaches the glassy polymer region indicating that at room temperature 

Coe Super-Soft is only just a rubber so that at higher frequency 

experienced in measuring mechanical impedance the material is actually 

a glass. The closeness of the glass transition temperature to room 

temperature also explained the sensitivity of the mechanical properties 

of Coe Super-Soft to temperature around this region. 

The silicone rubber materials have very low glass transition 

temperatures and the modulus value should not be significantly affected 

by frequency. While this was the case for Flexibase the modulus of 

Molloplast-b was significantly greater for mechanical impedance 

frequencies than for the low frequencies of the torsional pendulum and 
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the static tests. Clarke attributed this to the presence of 

y-methacryloxypropyltrimethoxy silane in Molloplast-b which cross-links 

and'bonds the polymer to the filler. The presence of filler in both 

these materials also masks any effects of frequency on the mechanical 
loss tangent. 

The torsional pendulum was also used to characterise the mechanical 

properties of a 
. 
further series of soft lining materials by Wright. 85 

Since this comprised a preliminary report of some of the work to be 

discussed in greater detail in this thesis it is not discussed further 

at this stage. Similarly the effect of bonding soft lining materials to 

poly (methyl methacrylate) which was discussed in the same publication 

will also be discussed in greater detail later in this chapter. 
In contrast to the response of soft lining materials to cyclic 

deformation Suchatlampong et al80,81 considered that since the function 

of these materials in clinical use is to distribute compressive stresses 
the most appropriate method of testing is in compression. However, 

compression of cylindrical discs of rubbers is more complex than at first 

appears also creating shear forces within the material (see 4.3.3. ). 

Varying thicknesses of a range of soft lining materials (see 3.2. ) were 
therefore compressively strained in 0.2 millimeter stages up to a 

maximum of 10 per cent at a strain rate of 0.2 mm/minute in an Instron 

Universal testing machine. Samples were tested, both before and after 
immersion in water. A progressive strain regime with 3 second time 

intervals between each stage was adopted to try to parallel the strain 

system in clinical usage but no allowance was made for stress relaxation 

during this load/relaxation cycle. Furthermore no allowance was made 

for the frictional effects between the soft lining materials and the 

compressing surface. For these reasons the tests were comparative 

rather than quantitative in nature. In all cases load/deformation curves 

demonstrated a linear relationship. In general, greater force was 

required for a given deformation for thin specimens of Molloplast-b, 

Coe Super-Soft, Soft Oryl and Coe-Soft than for thick specimens while 

Verone and Flexibase exhibited similar load/deformation characteristics 

at all specimen thicknesses. Coe-Soft also demonstrated permanent 

deformation after the application of a 20 per cent strain. On a 

comparative basis Coe Super-Soft, Soft Oryl and Coe-Soft were softer 

than the silicone rubber materials (with the exception of the 1 millimeter 

sample of Coe Super-Soft) and Flexibase and Verone appeared softer than 

Molloplast-b. The slightly greasy surfaces of Flexibase and Verone did, 
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however, reduce the frictional effects making the differences between 

the silicone rubbers more apparent than real. The author considered 

that all the materials should exhibit satisfactory compressibility 

characteristics in the clinical situation provided that thicknesses of 

at least 2 millimeters are used. In thicknesses greater than this the 

acrylic resin materials exhibit excessive compressibility and some loss 

of denture retention may arise, whereas silicone rubber materials are 

satisfactory in all thicknesses. As in previous studies it was suggested 

that tests performed at mouth temperature may give more clinically relev- 

ant results, in particular for the acrylic resin materials. 

The effect on the mechanical properties of soft denture liners of 

including Nystatin as a treatment for Denture Stcmatitis was investigated 
41 

by Douglas and Clarke. Tests of indentation hardness and of 

compression strain and set were conducted on samples of Coe-Comfort, 

Coe-Soft and Coe Super-Soft both with and without added Nystatin using 

the same methods as Bates and Smith67 but once again using a different 

sample thickness. A modified curing cycle which utilised a lower 

temperature compatible with the Nystatin was also used for some samples 

of Coe Super-Soft. In general, both the reduced curing temperature and 

the addition of Nystatin resulted in softer materials demonstrating 

greater compressive strain and permanent set for the duration of the 

tests. However, the authors considered that the degree of change in the 

properties was unlikely to lead to a reduced clinical performance. 
A proprietary soft lining material that contained an anti-fungal 

agent was evaluated by Hoke69 and as part of this evaluation the hardness 

of the material was measured using a Shore Type A Ourometer. Since the 

samples tested were always greater than 3 millimeters in thickness it 

was considered that variation in thickness did not affect the accuracy 

of the measurements. However, differing sample characteristics make 

comparisons with other studies difficult. Of particular interest was 

the testing of the hardness of this soft lining material in clinical use 

(i. e. as soft lining attached to dentures worn by patients) and 

comparison of these results with the effects on hardness of immersing 

samples in sterile saline at 37°C. In every case the material increased 

in hardness over the period of the investigation, the increase being 

greater in the majority of cases in the clinical situation.. However, 

none of the patients were aware of this change in hardness even when the 

increase amounted to 85 per cent. 
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One possible reason for the increase in hardness of soft lining 

materials in clinical. use is the frequent use of denture cleansing 

agents. Solovan93 investigated the effect of, a variety of denture 

cleansers on the Shore A Durometer hardness of several soft lining 

materials and concluded that denture cleansers produced a small but 

significant increase in the hardness of these materials. 

Most recently Duran et al167,168 have investigated the visco- 

elastic and dynamic properties of five soft lining materials and two 

tissue conditioners. Four of the soft lining materials tested were 

acrylic resin materials (Coe-Soft, Coe Super-Soft, Impak and Soft Oryl) 

and one was a silicone rubber material (Silastic). The materials were 

tested in two distinct ways following storage in water at 37°C for 

various period of time up to three months duration. Firstly by the use 

of a creep test which allows data to be collected during the duration of 

loading and over a range of loads. If the strain is divided by the 

stress caused by the applied load, the resulting creep compliance versus 

time curve can characterise both the elastic and viscous properties of 

the material. Secondly, the response of the materials to the periodic 

deformation that occurs clinically may be characterised by measurement, 

of the dynamic modulus which'is the ratio of stress to strain for small 

cyclic deformations at a given frequency at a specific point on the 

stress-strain curve. This latter test was conducted with a Goodyear 

Vibrotester which, having first subjected the samples to 8 per cent 

static compression is then vibrated at different frequencies and 

amplitudes. The materials tested were not generally linearly visco- 

elastic. The slope of the curve of creep compliance versus time was 

independant of load but not surprisingly the deformation at any given 

time was higher for the higher loads. Under static loading the tissue 

conditioners functioned like viscous liquids whereas the soft liners 

were more elastic. Under dynamic conditions the materials were stiffer.. 

Storage of the materials in water at 37°C caused an increase in the 

resistance of the materials to flow with the exception of Coe Super-Soft 

where the-flow increased possibly as a result of the absorption of water 

that had occurred. The silicone rubber material demonstrated elastic 

behaviour at all times and was the only material to become more flexible 

after storage in water, all the others becoming stiffer, particularly 

the tissue conditioner materials, thus indicating the difficulty in 

maintaining the "softness" of a soft liner. 
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Also recently Wright90 has characterised the rupture properties of 

soft lining materials by their resistance to tearing. Since this work 
is to be discussed in greater detail in- this thesis it is not considered 
further at this stage. 

4.3. Theoretical considerations 

4.3.1. The nature of visco-elasticity 

The nature of visco-elasticity has been clearly described by 

Clarke 
195 

with reference to Mears. 
199 

Since all soft lining materials 
including the tissue conditioner type of material may be-described as 

visco-elastic solids it is pertinent to reproduce some of this 

explanation before discussing the mechanical properties of these 

materials. 

Amorphous polymers can be divided into four states based on their 

mechanical properties: 

1. the glassy state 

2. the retarded highly elastic state (leathery state) 
3. the instantaneous highly elastic state (rubbery state) 
4. the viscous state. 

Depending on the temperature, linear polymers can exist in any 

of the four states but cross-linked polymers do not normally exist in 

the viscous state. All tissue conditioner materials are linear polymers 

while 'permanent' soft lining materials are normally cross-linked. 
However, it has been shown (Chapter 2) that some proprietary soft lining 

materials have a composition similar to tissue conditioners and are not 

cross-linked. Also at the temperature these materials are employed they 

all exist in the regions of the leathery and rubbery states having glass 

transition temperatures below room temperature. 

The general characteristics of these forms of mechanical behaviour 

can be described by a consideration of stress/time diagrams (Fig. 4.1. ). 

The solid lines represent the general behaviour of non-cross-linked 

polymers whereas the dotted lines represent the behaviour of cross-linked 

polymers, assuming viscous flow is absent. 

If a sudden stress is applied at A and then held constant until its 

removal at G, the strain deformation is represented by Fig. 4.1. 

(a) for the leathery state and Fig. 4.1. (b) for the rubbery state. 
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Retardation curve for strain development in a polymer in 

(a) the leathery state; (b) the rubbery state (after Mears) 

(b) 
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The leathery state shows an instantaneous strain AB followed by a 

non-linear strain increase indefinitely for a non-cross-linked material. 

After a long period of applied stress the slope of the curve approaches 

a straight line which is a measure of the rate of plastic flow in the 

material. For a cross-linked polymer the strain follows BC'D' reaching 

a new elastic equilibrium at 0'. The maximum strain O'G (or OG) is 

several orders of magnitude greater than the instantaneous strain AS. 

When the stress is removed the instantaneous response vanishes along 

DE or D'E' followed by the gradual recovery curve EF or E'F'. The 

cross-linked material recovers its original dimensions in a time slightly 

in excess of the time for which it was stressed. The non-cross-linked 

material, however, never fully recovers its original dimensions due to 

the irreversible plastic flow which occurred during the application of 

stress. FF' is often referred to as the permanent set of the material. 

It is usually small compared with the reversible deformation GD'. 

The rubbery state also contains the instantaneous component AB 

followed by the highly elastic deformation BC which is almost parallel 

to the strain axis AS. For a non-cross-linked polymer CO is a straight 

line whose slope is determined by the rate of plastic flow, whereas a 

cross-linked polymer behaves like an ideal elastomer following a straight 

line CO' parallel to the time axis and then an instantaneous recovery 

along D'E'F' parallel to the strain axis on removal of the stress. 

Recovery of the non-cross-linked material is also almost instantaneous 

along DEF but is incomplete. The amount of plastic flow during stressing 

is represented by this incomplete recovery i. e. FF'. 

The behaviour of soft lining materials depends largely on the 

proximity of the glass transition temperature to room temperature and on 

whether or not the materials are cross-linked. Further the use of 

plasticisers to reduce the glass transition temperature may enable even 

the cross-linked materials to exhibit some irreversible plastic flow 

when stressed. On this basis soft-lining materials may be divided into 

two distinct groupsi the plasticised acrylic resin materials whose glass 

transition temperature is relatively near to room temperature normally 

exist in the leathery state and sometimes exhibit permanent deformation 

following the removal of an applied stress; and the silicone and natural 

rubber materials whose glass transition temperature is considerably lower 

than room temperature, normally exist in the rubbery state and being 

cross-linked polymers usually demonstrate complete recovery following 

deformation provided the strain is small enough to prevent rupture 

occurring. However, no sharp transition between the idealised types of 
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behaviour exists since they depend on the time scale of the experiment. 

A material subjected to a constant load for infinite time may appear to 

behave as a viscous liquid whereas under a low frequency alternating 

stress this material would be in a rubbery state or leathery state. 

Thus the method of testing a material for clinical use should as nearly 

as possible be designed to simulate the stresses and strains applied 

clinically both in quantity and frequency of application. 

4.3.2. Stress/strain relationships in tension sp 

Stress/strain relationships for elastic materials in tension are 

usually used to determine the modulus of elasticity (when confined to 

tensile and compressive stresses this is known as the Young's modulus) 

which is the relationship of stress to strain below the proportional 

limit and is an indication of the compliance of the material. However, 

many soft lining materials do not behave linearly in tension except for 

very small strains and furthermore exhibit substantial hysteresis making 

such determinations extremely difficult if not impossible. The 

exception to this are the silicone and natural rubber materials for 

which linear relationships may be derived for small stresses provided 

the material is allowed to recover its original dimensions following the 

application of each incremental stress. When subjected to continuously 

increasing stress, however, all soft lining materials behave visco- 

elastically and the only useful information that may be gained from such 

a test is the ultimate tensile strength (stress) and the percentage 

elongation (strain) at break of the material. This information gives an 

indication of the flexibility and the toughness of the material. 

4.3.3. Stress/strain relationships in shear 

As previously stated elastomeric materials usually exhibit a linear 

stress/strain relationship in shear up to high strains. 
185 

Since torsion 

results in simple shear deformation the use of a torsional pendulum 

apparatus therefore enables the modulus of elasticity in shear to be 

determined. 

The torsional pendulum apparatus and the theoretical basis of the 

measurements is described in detail by Clarke 195 
and by Braden and 

Stafford188 from which the following explanation is derived. The 

apparatus consists of the specimen of the material under investigation 

(S) in the form of a rectangular prism arranged in a series with a 

suitable torsion wire (T) of a stiffness much less than that of the 
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specimen, and an inertia assembly (II') between two fixed supports 
(Fig. 4.2. ). The specimen is subjected to free'torsional vibrations 
(or oscillations) which are maintained by the inertia of the system and 

the amplitude of the oscillations measured using a lamp and scale in 

conjunction with a mirror (M) attached to the inertia assembly. The 

moment of inertia is variable because the bars II' are interchangeable. 

The torisonal stiffness of the whole system (C) may be derived 

from the following formula: 

C== if 02 « 472 

T2 T2 

(1) 

where I is the moment of inertia of the system, T the period of 

oscillation, and A the logarithmic decrement. " The logarithmic decrement 

(A) is given by loge. en/entl, where On is the amplitude of any given 

swing of the pendulum and en+1 is the next swing. Experimentally it 

is easier to plot the log amplitude for a number of oscillations and 

obtain A from the slope of the resulting line. The torsional stiffness 

of the torsion wire (Cw) is derived using the same formula but removing 

the sample from the apparatus and replacing the inertia assembly with 

standard brass and perspex blocks whose moment of inertia could be 

calculated from their dimensions and mass. The moments of inertia of 

each set of interchangeable bars (I, I') was calculated in the same way 

once the torsional stiffness of the torsion wire was known. When the 

torsional stiffness of the whole system and that of the torsion wire is 

known the torsional stiffness of the specimen may be easily calculated 

as: 

CS=C - CW 

The elastic modulus of the specimen in shear (G1) may then be 

calculated from the torsional stiffness by the following formula 

which involves only. the dimensions of the specimen: 

G1 

=-. (2a)3 . (2b) ."1- 

192a 00 1 

-. 
5-1 

31 1 
Trb 

ýn.. 
=o (2n+1)5 

(4n2 + 62 )I 41T 
2I 

(2) 

(2n+1)Trb 

. Tan h 

2a 2a 

(3) 
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where 1 is the effective length of the specimen, 2b the width and 2a the 

depth. This equation converges rapidly and is therefore easy to apply. 

Since the materials being deformed are visco-elastic solids a 

viscous term as well as the usual elastic modulus term must be included 

in the equation for. stress. A dissiptaive modulus (G2) which measures 

the non-elastic component of the modulus is therefore also calculated. 
The dissipative stiffness of the system (CS ) may be calculated from 

the following formula: 2 

CC- 
a 

87rIA 
1I 

2 

In this case no allowance need be made for the dissipative 

stiffness of the torsion wire as this is negligible and therefore this 

may be considered as the dissipative stiffness of the specimen. By 

substituting CS for CS and G2 for G1 in equation (3) the dissipative 
2 

modulus of the material may thus be calculated. 
As the material is subjected to sinusoidal vibrations a third 

important property is also calculated] namely, the mechanical loss 

tangent (Tan 6). This is an index of energy loss on deformation and 

is given by: 

GZ 
Tand 

1 

(4) 

(5) 

Tan 6 influences creep and recovery behaviour and is therefore of 

direct practical relevance. 
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Fig. 4.2. 

Torsional pendulum apparatus (schematic) 

(after Braden and Stafford) 
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Initial and Deformed states for a circular disc subjected 

to a small compression (after Gent and Lindley) 
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4.3.4. Effect of bonding soft lining materials to poly (methyl 

methacrylate 

The compression of bonded rubber blocks has'been studied in detail 

by Gent and Lindley and suitable theoretical relationships derived and 

tested. 
196 

It is their analysis which has been applied with minor 

modifications to the compression of bonded soft lining materials and is 

thus explained in some detail here. Load-deflection relations which 

are valid for small deformations and are useful guides to behaviour 

under moderately large deformations may be obtained by means of the 

classical theory of elasticity. For small compressions of rubber blocks 

between rigid plates to which they adhere or are bonded the total 

displacements are considered to arise from the superimposition of 

simple displacements. These are: - 

1. The pure homogeneous deformation defined by the displacement of 

one rigid bonding plate towards the other. 

2. The subsequent displacements necessary to-cause points in the 

planes of the bonded surfaces to be restored to their original 

positions in these planes. 

Two extreme cases were considered, infinitely long rectangular 

blocks, the infinite dimension being at right angles to the direction of 

compression, and circular discs, loaded axially. In the present study 

circular discs were used and the relevant theory is therefore only 

reproduced for this case. 

The pure homogeous deformation consists of a compressive strain 

(e) in the axial direction and expansion in the radial direction, which 

since the rubber is virtually incompressible in volume, is given by 

e also. The rubber is placed in a state of pure shear and the force 

(F1) which has to be applied to the bonded surfaces to maintain such a 

deformation is given by: - 

Fý = Ena2e (6) 

where E is the Young's modulus of the rubber and a is the radius of 

the disc. 

In order. to calculate the system of forces (F2) which have to be 

applied to the bonded surfaces to maintain the second displacement 

system it is necessary to make the simplifying assumption that horizontal 

planes remain plane during the deformation, as seems probable when the 

radius (a) is much greater than the height (h). Vertical cylindrical 
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surfaces are assumed to take up parabolic forms-as represented 
diagrammatically in Fig 4.3. such that the volume contained within them 

is unchanged. When the compressive displacement (d) is small, and the 

radius (r) is much greater than the maximum radial displacement (kr 

then: 

kr =4 rd/h 

The pressure (Pr) acting at a distance r from the centre is 

found to be: 

P= Ed (a2 - r2) /h3 
r 

and hence the force (F2) is obtained as: 

F2 =2 Eda4/h3 

The apparent value of Young's modulus for the rubber block is 

given by: 

Ea = 
(ä (e ý 

Where F is the total force which has to be applied to the bonded 

surface to maintain the deformation, and is given by F1+F2 where. these 

values are given by equations (6) and (7). Hence: - 

z 
E=E1+a 

a 2h2 

or: 

E=E (1 + 2S2) 
a 

Where S is the ratio of one loaded surface to the force free 

surfaces is equal to a/2h. 
In the present investigation where the soft lining material is 

bonded an only one surface and lubricated on the other compressing 

surface, i. e. the mucosa covered with saliva, it has been assumed that 

the shape factor is half of that when both surfaces are bonded. 

2 

(7) 

(8) 
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As the height of the block is increased, the terms in equation (8) 

representing the contribution of F2 to the total force decrease, so that 

when the condition on which the calculation for F2 is based - that the 

radius is much greater than the height - becomes quite inapplicable, the 

contribution of F2 to the total force becomes relatively small. 
Equation (8) may therefore be expected to apply over a considerable 

range of thicknesses. 

In testing these theoretical relationships Gent and Lindley found 

a good correlation between experimental data and theoretically predicted 

values for unfilled rubbers but the presence of carbon black as a filler 

necessitated a modification of equation (8), namely: 

Ea E(1 + ßS2) (9) 

with ß having values ranging between 1.0 and 2.0 for varying percentages 

of filler as compared with a value of 2.0 for ß required by the 

theoretical treatment (equation (8)). This decrease in ß from the 

theoretical value was ascribed tentatively to the increasingly 

imperfect elastic behaviour of-the rubbers with increasing filler content. 

4.3.5. Rupture properties 

In order to characterise the rupture properties of a material it 

is important to separate the energy necessary to deform the material from 

the energy required for its rupture. Such a distinction is impossible 

in normal tensile tests and the early methods of determining tear 

resistance produced results which were characteristic of the method of 

test and the type of test specimen used rather than being characteristic 

of the material. The crescent tear test piece mentioned earlier is a 

good example of this. A method of determining the actual rupture energy. 

of highly extensible materials such as rubbers was developed by Rivlin 

and Thomas197 following the principles of rupture processes established 

by Griffith. 198 
The method is based on the observation that rupture of 

amorphous solids involves the propagation of a crack and the creation of 
0 

new or cleavage surfaces. Griffith prooed that the physical property 

relevant to this process was the energy per unit area that is required 
to produce these cleavage surfaces. By adapting this principle Rivlin 

and Thomas devised a criterion for the onset of tearing involving a 

characteristic energy which is independant of the form of the test 

specimen. 
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The criterion was developed from Griffith's Formula: 

- (6W/6c)1 = T. h (10) 

where W is the stored elastic energy of a thin sheet of rubber of 

thickness h, c is the length of the cut or tear, and T is an energy, 

characteristic of the material. The suffix 1 denotes differentiation 

with constant displacement of the boundaries over which forces are 

applied. T may then be interpreted as the energy expended irreversibly 

per unit increase in the length of the tear and per unit thickness of 

the sheet. 

For a test specimen of the shape shown in Fig. 4.4. (often 

colloquially referred to as a 'trouser-leg' specimen) equation (10) may 

be reduced to the form: 

T. h. dc = dw1 (11) 

where dw1 is the work done by the applied forces to increase the length 

of the tear by dc1 along the line AB. 200 
Equation (11) can also be 

applied to continuous tearing so as T describes an energy, per unit 

length of tear and per unit thickness required to propagate the tear at 

a certain rate. T has also been found to vary with the rate of 

propagation and therefore characterisation of the tear behaviour of a 

material requires this effect to be evaluated. 

In order to apply equation (11) experimentally it is necessary 

to relate the actual force applied to the energy expended in the tearing 

of the specimen. While the energy of concern is that required to rupture 

the material, energy is also expended inelastic deformation of the 

specimen. Thus when a tearing force (F) is applied to the 'legs' of the 

specimen to produce tearing along AB, provided the 'legs' are 

sufficiently long in comparison with their widths, a region exists in each 

'leg' which is in a state of simple extension. For an increase in the 

length of the tear to dc there is a volume increase in the region of 

simple extension of-2a. h. dc where a is the width of each 'leg'; this 

increase being derived from the unstrained region of the specimen beyond 

the tear. The energy that is expended in this process , 
(dw2) may be 

calculated from: - 

dw2 = 2W0. a. h. dc (12) 
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where Wo is the elastically stored energy per unit volume in the strained 

'legs' of the test specimen. This is equal to the work done per unit 

volume in deforming the material in simple extension to an extension 

ratio A, where A is the extension ratio determined by the applied 

tearing force F. The energy expended by this force (dw) may therefore 

be described as the load applied (Mg) by the distance 2dc. A, and this 

energy is available for both the tearing and deformation components of 

the process, i. e.: - 

dw = dw1 + dw2 

whereby from equations (11) and (12): 

2. Mg. dc. X = T. h. dc + 2. W0 . a. h. dc 

whence: 

T_ 2Mg x_ 
Wo. a. h 

h. 2Mg 

Rivlin and Thomas197 demonstrated that provided the width 2a of 

the test specimen is sufficiently large X=1 and Mg. »Wo. a. h so that 

equation (13) reduces to: 

T_ 2Mg 
I- h 

(13) 

(14) 

Greensmith and Thomas 
200 

however used equation (13) where the specimens 

they were testing were highly tear resistant and extensible. 

In the application of this theory to materials of dental interest 

Braden 
201 

and subsequently Wright 90 have used equation (14) but Webber 

and Ryge202 by assuming that the material when stretched exhibits elastic 

behaviour obeying Hooke's law have developed the formula 

T= M(g +1) 
h 

(15) 

which takes account of the energy expended in deforming the material. 

However, it is well established that elastomeric materials do not behave 

elastically in tension except for very small strains and therefore 

equation (15) can still result in significant error when computing tear 

energy. Even so, for the materials tested by Webber and Ryge which 
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Diagram of rupture test specimen. AB line of tearing 
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stretched appreciably, less error was noted for tear energy computed from 

equation (15) than that computed from equation (14). Equation (15) was' 

also subsequently used by Herfort at al203 when determining the tear 

strength of elastomeric impression materials. It is, however, better to 

obtain Wo direct from stress/strain curves. 

Thus the appropriate formula for determining the characteristic 

energy for tearing of extensible materials depends upon the extensibility 

of the material which will in turn depend upon the specimen dimensions 

and the force required to tear the specimen. Where the width of the 

'legs' is large and/or the extensibility of the materials is small 

and/or the tearing strngth is low, equation (14) applies. Conversly 

if the width of the 'legs'is small and/or the extensibility of the 

material is large and/or the tearing strength is high, equation (13) or 

(15) will be more appropriate. It may be noted that the thickness of the 

specimen will also have an effect on the extensibility of the sample but 

in order to reduce the force required to bend the 'legs' prior to testing 

to an insignificant factor the specimen must be made thin (less than 1 mm). 

Since it is usually not appropriate to construct specimens of 

dental materials with dimensions as large as those suggested by Greensmith 

and Thomas and because soft lining materials exhibit a wide range of 

extensibility equation (13) should be used when comparing one material 

with another. Unfortunately this was not appreciated before the 

experiments were carried out and therefore the extension ratio was not 

measured directly on the tear strength specimens. This precluded the 

use of equation (13) but by utilising the stress/strain curves separately 

determined for these materials (see 4.3.2. ) the extension ratio at the 

appropriate stress was obtained thus enabling equation (15) to be used. 

However, for simplicity, the effect of rate of deformation on the tear 

strength has been determined using equation (14). This is reasonable as 

in this case within material rather than between material variations are 

being tested. 

4.4. Experimental 

4.4.1. Materials 

The materials to be investigated are those discussed in Chapter 2 

and listed in Table 2.1. Not every material was subjected to every 

investigation as will be apparent from the results. The materials were 

processed according to the manufacturers instructions in either dental 
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stone or metal moulds to the approximate dimensions described below. In 

every case accurate dimensions were recorded for each specimen prior to 

testing using a standard micrometer. Soft materials are difficult to 

measure accurately as the micrometer can easily compress the material. 
Therefore, rigid metal plates with parallel faces of known thickness 

were inserted between the micrometer recording faces and the material to 

spread the measuring load over as wide an area as possible. In addition 

several recordings were made and an average value taken. 

4.4.1.1. Sample geometry 

For two silicone rubber materials and the natural rubber material 

Young's modulus determinations were made using flat strips of material 

approximately 0.5 cm in width and 0.15 cm in thickness tested in tension. 

Stress/strain relationships were tested for most materials using 

flat dumbell shaped samples (Fig. 4.5. ) with dimensions in the centre 

section where measurements are to be made and failure should occur of 

approximately 0.6 cm in width and 0.3 cm in thickness. 

Samples for testing in the torsion pendulum apparatus were a 

similar shape (Fig. 4.5. ) but the centre portion of rectangular cross- 

section was longer and the expanded portion for fixing in the sample 

holder smaller. The approximate dimensions of the rectangular section 

were 0.25 cm in width, 0.2 cm in thickness and 5.0 cms in length. 

For testing the effect of bonding soft lining materials to poly 
(methyl methacrylate) discs of poly (methyl methacrylate) 5.0 cms in 

diameter and 0.4 cm thick were processed. To these were bonded 

thicknesses of soft lining materials in the range 0.05., to 0.4 cm so as 

to include the thickness most commonly used clinically (Fig. 4.5. ). 

Characterisation of the rupture properties of, soft lining materials 

was performed on samples approximately 1.0 cm wide and 5.0 cms long cut 

from flat sheets of material of between 0.04 and 0.13 cm thickness. This 

sample is then partly divided along the centre of the long axis to form 

what is colloquially described as the 'trouser leg' specimen"(Fig. 4.5. ). 

In every case samples were carefully inspected for possible 

porosity which could have been incorporated during processing and any 

exhibiting such porosity in the testing area discarded. Samples for 

stress/strain and torsion pendulum -investigation were'tested as 

processed, any attempt at finishing the materials by cutting being 

likely to produce cuts, notches or scratches which could significantly 

affect the results, especially the ultimate tensile strength. One 
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exception to this was the stress/strain sample of Ardee. Since the 

material is supplied in a flat sheet and is not susceptible to processing 

into different shape's the appropriate shape of sample was cut from the 

supplied sheet. The thickness was therefore significantly less than for 

the other materials. 

4.4.2. Methods 

4.4.2.1. Tensile tests 0 

Samples for Young's modulus determination were marked with two lines 

the distance between which was measured with a travelling microscope and 

represented the original length of the sample. The sample was then 

suspended from a rigid support by one end and a series of loads applied 

to the other end the extension being measured with the travelling 

microscope. Following the application of the load the specimen was 

allowed to hang load free to return to its original dimensions for five 

minutes prior to the application of the next load. At no time did the 

strain exceed 10 per cent and the materials always recovered their 

original length demonstrating that they were not stressed beyond their 

proportional limit. 

Stress/strain relationships in tension were obtained for all the 

materials except Hydron which became unavailable. Materials were tested 

as processed by extending the flat dumbell shaped samples at a rate of 

0.45 cm per second in a Nene test apparatus (Fig. 4.6. ). The samples 

are held at their wider ends by serrated grips and the load applied 

automatically recorded graphically on a chart recorder. Calibration of 

the apparatus was achieved by suspending known loads from the upper grip 

and noting the deflection on the chart recorder. The strain was 

measured directly from two marks placed one inch apart on the rectangular 

portion of the sample using a ruler, a mark being made on the load graph 

at 0.25 inch extension intervals, i. e. 25 per cent strain intervals. The 

extension was continued until the specimen broke, it being necessary for 

the break to occur within the central portion of the specimen where the 

dimensions are known. 

4.4.2.2. Torsion pendulum 

The torsion pendulum apparatus is shown in Fig. 4.7, the sample 

chamber in Fig. 4.8. and the lamp and scale assembly in Fig. 4.9. The 

sample was fixed at the top to a selected torsion wire of stiffness 
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Fig. 4.5. 

Nene test apparatus with tensile specimen in situ 
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Fig. 4.9. 

Torsion pendulum lamp and scale assembly 
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much less than that of the sample and the other end rigidly clamped. 
The top support for the torsion wire was then adjusted to remove the 

slack in the system without applying tension to the sample. The 

sample was twisted via the inertia bars and released thus causing the 

system to oscillate with a specific period but decreasing amplitude with 

time. The beam of light from the lamp and scale apparatus was directed 

onto the mirror on the inertia assembly and reflected back to the scale 

from which the period of oscillation and amplitude decay were recorded. 

A stopwatch was used to measure this period over several oscillations 

to an accuracy of ±0.1 second. The logarithmic decrement of the 

amplitude was obtained as described previously (see 4.3.3. ). 

Samples were tested as processed at room temperature (24°C to 29°C) 

for a number of different frequencies in the range 0.05 - 0.5 Hz, the 

frequency of oscillation being varied by changing the inertia bars. The 

torsion wires and inertia bars had all previously been calibrated by 

Clarke. 195 

Since Hydron is a hard polymer when dry it was also tested at 

elevated temperatures to beyond the polymer's glass transition temperature. 

The temperature was varied using the electric heating circuit consisting 

of a fine wire coil surrounding the sample connected to a Variac rheostat 

which provided an output from 0 to 260 volts with a maximum current 

rating of 3 amperes. The air was constantly circulated in the sample 

chamber by a fan immediately beneath this chamber. A time delay at each 

increase in temperature allowed the sample to reach equilibrium and the 

temperature was measured using a copper-constantan thermocouples. In 

addition Hydron was tested following immersion in distilled water at 

370C ± 10C for a period long enough for equilibrium to be reached 

(see 3.5.2.3. ), this being the state in which the material is intended to 

be used as a soft lining material. 

4.4.2.3. Effect of bending soft lining materials to poly (methyl 

methacrylate 

Three materials only were investigated in this section and these 

were chosen to be those most likely to behave elastically, i. e. two 

silicone rubber materials (Flexibase and Per-Fit) and the natural rubber 

material. The intention in any case was not to compare materials but 

rather the effect of bonding various thicknesses of a soft lining 

material to a hard material. The specimens were compressed between two 

parallel steel plates in a Hounpesfield tensometer (Fig. 4.10. ). The 
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steel plates were of greater diameter than the sample so that no part 

of the rubber projected beyond their edges when the deflections were 

imposed. In order to simulate the clinical conditions the steel plate 

facing the soft lining material was lubricated with a soap solution 

(Teepol). 

The Hounß'sfield tensometer was fitted with a 1000Kg beam initially 

and this provided loads satisfactory for both Flexibase and the natural 

rubber. The load was increased from zero by 50Kg amounts, each value 

being maintained for one minute before a measurement of the corresponding 

deflection was made. This load proved too great for the Per-Fit/poly 

(methyl methacrylate) samples, causing breakdown of the bond and 

excessive strains, therefore the Houn'sfield tensometer was fitted with 

a 200Kg beam in this case and the load increased ih 10Kg amounts. The 

loading pattern used was that suggested by Gent and Lindley. 196 The 

compression of the soft lining materials was measured using a dial guage 

capable of measuring 0.001 of an inch and the strain plotted against the 

stress to give the apparent Young's modulus of the bonded soft lining 

material. For the purpose of the calculations the poly (methyl 

methacrylate) was at all times assumed to be rigid. 

4.4.2.4. Tear strength 

The 'trouser leg' specimen was suspended from one'leg' on a small 

retort stand (Fig. 4.11. ) which could easily be accommodated in an oven 

(with a suitable window) for measurements above room temperature. A 

variable load is applied to the end of the other 'leg' thus tearing the 

specimen. The tear always grows into an unstrained region hence, in 

most cases, for a given applied force the tear grows at a constant rate. 

The test specimen was marked with a series of parallel lines, 0.5 cm 

apart as shown in Fig. 4.4., and the progress of the tear along the grid 

timed with a stopwatch. As the tear propagation distance varies linearly 

with time, the slope of the line gives the tearing rate for a given 

applied force. Fig. 4.12. shows a typical propagation plot. 

The natural rubber material was exceptional in this investigation 

in demonstrating 'stick-slip' tearing behaviour. . 200 It was therefore 

not possible to use a constant force method of measurement as was used 

for the other materials and consequently a constant rate of extension 

method was adopted. For this purpose the Nene test apparatus was 

employed whereby the 'trouser-leg' specimen was extended at a variable 

constant rate, the load required to maintain this extension rate being 
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recorded graphically on the chart recorder. The tearing force fluctuates 

in a sequence consisting of an increase to a maximum followed by a 

rapid decline to a minimum with corresponding fluctuations in the rate 

of propagation an example of which is shown in Fig. 4.13. Under these 

. conditions the tear behaviour is described in terms of the energy, T, 

as derived from the average of the tearing force peaks and the average 

rate of propagation. 

From such measurements, graphs of tearing energy (J/m2) as a 

function of tearing rate (m/sec) may be constructed. This was carried 

out for all materials at room temperature (20°C - 28°C), for selected 

materials at 40°C ± 2°C and for most materials following immersion in 

distilled water at 37°C ± 1°C for six months. In the latter case 

materials were tested at room temperature immediately following removal 

from the waterbath. 

4.4.3. Results 

4.4.3.1. Tensile tests 

The results of the static determination of Young's modulus are 

presented in Table 4.1. for the limited number of materials-tested. 

Table 4.1. 

Young's moduli of some soft lining materials 

Material Young's Modulus 
(MN/m2) 

Flexibase 1.11 

Per-Fit 0.70 

Natural Rubber 1.91 

Stress/strain relationships under constant rate of extension 

conditions are presented in graphical form in Figs. 4.14. -4.17. The 

ultimate tensile strength and percentage elongation at break of the 

materials is recorded in Table 4.2. 
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Stress/strain relationships of acrylic resin soft lining materials 

Fig. 4.17. 

Stress/strain relationships of the 

natural rubber soft lining material 
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Table 4.2. 

Ultimate tensile strength and percentage elongation at break of some 

soft lining materials 

Material 
Ultimate Tensile Strength 

(MN/m2) 
Percentage Elongation 

at Break 

Flexibase 1.80 160 

Simpa 0.96 160 

Cardex-Stabon 0.42 50 

Per-Fit 0.83 200 

Molloplast-b 3.39 425 

Coe-Soft 1.05 340 

Soft Oryl 2.06 225 

Ardee 0.63 580 

Coe Super-Soft 5.96 180 

Palasiv 62 3.91 170 

Soft Nobiltone 3.05 330 

Virina 5.65 180 

Verno Soft 7.86 240 

Cole 7.22 165 

A. D. I. 10.48 30 

Natural Rubber 11.33 525 

4.4.3.2. Torsion pendulum 

Some of the soft'lining materials included in this investigation 

have previously been tested using an identical method by Braden and 

Clarke. 
130 Only those materials therefore that had not been previously 

tested have been tested in this investigation. In all instances the 

properties' varied only slightly with frequency in the range studied. 

Hence, all the results are quoted for approximately 0.25 Hz at room 

temperature (Table 4.3. ). In order to compare all of the materials 
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results-obtained by Braden and Clarke have been abstracted and included 

in Table 4.3. together with value's for a conventional heat-curing 

poly (methyl methacrylate) (Stellon Denture Material) obtained by 

Clarke195 by an identical method. 

Table 4.3. 

Visco-elastic properties of soft lining materials at room temperature 

Material Storage Modulus 
(MN/m2) 

Dissipative 
Modulus 
(MN/m2) 

Tan ö 

* Flexibase 1.01 0.10 0.099 

Simpa 0.36 0.01 0.032 

Cardex-Stabon 0.42 0.06 0.146 

Per-Fit 0.35 0.05 0.136 

Molloplast-b 0.57 0.04 0.062 

Coe-Soft 0.31 0.07 0.218 

Soft Oryl 0.54 0.37 0.692 

Coe Super-Soft 0.76 0.77 1.030 

* 
Palasiv 62 0.43 0.28 0.648 

Soft Nobiltone - 0.21 0.07 0.338 

Virina 0.50 0.17 0.346 

Verno Soft 1.94 2.28 1.176 

Cole 10.63 10.95 1.030 

A. D. I. 222.90 59.35 0.266 

Hydron (Dry) 908.16 54.18 0.060 

Hydron (Hydrdted) 0.33 0.01 0.037 

* Natural Rubber 1.15 0.02 0.017 

Poly (methyl methacrylate) 
t 1100.00 98.00 0.090 

*See Braden and Clarke130 
tSee 

Clarke 195 
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The effect of temperature on the values for Hydron (dry)is shown in 

Fig. 4.18. From the maxima in dissipative modulus or Tan d or where the 

storage modulus falls rapidly with temperature the glass transition 

temperature for this polymer in the dry state may be estimated at 135°C. 

4.4.3.3. Effect of bonding soft lining materials to poly (methyl 

methacrylate) 

The apparent Young's moduli and shape factors for the various 

thicknesses of the three soft lining materials tested are presented in 

Table 4.4. 

Table 4.4. 

Apparent Young's moduli of soft lining materials bonded to poly (methyl 

methacrylate) 

Bonded Sample Thickness Shape Factor Apparent Young's Modulus 
(cm. ) (a/4h) (MN/m2) 

Flexibase 

0.090 6.95 41.3 
0.131 4.77 39.7 
0.160 3.91 36.7 
0.181 3.45 30.1 
0.197 3.18 33.5 
0.293 2.14 26.3 

Per-Fit 

0.103 6.07 23.4 
0.125 5.00 19.4 
0.168 3.72 16.5 
0.210 2.98 10.9 
0.295 2.12 6.0 

Natural Rubber 

0.088 7.10 93.2 
0.120 5.21 82.6 
0.157 3.98 56.9 
0.250 2.50 28.7 
0.367 1.70 21.8 



168 

901 

80 

70 

60 

50 
EA 
E 40 

30 

20 

10 

ii 
Shops Factor (S) 

Fig. 4.19. 

A Per-Fit 
O Flexibose 
X Natural Rubber 

0 
A 

e 0 

#J 

Relationship of the ratio of the apparent and real Young's modulus 

of soft lining materials to the shape factor 

10 
__ v 

u 

M \ 
E 

n 
ý v 
cc 

Im 
c 

0 
ý -ý 10 

a 2 A 

I 
A 

iö' 

x 

5 10 
Tearing Energy (kJ/m2) 

Fig. 4.20. 

Tearing behaviour at room temperature 

X, Molloplast-bi 0, Palasiv 621 *. Natural Rubbnr 



169 

By using the values for the real Young's modulus. (E) of these 

materials presented in Table 4.1., the ratio of Ea/E was calculated and 

plotted against the shape factor (Fig. 4.19. ). On the same graph 
theoretical plots of the ratio of Ea/E are also plotted using either 

equation (8) or equation (9) giving 5a value of 1.5 (see 4.3.4. ). 

4.4.3.4. Rupture properties 

The energy required to rupture these materials increases with the 

rate of tearing, i. e. "strength" increases with rate of deformation, in 

every case except the natural rubber material. Examples of this may be 

seen in Fig. 4.20. where tearing energy is plotted as a function of 

tearing rate at room temperature for a typical silicone rubber, a 

typical soft acrylic material and the natural rubber. It is clear from 

these examples that even at a given temperature there is no unique 

strength criterion, the degree to which one material is "stronger" than 

another depending on the rate of tearing. It must be noted that the 

values on this graph have been calculated using equation (14) whereas if 

equation (15) were to be used the natural rubber material would have a 

higher tearing energy as it is a highly extensible material (see 4.3.5. ). 

In order to simplify the comparison of a large number of materials, a 

given rate of tearing has been selected and the characteristic surface 

energy per unit area required to produce rupture of the material at this 

tearing rate compared (Table 4.5. ). This is a reasonable comparison as 

the variation of tearing energy with tearing rate is similar in all the 

materials studied with the exception of the natural rubber where tearing 

energy is sensibly independant of the tearing rate (Fig. 4.21). For 

some materials Table-4.5. also gives values for tearing energy at 

40°C ± 2°C and following immersions of the materials in distilled water 

at 37°C ± 1°C for six months, all at the same tearing rate. In every 

case two values are given, one calculated using equation (14) and one 

using equation (15) (see 4.3.5. ). 



170 

10 

. -ý 
u 
aý 

-2 

E 

} 1U-3 
0 

CC 

0) 
C 

.` 
0 

H 

10 -d 

1Ö s 

ý 

3.0 

º. 

2 
10 

/I / 
fl / 

II 

345 
10 10 10 

Tearing Energy (J/m2 ) 

Fig. 4.21. 

Tearing behaviour at room temperature of all materials. 
Identification of individual materials is not possible because 

of the large number of materials and the proximity of some plots 



171 

Table 4.5. 

Rupture properties of soft lining materials at a rate of tearing of 

3.0 x 10-4 m/sec 

Material Tearing Energy (kJ/m2) 

" Room Tem perature 40 oC+ 2o C After Imm ersion in 
(20°C- 28°C) . H20 at 3 7°C ± 1°C 

Equation Equation Equation Equation Equation Equation 
(14) (15) (14) (15) (14) (15) 

Flexibase 2.4 2.8 0.8 0.9 0.1 0.1 

Simpa 0.3 0.3 0.1 0.1 

Cardex-Stabon 2.1 2.2 0.7 0.7 

Per-Fit 4.2 5.6 3.9 5.2 

Molloplast-b 1.4 1.5 1.0 1.0 2.4 2.5 

Coe-Soft 1.6 1.8 

Soft Oryl 1.7 1.8 

Ardee 2.2 2.9 

Coe Super-Soft 7.8 8.0 3.0 3.1 17.0 17.5 

Palasiv 62 5.5 5.7 2.8 2.9 5.0 5.2 

Soft Nobiltone 2.3 2.4 1.1 1.2 3.1 3.3 

Virina 6.6 7.1 5.4 5.8 5.8 6.2 

Verno Soft 18.5 27.8 7.0 10.5 21.1 31.7 

Cole 10.9 11.9 7.5 8.2 3.2 3.5 

A. D. I. 11.8 12.0 8.0 8.1 8.6 8.7 

Natural Rubber 9.6 16.8 8.8 15.4 
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4.5. Discussion 

4.5.1. Compliance of soft lining materials 

The loads applied to dentures during mastication are cyclic in 

nature and the torsion pendulum apparatus is particularly suited to 

applying such deformations at prescribed frequencies. The results show 
that the properties of the material are relatively unaffected by 

frequency in the range tested (0.05 - 0.5 Hz) which may be equated with 

a range of chewing rates of between 3 cycles/min and 30 cycles/min. 

Bates et a1204 in a comprehensive review of the literature on masticatory 

function described a range of chewing rates for patients with complete 

artificial dentitions of 33-123 cycles/min so that the range of 

frequencies used in this study may be a little low. It would be 

desirable, therefore, to include higher frequencies in the experimental 

design but this would create difficulties in reading the values of the 

amplitude of the individual oscillations with the present simple apparatus. 

Various optical system recorders are available to overcome this problem 

as described by Myerson205 in his review of the equipment available for 

torsion pendulum measurements. However, it is not expected that such a 

small difference in frequency would significantly affect the results, 

except possibly for those materials that have a glass transition 

temperature close to the temperature of testing. 

It is considered that conventional stress/strain relationships in 

compression or tension will not adequately describe the compliance of 

soft lining materials relative to the clinical situation. A possible 

exception to this is the relevance of indentation testing to the use of 

soft lining materials to relieve local concentration of stress over bony 

prominences (see 1.2.3. ) and this has been described in detail by 

Waters. 36 This is, however, only one of many possible modes of action 

of soft lining materials in the clinical situation. 

A detailed examination of the values of storage shear moduli for 

the materials studied in this investigation together with those presented 

by Braden and Clarke130 indicates that proprietary soft lining materials 

cover a wide range of moduli - 0.21 MN/m2 to 1.94 MN/m2. The compliance 

is not related to the type of material, both the most compliant and the 

least compliant materials being soft acrylic materials with the silicone 

rubber materials and the remainder of the soft acrylic materials having 

intermediate values. Neither is it possible to relate the filler 

content of the silicone rubber materials, or the percentage of 
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plasticiser present in the soft acrylic materials directly to-the 

compliance. For the silicone rubber materials the molecular weight and 

the degree of cross-linking of the polymer is most probably relevant 

but this has not been investigated. In the case of soft acrylic 

materials the different methacrylate esters used, the relative quantities 

of each recommended by the manufacturer (powder/liquid ratio), the type 

and the quantity of plasticiser used are all relevant to the eventual 

compliance. Further, modification of the powder/liquid ratio will 

modify the compliance of the material. It, may be noted, however, that 

the one material that uses 2-ethyl-hexyl di-phenyl phosphate as a 

plasticiser (Verno Soft) is notably less compliant than the other soft 

acrylic materials. Thus it is inferred that this is a less effective 

plasticiser than either di-n-butyl phthalate or butyl phthalyl butyl 

glycollate. 

Conventional indentation and compression testing has tended to show 

silicone rubber materials as less compliant than acrylic resin 

materials. 
61,67,80,81,120,122 The present study does not'show this 

tendency which may be explained by the soft acrylic materials tending to 

creep under conditions of continuous stress4,67,195 whereas silicone 

rubber materials behave more elastically. With intermittent stress (as 

applied by the torsion pendulum) both types behave more elastically. 

Ouran et al 
167,168 have also demonstrated how soft lining materials 

appear less compliant under cyclic rather than static loading. Neither 

does this investigation agree with the study by Travaglini et al4 who 

describe room temperature processed acrylic resin materials and room 

temperature processed silicone rubbers as more compliant than heat- 

processed acrylic resin materials. Using compressive testing 

Suchatlampong 80 has described Flexibase as more compliant than 

Molloplast-b. She did, however, point out another difficulty with 

cdmpressive testing in that the somewhat greasy surface of Flxexibase" 

tends to reduce its compressibility because of the reduction of 

frictional forces between the material and the compressing plates. In 

this investigation Flexibase was shown to be less compliant than 

Molloplast-b: 

The relative compliance of the silicone rubber and soft acrylic 

materials will be altered if the materials are tested at mouth 

temperature as. has been demonstrated by Eick et al, 
89 Bates and Smith, 

67 

Braden and Clarke 130 
and Clarke. 195 Mechanical properties of polymers 

change dramatically at the glass transition temperature (rubber-glass) 

and, therefore, in this temperature region notable changes in properties 
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can occur for quite small changes of temperature (and frequency). Soft 

acrylic materials having glass transition temperatures not'greatly below 

room temperature may demonstrate a notable increase in compliance in 

changing from room temperature to 37°C. Silicone rubber materials, on 

the other hand, have glass transition temperatures well below 0°C and 

are unaffected by such a change. However, although it would be desirable 

in any future investigation to test materials-at 37°C rather than at 

room temperature those materials that have been so tested by Braden and 

Clarke 
130 

do not increase in compliance sufficiently to significantly 

alter the relative positions of the materials in Table 4.3. 

The compliance of the expeimental materials considered in this 

investigation is very variable. The two acrylic resin materials both 

have high storage moduli for soft lining materials. The Cole material 

has a storage modulus approximately five times that of the least 

compliant proprietary-soft lining material (Verno Soft) while that of 

A. D. I. is approximately twenty times that of the Cole material. 

Comparison with a conventional poly (methyl methacrylate) denture base 

material is interesting. A. O. I. is approximately five times more 

compliant, the Cole material approximately one hundred times more 

compliant, but most proprietary soft acrylic materials are approximately 

one thousand times more compliant than poly (methyl methacrylate). It 

is questionable, therefore, whether either of these materials as presently 

formulated would be compliant enough to act effectively to reduce the 

load on the underlying mucosa. 

The natural rubber material has a compliance that falls within the 

centre of the range of. proprietary materials while the compliance of. 

Hydron when hydrated is at the most compliant end of the range. " It is 

interesting to compare the storage moduli of the dry and hydrated forms 

of Hydron. The absorption of water which acts as a plasticiser 

effectively reduces the modulus by a factor of 2755. In addition this 

water absorption effectively reduces the glass transition temperature 

from approximately 135°C to below. room temperature. The glass 

transition temperature for poly (hydroxyethyl methacrylate) when dry 

is apparently similar to that of a conventional poly (methyl methacrylate) 

which is surprising when Barsby and Braden266 have shown the glass 

transition temperature of Hydrocryl, which is a mixture of poly'(methyl 

methacrylate) and poly (hydroxyethyl methacrylate) to be lower than 

that of a conventional poly (methyl methacrylate). 
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It is difficult to estimate the compliance necessary for a soft 
lining material to be effective. Most probably it is highly dependant 

on the individual clinical situation and it will also be dependant on 
the thickness in which the material is used (see below). McCabe and 
Wilson 119 

have suggested that a standard specification for soft lining 

materials should stipulate an elastic modulus of less than 1.5 MN/m2 
while Craig34 has suggested that the compliance should be the same or 
greater than that of the normal soft tissues which, according to 
Tomlin 120 

is 2.0 MN/m2 for 52 per cent of denture bearing tissues. The 

storage shear modulus (G) determined here may be converted to Young's 

modulus (E) using the formula: 

E=2G(1 +Y) 

where y is Poisson's ratio. Since rubbers are incompressible this is 

equal to 0.5 and the Young's modulus is thus three times the storage 

shear modulus. The equivalent storage shear moduli to the Young's 

moduli suggested are therefore 0.5 and 0.66 MN/m2 respectively. 
Most of the materials investigated have storage shear moduli 

similar to these values while those for Flexibase and Verno Soft are 

only slightly higher. As mentioned previously Cole and A. D. I. are 

significantly less compliant. However, the available proprietary soft 
lining materials together with the experimental materials provide a 

wide range of compliance from which to choose. 

4.5.2. Effect of bonding soft lining materials to poly (methyl 

methacrylate) 

For the materials chosen and the loads used linear stress/strain 

relationships were derived from the compression of the bonded soft 
lining/poly (methyl methacrylate) samples. The indications were that 

the materials were behaving elastically-and that derivation of the 

apparent Young's modulus from these stress/strain relationships was 

appropriate. These apparent Young's moduli (Table 4.4. ) were compared 

with the real Young's moduli obtained by conventional means and 

presented in Table 4.1. The greater the thickness of the soft lining 

material, the lower is the shape factor*(a/4h), and the nearer the 

apparent Young's modulus approximates to the real'Young's modulus. By 

plotting the ratio between the apparent and real Young's moduli against 
the shape factor it is possible. to compare the experimental results 
with theoretical relationships predicted by Gent and Lindley. 196 They 

proposed two possible theoretical relationships (Equations (8) and (9) 
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in section 4.3.4. ) depending on whether or not the rubber vulcanizate 

contained carbon black as a filler. Where a filler is present the 

rubber did not exhibit perfect elastic behaviour and this may apply to 

the materials tested here, all of which contained a filler. It can 

be seen that the experimental results demonstrate reasonable agreement 

with the theoretical relationships for low shape factors and that as 

the shape factor becomes higher the theoretical relationship for the 

filled rubber becomes more appropriate. For higher shape factors, 

however, the apparent Young's modulus is not as high as might be 

expected from the theory. The most probable explanation for this 

departure from the theoretical relationship is the non-elastic 

behaviour of the soft lining materials when subjected to the high strains 

involved in testing the thinner samples. In addition, deformation of 

the poly (methyl methacrylate) to which the soft lining is bonded may 

also be expected to influence the results when high stresses are 

utilised, the poly-(methyl methacrylate) being assumed to be rigid for 

the theoretical calculations. 

It is clear that the compliance of the soft lining material when 

bonded to a poly (methyl methacrylate) denture base is significantly 

affected by its thickness. Further the increase in compliance is much 

greater when increasing the thickness from one millimeter to two 

millimeters than when increasing the thickness from two millimeters to 

three millimeters. The theoretical relationship predicts that for an 

unfilled rubber a one millimeter thickness will be one quarter as 

compliant as a two millimeter thickness whereas a two millimeter 

thickness will be only one half as compliant as a three millimeter 

thickness. It may be noted that Per-Fit and the natural rubber materials 

more closely conform to this theoretical relationship than Flexibase 

indicating that Flexibase exhibits greater departures from perfect 

elastic behaviour. Suchatlampong80 also noted the different behaviour 

of Flexibase under compressive. loading indicating that it exhibited 

similar load/deformation characteristics at all specimen thicknesses. 

All the other materials she tested required greater force for a given 

deformation for the thinner specimens. 

Using indentation testing several authors 
67,77,120 have observed 

the loss of compliance that occurs when the thickness of the soft 

lining material is reduced. However, the application of classical 

elasticity theory to this form of testing assumes that the material 

being tested is of unlimited thickness. Waters36 has derived a modified 
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theoretical treatment for this situation and thereby shown how the 

maximum stress in the soft tissue over a bony protruberance varies 

with the thickness and modulus of the lining material. His results 

show that the maximum stress increases very rapidly when the thickness 

of the lining material falls below two millimeters, which corresponds 

well with the findings in the present investigation. 

The relevance of the theoretical relationship described here to 

the clinical situation is difficult to establish. The shape and 
dimensions of a mandibular denture are very different to the circular 
disc employed experimentally and therefore the ratio of the loaded 

surface to the force free surface is also likely to be different. 

However, the shape of the theoretical curves indicate that a reduction 
in the thickness of the soft lining layer below two millimeters would 

result in a rapid loss of compliance. A thickness of two to three 

millimeters of soft lining material would therefore seem appropriate 
but this would be significantly influenced both by the compliance 

necessary to be effective and by the real modulus of the material.. 

4.5.3. Resilience of soft lining materials 

Resilience can be defined as the capacity for storing and 

returning energy in a rapid deformation. The more resilient the 

material the more rapidly it will respond to applied stresses and the 

more rapidly it will regain its original dimensions following 

deformation. Under sinusoidal vibrations, as applied by the torsional 

pendulum, visco-elastic materials deform partly in an elastic manner 
(storage modulus) and partly in a viscous manner (dissipative modulus). 

The relative influence of these two components determines the 

resilience of the material and this is characterised by the mechanical 

loss. tangent (Tan d) which is the dissipative modulus divided by the 

storage modulus. Thus if the viscous component is small relative to 

the elastic component the resilience of the material will be high and 

Tan 6 will be low, i. e. the lower the Tan 6 the more resilient the 

material. 

Proprietary soft lining materials and the experimental materials 

exhibit a wide range of Tan 6 values. Soft acrylic materials are less 

resilient than the silicone rubber materials with the exception of the 

hydrophilic acrylic polymer which when hydrated is as resilient as the 

most resilient silicone rubber materials. The most resilient material 
tested is not surprisingly the natural rubber material while the least 
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resilient was Verna Soft. The silicone rubber materials all exhibit 

a similar degree of resilience, values for Tan 6 falling within a 

range (0.032 - 0.146) but there are significant differences between 

the soft acrylic materials Coe-Soft, A. D. I., Soft Nobiltone and Virina 

being significantly more resilient than Verna Soft, Coe Super-Soft and 

Cole with Soft Oryl and Palasiv 62 falling in the centre of the range 

(0.266 - 1.176). Interestingly, poly (methyl methacrylate) exhibits a 

high resilience similar to that of the silicone rubber mäterials which 

serves to illustrate the inappropriateness of the term resilient to 

describe soft lining materials in general. 

The compression set type of test utilised by several 

authors 
67,89,120,122 

also show the poor resilience of the acrylic resin 

materials. However, the rating of the individual materials is different 

because of the different methods of test. The tests used by Eick et a189 

and Wilson and Tomlin 120,122 
may be described as constant stress tests 

and therefore the softest materials are subjected to the greatest energy 

input which will lead to them exhibiting relatively poorer recovery. 

It is believed that Bates and Smith67 used a constant strain test207 

but in all cases the materials were subjected to stress for a relatively 

long period (30 seconds, 
207 1 minute 

120,122 24 hours 
89) before the load 

was released and the recovery of the materials measured. This is in 

contrast to the present investigation where the materials were subjected 

to cyclic forces at prescribed frequencies similar to chewing rates, 

this being considered more relevant to the clinical situation. 

In the clinical situation the more resilient materials may at 

first appear more desirable; such materials would respond rapidly to 

deforming loads, which are in general of short duration, and recover 

their original shape rapidly ready to receive the next deforming load. 

However, it has been suggested that such a material would produce 

undesirable 'bounce'70 thus creating instability of the denture. In 

contrast the less resilient materials would gradually deform under 

repeated loading to give an even distribution of force over the whole 

denture bearing area, which would be maintained during the whole period 

of mastication. At the same time the lining material would continue 

to be adaptable to small long term changes in the shape of the edentulous 

alveolar bone caused by the continuing process of resorption. In 

practice both types have been shown to be clinically successful and 

further clinical investigations should be directed towards an 

identification of the most desirable resilience. The clinical picture 
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is, however, confused by the varying compliance of the different 

materials. 

4.5.4. Rupture properties of soft lining materials 

It has been shown that tear strength measurements characterise 
the rupture properties of extensible materials more accurately than 
do tensile tests and therefore these measurements will be primarily 
used in this discussion of the rupture properties of soft lining 

materials. Further, in an investigation of such a large range of 
materials which exhibit a large variation of both strength and 
extensibility it is considered that due account must be taken in the 

calculation of tearing energy of the work expended in extending the 
'legs' of the specimens tested. This is particularly so because 

the specimens used have smaller dimensions than those suggested by 
Rivlin and Thomas 197 

who originally suggested that this was an 
insignificant factor in such calculations. It can be seen from a 
comparison of the results calculated neglecting this factor(equation (14)) 

and those calculated including this factor (equation (15)), that 

where the extension of the material is significant at the load required 
to produce tearing (as calculated from the stress/strain relationships) 

significant differences in the calculated tearing energy occur. A 

prime example of this is the natural rubber material which exhibits 
both high strength and high extensibility. Conversely where the 

extension and strength are low, e. g. Simpa, the work expended in 

extension can safely be neglected. Thus neglecting this factor will 

artificailly reduce the differences between materials, and in 

consequence the results calculated from equation (15) are used in the 

ensuing discussion. 

Proprietary soft lining materials demonstrate a wide range of 
tear strength at room temperature (over 90: 1). In general terms 

silicone rubber materials, are 'weaker' than soft acrylic materials 
but those materials which may be more correctly described as tissue 

conditioners (Coe-Soft, Soft Oryl and Ardee) and the heavily plasticised 
poly (methyl methacrylate) (Soft Nobiltone) have tearing energies 
within the silicone rubber range. The remainder of the soft acrylic 
materials' including the experimental materials (Cole and A. D. I. ) and 
the natural rubber material have tearing energy values within a relatively 
higher range. Craig and Gibbons77 investigating ten mostly different 

proprietary materials, found a similar relationship between the 
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silicone rubber and soft acrylic materials. 

Of the silicone rubber materials Per-Fit is the most resistant to 

tearing having a tearing energy at least twice as great as the other 

silicone rubber materials. A possible explanation for this may be 

the relatively larger particle size and relatively smaller quantity of 

the filler used in this material (Table 2.3. ). The influence of filler 

in forming a reinforcing structure at the tip of the growing tear has 

been discussed in detail by Greensmith208 with reference to the use of 

carbon black in natural rubber and GR-S gum vulcanizates. It is 

somewhat surprising that the tear strength of Molloplast-b is not higher 

as it contains y-methacryloxypropyltrimethoxy silane which is intended 

to cross-link the rubber and enhance the bonding of the filler to the 

rubber. However, the filler used in Molloplast-b is apparently a low 

density material (see 2.4.3. ) and it__is_obviously not as successful as 

the filler used in Per-Fit in enhancing the tear strength of the basic 

polymer. 

The low tear strength of the tissue conditioner type materials 

is not surprising as these, unlike the other acrylic resin materials, 

are not cross-linked, but are solutions of the polymers in the 

plasticising ester. Similarly the large amount of plasticiser present 

in Soft Nobiltone (Table 2.2. ) is responsible for the low tear strength. 

The particularly high tear strength of Verno Soft is interesting as 

this is the only material using 2-ethyl-hexyl di-phenyl phosphate as 

a plasticiser and this material also exhibits the highest storage 

shear modulus of all proprietary soft lining materials. - 
The high tear strength of the natural rubber material is 

associated with the different character of the tearing process in this 

material. The 'stick-slip' character of the tear propagation is 

associated with crystallization produced by the high extension of the 

rubber in the neighbourhood of the tip of the tear. 
200 This 

crystallization forms a strengthening structure at the tip of the tear 

thus significantly enhancing the tear strength. 

It was unfortunate that insufficient of the hydrophilic acrylic 

resin, Hydron, was available for testing of its tear strength. Kliment 

et al 
47 

did test the tear resistance of a similar material but 

insufficient information is given to enable comparisons to be made with 

the present investigation. Subjective observations of the material 
indicate that its tear strength when hydrated would be low. 
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The effect on the tear strength of these materials of increasing 

the temperature to 40°C is obviously relevant as in the clinical 

situation, these materials function at mouth temperature. In all the 

materials tested there is a reduced tear strength at 40°C and the 

reduction is significant in all the soft acrylic materials and one of 
the silicone rubber materials (Flexibase). In the case of the other 

silicone rubber material (Molloplast-b) tested the decrease is 

relatively small and could be accounted for by experimental error. 
That the soft acrylic materials show large changes in properties with 
temperature is not surprising as they all have a rubber-glass transition 

temperature not greatly below room temperature. It has already been 

mentioned that the physical properties of rubbery materials are very 

sensitive to temperature changes in the proximity of the transition 

temperature. Since the addition of plasticisers to these materials 

in order to lower the transition temperature has the undesirable effect 

of making the material unstable in an aqueous environment, this 

addition is kept to a minimum which results in the transition 

temperature of the soft lining material being near to room temperature. 

Silicone rubber materials, on the other hand, have very low transition 

temperatures so that they should not be so sensitive to temperature 

changes. The demonstrated reduction of tear strength of Flexibase at 
40°C is therefore surprising but it may be related to the relatively 
high filler content of the material (Table 2.3. ). The overall effect 

of increasing the temperature to 40°C on the tear strength of the soft 
lining materials is to bring the strength of the silicone rubber and 

soft acrylic materials much closer together although on average the 

soft acrylic materials are still slightly more resistant to tearing. 

For those soft lining materials showing a significantly reduced tear 

strength at higher temperatures finishing procedures during fabrication 

and general cleaning procedures where the risk of rupture would be 

highest, are best carried out at or below room temperature. 

Soft lining materials have to function in a fluid environment. 

and it is therefore important to know how this will affect the 

properties of the materials. Water absorption and water solubility 
depend markedly on the composition of the materials (Chapter 3) and 
this is reflected in the variable effect on the tear strength of 
immersion in water for six months. Of the silicone rubbers Flexibase, 

Simpa and Cardex-Stabon showed a marked reduction in tear strength 

which may be related to the large amount of water which is absorbed by 
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these materials. Per-Fit showed a small reduction in tear strength and 
Molloplast-b demonstrated an increased tear strength. These two 

materials exhibit low levels of water absorption and, in addition, both 

are heat curing materials, in the case of Per-Fit the cross-linking 
being initiated by moisture. It is possible that these materials 

undergo further cross-linking under these conditions of storage partly 

counteracting the effect of the absorbed water. 
The soft acrylic materials do not show any recognisable pattern 

in the effect on the tear strength of immersion in water. Coe Super-Soft, 

Soft Nobiltone and Verno Soft show an increase in tear strength; 
Palasiv 62, Virina and A. D. I. show a small decrease and the Cole material 

a more marked decrease in tear strength. Since these are all heat- 

curing materials, it is possible that further polymerisation takes 

place under the conditions of storage, and in addition the loss of 

plasticiser and absorption of water are variable factors which are 

bound to have a variable effect on the tear strength of the materials. 

The three soft acrylic materials which show an increase in tear 

strength all contain a large amount of plasticiser, indicating that 

the loss of plasticiser probably leads to increased strength while the 

absorption of water may counterbalance this, acting as a plasticiser and 

decreasing tear strength. Water solubility experiments (Table 3.2. ) do 

not, however, completely confirm this for although Coe Super-Soft and 

Soft Nobiltone lose large amounts of soluble material, Soft Nobiltone 

loses over twice as much as Coe Super-Soft and yet the increase in tear 

strength is much greater for Coe Super-Soft. In addition the plasticiser 

used in Verno Soft has been shown to be relatively difficult to leach 

out of the material despite its high initial concentration. There must, 

therefore, be some other factor operating to produce the increased tear 

strength of these materials following immersion in water. Further the 

decrease in tear strength of Palasiv 62, Virina, A. D. I. and the Cole 

material do not correspond well with the amounts of water absorbed 
during a six month period.. Eick et al, 

89 
investigating nine mostly 

different proprietary materials, showed similar small changes in tear 

strength following immersion in water for six months at 37°C with one 

exception, Verno Soft, which showed a large increase in tear strength. 
No explanation was offered for this exception and their findings for this 

material are only partly confirmed by the small increase in tgär 

strength found in this investigation. 
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The natural rubber material showed a small decrease in tear 

strength following immersion in water for six months at 37°G'and this 

may be explained by the relatively high water absorption of this 

material. However, even following this reduction, its tear strength 

is higher than most other materials with the exception of Verno Soft 

and Coe Super-Soft. 
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It is difficult to estimate the tear strength which will be 

satisfactory in the clinical situation. Following immersion in water 

for six months at 370C, a situation comparable to the clinical 

situation, Flexibase and Simpa have tear strengths which compare 

unfavourably with tear strength values for an irreversible hydrocolloid 

(alginate) impression material. 
201 Simpa, as processed, had a tear 

strength similar to alginate but Flexibase is initially 'stronger'. A 

level of resistance to rupture comparable to alginate impression 

materials is likely to be inadequate for a soft lining material. 

Cardex-Stabon also shows a lower than average value for tear resistance 

following immersion in water, but the remainder of the materials should 

be sufficiently resistant to rupture to withstand normal use and 

handling whilst employed as soft lining materials for dentures. 

The ultimate tensile strength and percentage elongation at break 

of these materials when subjected to tensile stress is also an indication 

of the toughness and flexibility of these materials. From the stress/ 

strain graphs developed it can be calculated that these tests show the 

natural rubber to be the toughest soft lining material tested followed 

by Verna Soft and Molloplast-b. Although in general the soft acrylic 

resin materials and the natural rubber material are tougher than the 

silicone rubber materials the relative rating of the individual 

materials does not correspond well with their resistance to tearing. 

Direct comparison is not possible for as tearing energy has been shown 

to be rate dependant so is tensile strength 
193,200,209 

and the rates 

used in the two experiments were different (4.5 x 1073 m/sec / 

3.0 x 10_4 m/sec). It is considered that not only does tear resistance 

characterise the rupture properties of the materials more accurately 

but also the stresses applied to the soft lining material in clinical 

use are more likely to be of a tearing rather than tensile nature. 

Further, although Storer73 has shown an inverse correlation between both 

ultimate tensile strength and percentage elongation at break, and 

abrasion resistance of these materials, Mullins210 has drawn attention 

to the importance of tearing in abrasive wear. 
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The stress/strain graphs also show Ardee to be the most flexible 

of all the materials, deforming significantly in response to relatively 
low stresses. In general the silicone rubber and natural rubber 

materials are more flexible than the soft acrylic materials. The 

nature of the stress/strain relationships, however, is such that 

neither the elastic modulus (compliance) or the resilience of the 

materials can be determined from them, and this severely limits their 

usefulness. Once again there was insufficient of the hydrophilic 

acrylic resin material, Hydron, available to perform tensile tests. 

However, O'Brien et a184 have tested a similar material, plasticised 

with 19.4 per cent water, and give values for ultimate tensile strength 

and percentage elongation at break of 0.98 MN/m2 and 175 per cent 

respectively. Thus the toughness and flexibility of this material is 

similar to the weaker silicone rubber materials. 

4.6. Conclusions 

The provision of a soft material on the fit surface of a denture 

enables changes in shape to occur in this surface in response to 

functional loading. The soft lining material must therefore exhibit a 

level of compliance which enables such changes to occur. Further, so 

as permanent changes in the shape of the fit surface do not result the 

material should be elastic within the energy range utilised while the 

resilience is also important because it determines the rate of recovery. 

Thus characterisation of the visco-elastic properties of soft lining 

materials must. include measurements of their compliance and resilience 

under conditions similar to those found*in clinical use. In addition 

these materials need to have adequate mechanical strength to resist 

rupture both during construction of the lined denture and in clinical 

use which will include cleaning procedures. 

Since these materials may properly be described as visco-elastic 

solids simple tensile or compressive stress/strain relationships do not 

adequately characterise their compliance or resilience. Such materials 

do, however, behave linearly in shear and the torsional pendulum 

apparatus has the added advantage of subjecting the materials to cyclic 

deformation which is comparable with the forces exerted on the soft 
lining material during mastication. In this way the compliance and 

resilience of the materials may be accurately defined. However, in 

clinical use the material is also bonded to a poly (methyl methacrylate) 

superstructure and the influence of this on the measured compliance must 
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also be described. Tests carried out on such composite structure$ 
indicate that the thickness of the soft lining may be critical. Results 

demonstrate that a three millimeter thickness of soft lining may be 

eight times more compliant than a onee millimeter thickness of the same 

material. 

Although the soft lining materials that have been investigated 

exhibit a wide range of compliance it is probable that most of them 

if used in suitable thicknesses would be sufficiently compliant to 

fulfil their function. The exceptions to this. may be two of the 

experimental materials (A. D. I. and Cole) which as presently formulated 

are significantly less compliant. As regards the resilience of the 

materials it is still not clear what type of material is most 

suitable for clinical use - whether a highly resilient material such as 

the silicone or natural rubber materials, or the less resilient 

plasticised acrylic resin materials should be used. In this respect 

further studies on the visco-elastic properties of oral soft tissues 

would be useful. 

Tensile tests are also inadequate to characterise the rupture 

properties of highly extensible materials such as soft lining materials. 

The resistance of such materials to tearing has, however, baen shown 

to adequately characterise this property. The energy necessary to tear 

an elastomeric material depends upon the rate of deformation, the 

temperature of the test and the conditions of storage or use. Since 

the sensitivity to these variable varies from one material to another, 

the relative performance of materials will depend upon the conditions 

of testing. Hence a full evaluation is necessary if the potential 

behaviour of a material in practice is to be assessed. The resistance 

to rupture of the material when constructing the denture may be assessed 

from tests carried out on materials 'as processed' at room temperature 

while the resistance to rupture in clinical use-is better tested"on 

materials at mouth temperature and following immersion in an aqueous 

environment. From such tests it appears that the silicone rubber 

materials which are cross-linked at room temperature (Flexibase. Simpa 

and Cardex-Stabon) exhibit an inadequate resistance to rupture, but the 

remainder of the materials should be sufficiently resistent to rupture 

to withstand normal use. It must be stated, however, that a complete 

series of tests have ndt been carried out for the tissue conditioner 

type of materials (Coe Soft, Soft Oryl and Ardee) or for the 

'hydrophilic acrylic resin material (Hydron). Indications are that 

Hydron may also exhibit inadequate rupture properties. 
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Thus it may be concluded from the characterisation of the 

mechanical properties of the soft lining materials under investigation 

that the silicone rubber materials; Per-Fit and Molloplast-b; the 

acrylic resin materials; Coe Super-Soft, Palasiv 62, Soft Nobiltone, 

Virina and Verno Soft; and the natural rubber material all exhibit 

suitable characteristics for their intended use as soft lining materials 

for dentures. 
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CHAPTER 5 

ADHESION OF SOFT LINING MATERIALS TO POLY (METHYL METHACRYLATE) 

5.1. Introduction 

The construction of a denture involving the use of two different 

materials necessarily relies in part for its success upon a satisfactory 

bond between the materials. This may be achieved by either a chemical 

reaction between the two materials or by the use of an intermediate 

adhesive (see 2.1.2.2.: 2.1.2.6. and 2.4.1.3. ). The overall strength 

of the joint may also be enhanced by mechanical locking of one 

material to the other using undercut areas. However, this will not 

affect the strength of the bond at the edge of the join. It is in this 

area that the join is particularly susceptible to mechanical breakdown 

and even if complete separation does not occur the local area of 

separation rapidly becomes unhygienic because of the difficulty in 

cleaning between the two materials. It therefore seems appropriate in 

an investigation of the adhesion of soft lining materials to poly 

(methyl methacrylate) to attempt to characterise bond strength in this 

situation. 

Several types of test have been used to assess the adhesion of 

soft lining materials to poly (methyl methacrylate). The three most 

commonly used are the lap shear, butt tensile and peeling'tests. 

Scientifically there are two simplifying advantages of the peel test 

compared to the other methods. It is the only method in which failure 

proceeds at a controlled rates and, the peel force is a direct measure 

of the work of detachment. 
211 

In addition, it is considered that the 

nature of the stresses exerted on the edge of the join between the soft 

lining material and the poly (methyl methacrylate) are more closely 

represented by a peel test. 

5.2. Review of the literature 

Sains72 in his early work on the development of poly (vinyl chlor- 

ide) soft lining materials was the first worker who attempted to 

measure the strength of the bond between the soft lining material and 

poly (methyl methacrylate). He constructed tensile test specimens with 

the soft lining material joined at each end to poly (methyl methacrylate)" 

by butt joints. These were then stressed in a Houn/sfield tensometer 

until they broke either at the join or within the bulk of the soft 
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lining material. He investigated both different methods of curing the 

specimens and different methods of achieving the bond between the two 

materials. 

The tensile strength of the poly (vinyl chloride) was affected 

by the curing cycle used and this influenced whether or not the specimens 

broke at the join or within the soft lining material but he concluded 

that the tensile strength of the poly (vinyl chloride), /poly (methyl 
2 

methacrylate) joint was approximately 1.79 MN/m. However, if an 

adhesive paste consisting of a mixture of poly (vinyl chloride) powder, 

plasticiser and methyl methacrylate was used between an already cured 

plasticised poly (vinyl chloride) sheet and the poly (methyl methacrylate) 
2 

this bond strength could be increased up to 3.72 MN/m 

The first investigation of the bond strengths of proprietary soft 

lining materials to poly (methyl methacrylate) was conducted by Craig 

and Gibbons. 
77 They tested the adhesion of a range of soft lining 

materials (see 3.2. ) by measuring the force required to continue 

stripping the soft lining material from the poly (methyl methacrylate) 

surface (presumably a peel test). The adhesion was measured against 

smooth and roughened poly (methyl methacrylate) surfaces and against a 

smooth surface after storage in distilled water at 26°C for four weeks. 

Presumably the soft lining material was processed against already 

cured poly (methyl methacrylate). Some of the materials would strip 

cleanly from the poly (methyl methacrylate) while others would tear 

within the body of the liner. If the material tore the only assumption 

that could be made from the test was that the bond strength was greater 

than the tearing strength of the material. If. the latter was high it 

could be assumed that the former would be satisfactory but with two 

room-temperature cross-linked silicone rubbers the tear strength was so 

low that no such assumption could be made. The acrylic resin materials 

demonstrated adhesion values that ranged between 1.40 and 5.96 kN/m 

when bonded to a smooth poly (methyl methacrylate) surface. These 

values were not significantly affected by immersion in water for four 

, weeks but roughening of the surface of the poly (methyl methacrylate) 

approximately doubled the adhesion values. They concluded from their 

data-and clinical results that an adhesion value of 1.75 kN/m would be 

satisfactory for clinical use. Further, that the surface of the denture 

base should be roughened, as well as being clean and dry, before 

applying the soft lining material. 
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One year later Eick et al89 retested the adhesion of the same 

materials to a highly polished poly (methyl methacrylate) surface after 

storage in water for four weeks at 37°C instead of 26°C. The results 

showed remarkable variation between the two studies and the effect of 

the change of temperature of storage could not be related to the 

differences in the results. The wide variation in results must make 

the test method suspect but once again the room-temperature cross-linked 

silicone rubber materials gave the poorest results. 

In the same year Storer73 reported on the bond strength of a 

different series of soft lining materials (see 3.2. ) using a butt 

tensile method, each test specimen consisting of a square of soft 

lining material bonded on its flat surfaces to two squares of poly 

(methyl methacrylate). The specimens were subjected to a tensile pull 

at a constant rate of 4.23 x 10-4 m/sec. Once again some samples 

failed at the soft lining/poly (methyl methacrylate) junction and 

others within the soft lining material. The results indicate the 

superiority of the poly (vinyl chloride)/poly (methyl methacrylate) bond, 

failure mainly occurring within the poly (vinyl chloride) at 

approximately 2.94 MN/m2. The weakest bond was achieved with poly 

(vinyl acetate) materials and the soft acrylic resin materials produced 

somewhat better bond strength than the silicone rubber materials. 

Storer also recommended roughening the surface of the poly (methyl 

methacrylate) prior to bonding but did not indicate whether or not this 

was performed when constructing his test specimens. He also does not 

state whether'or not the pbly (methyl methacrylate) was cured prior to 

the bonding of the soft lining material. 

Bates and Smith67 also used a butt tensile test specimen in their 

investigation of the bond strength of soft lining materials (see 3.2. ) 

to poly (methyl methacrylate). The load required to rupture the 

specimens at room temperature was determined after 24 hours in water 

at 37°C, using a Houndsfield tensometer at an extension rate of 

8.46 x 10-4 m/sec. They considered that this form of test gives 

information on the strength of the joint in comparison to the strength 

of the material while peel or tear tests have less easily definable 

conditions. Once again the bond strength usually proved stronger than 

the tensile strength of the material the most noticeable exceptions 

being the room-temperature cross-linked silicone rubber materials. 

The strongest material proved to be a poly (vinyl chloride-acetate) 

type and the results for this latter material were found to vary with 

the method of curing as previously noted by Bains. 
72 

It appeared from 
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the discussion that some of the materials were cured against a poly 
(methyl methacrylate) dough (i. e. both materials cured at the same time) 

while others were processed against a pre-cured base. This led to 

differences in the appearance of the boundary but the authors do not 

state whether this had an effect upon the bond strength. The materials 

gave an apparently clinically satisfactory bond strength except for 

the room-temperature cross-linked silicone rubbers. Comment was made 

on the differences between wet and dry specimens but the period of 

water absorption was so short as not to be clinically relevant. 
Wilson et al189 also used a butt tensile test specimen as part 

of their assessment of the bond strength of tissue conditioner materials 

to poly (methyl methacrylate). In addition, they tested the same 

materials using lap shear specimens. The specimens were tested, 

following conditioning in water at 37°C for four days, in an Instron 

testing machine at a separation rate of 8.33 x 10-4 m/sec. In all cases 
failure occurred within the tissue conditioning material although the 

relative strengths of the materials were different depending on whether 

the butt tensile or lap shear specimens were utilised. The authors 

considered that the results indicated that the adhesion after four days 

for all the materials tested was satisfactory. 

Following the introduction of poly (hydroxyethyl methacrylate) 

materials as soft lining materials Clarke as 
subjected the three forms of 

one of these materials to butt tensile tests of bond strength following 

the method used by Bates and Smith. 67 Both of the heat-cured versions 

of this material appeared to have satisfactory bond strengths but the 

'room-temperature cured version was less satisfactory, the tensile 

specimens fracturing at the site of the bond on removal from the mould 

used for constructing the specimens. The author commented that the 

high water absorption of this material was likely to cause a weakening 

of the bond because of the associated dimensional changes. 

The tensile properties of lap shear specimens of four soft 

lining materials bonded to poly (methyl methacrylate) were investigated 

by Smith. 
88 The soft lining materials used were a silicone rubber 

cross-linked by the application of heat (Molloplast-b), a "cold-cured" 

and a heat-cured acrylic resin material (Coe-Soft and Coe Super-Soft) 

and a hydrophilic acrylic resin material (Softdent. ) Somewhat 

surprisingly the highest tensile strength was obtained with the silicone 

rubber/poly (methyl methacrylate) specimens although the heat-cured 

acrylic resin material/poly (methyl methacrylate) specimens were only 

just weaker. In all cases failure occurred within the soft lining 
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material indicating the superior strength of the adhesive bond under 
tensile stress. This was so whether the soft lining material was 
processed against a poly (methyl methacrylate) dough or against a 
pre-cured poly (methyl methacrylate). 

Hegde61 in his study on the'effect of soft lining materials on 
the physical properties of poly (methyl methacrylate) also tested the 
tensile strength of butt tensile specimens of soft lining materials 
bonded to poly (methyl methacrylate). As in the previous study specimens 
of Molloplast-b bonded to poly (methyl methacrylate) showed the 

greatest tensile strength, failure occurring within the soft lining 

material. A heat-cured acrylic resin material (Palasiv 62) specimen 

was significantly weaker than the Molloplast-b specimen but significantly 

stronger than specimens of the other two materials tested, a "cold-cured" 

acrylic resin material (Coe-Soft) and a silicone rubber cross-linked at 

room temperature (Verone R. S. ). Vero-ne R. S. was the only material of 

which the specimen failed at the adhesive bond, both Palasiv 62 and 
Coe-Soft exhibiting mainly failure within the soft lining with only 
localised failure of the adhesive bond. 

In an attempt to improve the bond strength of silicone rubber 

soft lining materials to poly (methyl methacrylate) Van Handel153 has 

patented a silicone rubber material which contained more than 2 per cent 

and less than 10 per cent by weight, based on the silicone rubber, of 

poly (methyl methacrylate) together with a vinyl silane or acryloxyalkyl 

silane. in an amount sufficient to increase the bonding of the silicone 

rubber to the denture base. Tests reported in the patent specification 
indicated that the bond strength obtained with this material was over 
double that obtained with a conventional silicone rubber material 
(Silastic 390). 

Finally the addition of Nystatin to soft lining materials has also 
been suggested as a treatment for Candida albicans induced denture 

stomatitis. Douglas and Clarke 
41 

in testing the physical and mechanical 

properties of such modified soft lining materials included butt tensile 

tests of bond strength following the method described by Bates and 
Smith. 67 In order that the Nystatin was not inactivated by the heat 

necessary to cure the heat-cured acrylic resin material used (Coe Super- 

Soft) a lower temperature curing cycle than that recommended by the 

manufacturer was used. This had the effect of reducing the tensile 

strength of the soft lining material but since tensile failure occurred 

within the soft lining material and not at the adhesive bond of the butt 

tensile specimens it is impossible to say what effect this has on the 
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bond strength. The addition of Nystatin to a 'cold-cured' acrylic 

resin compound (Coe-Soft) and a tissue conditioning material had no 

effect on the bond strength. In every case with these two materials 

failure of the specimens occurred at the site of the adhesive bond, the 

bond strength of the tissue conditioner being about half that of 

Coe-Soft while the tensile strength of the unmodified Coe Super-Soft 

showed that its bond strength to poly (methyl methacrylate) was at 

least-six times greater than that for Coe-Soft. 

5.3. Theoretical considerations 

In determining the bond strength of extensible materials similar 

difficulties arise as when determining the rupture properties of 

these materials (see 4.3.5. ). Thus tensile tests of bonded specimens 

using either butt tensile or lap shear specimens produce results 

where the energy necessary to separate the materials is combined with 

the energy required to deform the extensible material prior to failure. 

For this reason peel tests are considered most appropriate to 

characterise the energy necessary to separate the bonded materials 

although even with these tests deformation of the extensible material 

cannot be ignored. 

The energy theory of fracture198 has been applied to an elastic 

film peeling from a rigid substrate by both Kendall212 and Lindley. 213 

The force required to produce peeling depends not only on the adhesive 

surface energy but also on an elastic deformation term. The elastic 

term becomes significant for materials which can support stresses 

approaching the elastic modulus without fracturing and for very small 

peel angles. 
214 The latter may be avoided in the experimental design 

but the former is of particular relevance to elastcmers such as the 

soft lining materials presently under investigation. In order to 

characterise the adhesion of these materials to poly (methyl methacrylate) 

the characteristic adhesive surface energy must be separated from the 

elastic deformation term. 
The peel test specimen is illustrated diagrammatically both 

before and after separation of length c of the bond in Fig. 5.1. 

When a force, F. is applied to the elastomer tab of the peel 

test specimen at an angle, A, to the rigid substrate the state of stress 

around the peeling front is independant of the amount of peeling which 

has taken place. If the energy balance before and after peeling of an 

amount, c, is considered, i. e. when a strip of elastomer of unstrained 



193 

length, c, is transferred from the unstrained to the strained state: 

(a) The point of application of the force, F, will have moved a 

distance, A c, where A is the extension ratio of the 

elastomer at the force, F. The work input is therefore FXc. 

(b) The elastomer in the tab will have gained strain energy, 

chwW, where W is the strain energy density in simple 

extension at extension ratio A, h, the thickness of the tab 

and w, its width. 

(c) A horizontal force, F cos 0, is necessary to maintain 

equilibrium. The point of application of this force will 

move a distance, c, requiring energy Fc cos A. 

(d) An area of bond, c w, will have peeled requiring peeling 

energy, P, per unit area, i. e. energy of Pcw. 

If no other external work is done the input energy (a) must be 

balanced by those of (b) (c) and (d) giving: 

FXcschw W+ Fc cos e+ Pcw 

whence: 

P=F7ý/w-FcosA/w-Wh (1) 

This applies particularly to highly elastic materials where the 

stress-strain curve may be markedly non-linear. If the classical 

elasticity form for the strain energy function a2/2E, where a is the 

stress, is used for the strain energy function, this may be written: 

P- F[ (1 +A) /2-cosh] /w 

both of which may be reduced to: 

P-F (1 - cos 0) /w 

where the strain in the tab can be neglected. 

(2) 

(3) 
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Fig. 5.1. 

Peel test specimen before and after bond peel 

of length c (after Lindley) 
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Fig. 5.2. 

Peel test specimen where 0 equals 1800 
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Kendall214 has also expressed this elastic deformation term in 

terms of the Young's modulus, E, of the elastomer: 

P=F (1 -cos 6) /w+ (F/w)2.1 /2hE (4) 

but the Young's modulus has only been experimentally determined for a 
limited number of the soft lining materials under investigation here, 
(see 4.4.3.1. ). 

It was anticipated that by using a substantial cross-sectional 

area of soft lining material in constructing the peel test specimen, 
the strain in the soft lining tab could be neglected and equation (3) 

could be utilised. While this proved to be so for materials with high 

elastic moduli and relatively low peeling energy of the bond to poly 
(methyl mathacrylate), some materials exhibited such marked resistance 
to peeling that forces close to their ultimate tensile strength were 

used before the specimens'failed. In these circumstances the elastic 
term is important and is most appropriately applied by means of 

equation (1) as most soft lining materials are highly elastic with 

non-linear stress-strain relationships in tension. However, the strain 

energy density, W, may only be o'tained if the extension ratio, X. 

under load, F, is measured directly on the peel test specimen and then 

checked against the stress (F/wh) on a stress/strain curve for the 

elastomer in simple extension. Since the extension ratio had not been 

measured it was necessary to use equation (2) which assumes classical 

elasticity of the elastomer (which is in fact not true); A in this case 
being derived from the stress/strain curves for the elastcmer in 

simple extension presented in Chapter 4 (see 4.4.3.1. ). In order to 

demonstrate the effect of the elastic deformation term equations (2). 

(3) and (4) will all be used to calculate the experimental results. 
It is experimentally and theoretically convenient to use a 

peeling angle of 1800 (Fig. 5.2. ). Under these conditions equations (2), 
(3) and (4) reduce respectively to: 

PaFý(1+ý) /2+1] /w 

P=2F/w 

P=2F/w+ (F / w)2 . 1/ 2hE 

(5) 

(6) 

(7) 
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One theoretical difficulty, however, may arise from this 

convenience. It is assumed in the above calculations that the elastic 

energy expended in deforming the elastomer layer (adherend) in the 

1800 bend is recovered again when the layer is straightened, i. e. as 

peeling proceeds no energy is expended in taking the adherend around 

the bend. If, however, the bending stresses imposed by the peel force 

are sufficiently large'the adherend may undergo plastic yielding. 

Plastic yielding provides an energy dissipation mechanism and thus a 

higher peel force is required than if yielding does not occur. 
211,215 

This additional peel force will depend upon the thickness of the 

elastic-plastic adherend, becoming zero for both infinitesimally thin 

adherends and for those exceeding a critical thickness, and passing 

through a maximum value at intermediate thicknesses. This will also 

be related to the elastic modulus and the strength of adhesion of the 

various materials and may be checked experimentally by observing the 

elastomer layer following peeling from the rigid substrate. Where 

residual curvature is observed plastic yielding may be said to have 

occurred. 

The force required to peel the soft lining material is also 

likely to depend strongly upon the rate of detachment and the test 

temperature. 
216 This is because these materials are visco-elastic 

in character (see Chapter 4) and changes in peeling rate and testing 

temperature will significantly affect the energy dissipated in deforming 

the soft lining layer. Kendall212 has shown that at low peeling rates 

(less than Ix 10-6 m/sec) the peeling force tends to a constant value 

. and this may be described as the equilibrium peeling force.. Such low 

peeling rates are, however, practically very difficult and time 

consuming to achieve. 

5.4. Experimental 

5.4.1. Materials and sample geometry 

The materials investigated were selected from those discussed in 

Chapter 2 and listed in Table 2.1. so as to represent every type of 

soft lining material available. Unfortunately insufficient Hydron was 

available so that the hydrophilic acrylic resin materials are not 

represented. The peel test specimens (Fig. 5.3. ) were prepared as 

follows: 
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1. Two allay blanks were machined to the following exact dimensions: - 
7.5 centimeters x 2.5 centimeters x4 . millimeters 
7.5 centimeters x 2.5 centimeters x3 millimeters. 

2. These were fixed together with wax and invested in dental stone 
in a conventional dental flask in such a way so as when the flask was 

separated, one blank remained in each half of the flask. 

3. The 4__millimeter thick alloy blank was then removed and a 

conventional denture base poly (methyl methacrylate) packed and cured 

in its place according to normal dental technology. 

4. The poly (methyl methacrylate)portion of the peel test specimen 

was then removed from the flask and any flash removed by abrading with 

sandpaper. It was not polished but finished to a smooth surface on 

every face with sandpaper. It was then returned to the flask. 

S. A piece of tin foil was adapted to the surface of the investing 

dental stone and the poly (methyl methacrylate) so as to leave 2.5 

centimeters of its surface exposed. 

6. The 3 millimeter thick alloy blank was then removed from the top 

half of the flask and the soft lining material packed and processed 

in its place according to the manufacturers instructions. These 

normally gave two methods of processing the soft lining material to 

the denture base depending on whether an existing denture was to be 

relined or a new denture to be lined when first processed. The former 

instructions were followed in every case. Where an adhesive was supplied 

(Flexibase, Simpa, Per-Fit, Molloplast-b and the Natural Rubber) this 

was used according to the manufacturers instructions, (see 2.4.1.3. ) 

Those materials which were intended to be processed in the mouth 

(Flexibase, Simpa and Coe-Soft) were processed in the dental flask 

following the instructions for intra-oral use with the exception of 

Flexibase where the instructions also catered for use in the laboratory. 

Ardee is a special case, and the flexible sheet supplied was applied to 

a poly (methyl methacrylate) base using manual pressure as it would be 

in clinical use. This therefore was the only material where the soft 

lining layer was not three millimeters thick but approximately one 

millimeter thick, which is the thickness of the flexible sheet of 

material supplied. 

For two of the heat-cured materials (Per-Fit and Soft Nobiltone) 

the instructions suggested the use of a thin layer of poly (methyl 

De Trey Trevalon 
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Fig. 5. ]. 

Peel test specimen 

Fig. 5.4. 

Peel test specimen in situ in the Nene test apparatus 
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methacrylate)dough between the existing denture base and the soft 

lining material. This was provided but a very thin layer was used so as 

not to affect significantly the dimensions of the peel test specimen. 

In addition one specimen of Per-Fit/poly (methyl methacrylate) was 

processed without the layer of fresh poly (methyl methacrylate) dough. 

7. The combined soft lining material/poly (methyl methacrylate) peel 

test specimen was then removed from the flask and the soft lining 

trimmed with. a scalpel or burs as appropriate to the exact size of the 

poly (methyl methacrylate) base. They were stored in polythene bags 

until ready for testing when the tin foil was removed. This produced 

a specimen 7.5 centimeters long by 2.5 centimeters wide and 7 milli- 

meters thick, the thickness consisting of 4 millimeters of poly 

(methyl methacrylate) and 3 millimeters of soft lining material, 

being bonded over 2.5 centimeters of the length of the specimen and 

separated over the remaining 5.0 centimeters. 

5.4.2. Method 

The peel test specimens were placed in a Nene test apparatus 

with the unattached soft lining materiel tab bent back upon itself so 

as to give a peeling angle of 180° (Fig. 5.4. ). The specimen was then 

subjected to a peeling force by separation of the serrated grips at a 

constant rate, the load applied being automatically recorded graphically 

on a chart recorder. Calibration of the apparatus was achieved by 

suspending known loads from the upper grip and noting the deflection 

on the chart recorder. The peeling rate was measured directly using 

a stop-watch and subsequently measuring the amount of bond separated. 

Preliminary tests demonstrated that many of the specimens failed 

by tearing of the soft lining material tab (cohesive failure) rather 

than by peeling of the bond between the soft lining material and the 

poly (methyl methacrylate) (adhesive failure). The former type of 

failure obviously gives limited information as to the adhesive 

strength between the materials. For selected materials, therefore, 

peeling tests at a lower rate of grip separation were performed in an 

attempt to promote adhesive rather than cohesive failure. 

In addition, since normal clinical use of these materials takes 

place-in an aqueous environment at mouth temperature a further series 

of peeling tests were performed on selected materials after immersion 

in water at 37°C ± 1°C for varying periods of time up to 168 days. 

This period of time was chosen with reference to water absorption 
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studies (see Chapter 3). The tests were performed on the specimens 

immediately after removal from the water'bath but no attempt was made to 

maintain the temperature of the specimen at 37°C as this was practically 

impossible when using the Nene test apparatus (a constant temperature 

laboratory would be required). 

5.4.3. Results 

The force per unit width of bond necessary to produce failure 

of the peel test specimens as processed is presented in Table 5.1. 

calculated by both equations (5) and (6) and where the Young's modulus 

has been experimentally determined (see 4.4.3.1. ) by equation (7). 

The type--of failure for each specimen is also noted as either cohesive 

or adhesive of adhesive/cohesive where the soft lining material 

commenced peeling from the poly (methyl methacrylate) and then failed 

cohesively well before separation was completed. The geometry of the 

peeling front changes markedly when separating the last 0.5 centimeter 

of the bond so this part of the test was excluded from the results. 

For Molloplast-b, the Cole and Natural Rubber materials different 

rates of grip separation were tested and where this resulted in 

adhesive failure the peeling rate is recorded. For Per-Fit sample (1) 

was constructed by bonding the soft lining material directly to the 

cured poly (methyl methacrylate) while sample (2) was constructed 

using an intermediate layer of uncured poly (methyl methacrylate) 

dough. 
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Table 5.1. 

Force necessary to cause failure of the peel test specimens of soft 

lining materials bonded to poly (methyl methacrylate) 

Material 
Peeling Rate 
(m/secx10-4) 

Force/Width of Bond 
for Failure 

(kN/m) 
Type of 
Failure 

Eq(5) Eq(6) Eq(7) 

Flexibase 3.77 3.14 3.51 Cohesive 

Simpa 1.61 1.57 Cohesive 

Per-Fit(1) 3.21 2.73 3.18 Cohesive 

Per-Fit(2) 2.86 2.49 2.86 Cohesive 

Molloplast-b(1) 6.09 4.97 Cohesive 

Molloplast-b(2) 6.01 
_4.91 

Cohesive 

Molloplast-b(3) 0.20 5.03 4.28 Adhesive/Cohesive 

Molloplast-b(4) 12.00 1.39 1.26 Adhesive 

Coe-Soft 0.92. 0.89 Cohesive 

Ardee 1.75 0.91 Cohesive 

Coe Super-Soft 23.30 18.30 Cohesive 

Soft Nobiltone 10.50 6.91 Cohesive 

Virina 10.40 9.25 Cohesive 

Cole(1) 5.30 34.00 25.20 Adhesive/Cohesive 

Cole(2) 29.20 22.00 Cohesive 

Natural Rubber(1) 0.87 1.01 0.98 1.01 Adhesive 

Natural Rubber(2) 6.80 0.78 0.77 0.78 Adhesive 

Natural Rubber(3) 14.00 0.68 0.67 0.68 Adhesive 

Natural Rubber(4) 16.00 0.89 0.87 0.89 Adhesive 

The force per unit width of bond necessary to cause failure of the 

peel test specimens following immersion in water at 37°C ± 1°C for 

varying period of time is presented in Table 5.2. In this case only 

Equation (6) is used as comparison within materials rather than between 

materials is intended. 
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Table 5.2. 

Force necessary to cause failure of the peel test specimens of soft 

lining materials bonded to poly (methyl methacrylate) following 

immersion in water at 37°C ± 1°C for varying periods of time 

Period of Force/Width 
Immersion Peeling of Bond for Type of Material in Water at Rate Failure 

370C ± 10C (m/secx10-4) (kN/m) Failure 

(days) Eq (6) 

Flexibase 28 1.76 Cohesive 

56 1.52 Cohesive 

" 84 1.28 Cohesive 

112 0.97 Cohesive 

140 0.74 Cohesive 

168 0.58 Cohesive. 

Molloplast-b 28 12.00 4.47 Adhesive/Cohesive 

56 5.26 Cohesive 

84 4.88 Cohesive 

112 6.58 Cohesive 

140 22.00 1.46 Adhesive 

168 4.88 Adhesive/Cohesive 

Coe Super-Soft 28 9.21 Cohesive 
56 9.61 Cohesive 

84 8.81 Adhesive/Cohesive 

112 4.00 11.00 Adhesive/Cohesive 

140 9.77 Cohesive 

168 5.30 9.67 Adhesive/Cohesive 

Natural Rubber 28 19.00 0.36 Adhesive 
56 23.00 0.50 Adhesive 

84 17.00 0.46 Adhesive 

112 20.00 0.39 Adhesive 

140 19.00 0.53 Adhesive 
168 21.00 0.41 Adhesive 
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5.5. Discussion 

5.5.1. Construction of the join between the soft lining material 

and poly (methyl methacrylate) 

In normal clinical use a soft lining material may be bonded either 

to an existing denture using a reline technique or to a new denture by 

curing the soft lining material at the same time as the poly (methyl 

methacrylate). In the former case it would be most unusual for the 

prepared surface of the denture base to be polished and it therefore 

seems unrealistic to test the adhesion of soft lining materials to such 

surfaces. 
77.89 Conversely the use of a roughened surface of the poly 

(methyl methacrylate) as used here would seem to be clinically relevant. 

Further if adhesives are made available by the manufacturers these 

should be used since not only will tests not using such adhesives be 

clinically irrelevant but where the soft lining material is chemically 

different to the denture base material no satisfactory bond could be 

expected to occur. If the adhesive strength of the bond made in this 

way appears inadequate it may be possible to achieve a better bond by 

curing the soft lining material at the same time as the poly (methyl 

methacrylate). However, in order to predict accurately the thickness 

of the soft lining layer it would usually be necessary to partly cure 

the poly (methyl methacrylate) before packing the soft lining material 

otherwise the pressure used to shape the soft lining material may 

displace some of the poly (methyl methacrylate) dough. Alternatively, 

the bulk of the poly (methyl methacrylate) may be cured and then a 

very thin layer of. dough added just prior to packing the soft lining 

material. 
It must be noted that in performing a reline technique clinically 

the denture to be relined will usually have been exposed to oral fluids 

for a period of time. The saturation of the poly (methyl methacrylate) 

by such fluids may be expected to affect the adhesion of a spft lining 

material, therefore it is desirable that a layer of fresh poly (methyl 

methacrylate) be provided in every case. Von Fraunhofer and 

Suchatlampong217 have indicated that the adhesion of resilient lining 

materials to the surface of ground or used dentures is markedly inferior 

to that with 'as processed' surfaces and have suggested that this latter 

surface is more reactive than a ground surface. The effect of processing 

the poly (methyl methacrylate) at the same time as the soft lining 

material has not, however, been determined. 
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This investigation has been limited to a study of the adhesive 

strength of soft lining materials bonded to a freshly processed and 

ground poly (methyl methacrylate) surface. 

5.5.2. Discussion of the method of testing 

It has been suggested that the determination of the adhesive 

strength'"of soft lining materials to poly (methyl methacrylate) must 

take account of the extensibility of the soft lining material. The 

use of a peeling test makes this consideration theoretically possible 

as well as being relevant to the stresses applied to the bond clinically. 

When the force necessary to cause failure of the specimen also causes 

its elastic deformation the work expended is increased by the increased 

distance the force has to travel caused by the extension of the soft 

lining material. Part of this increased work is recoverable strain 

energy stored in the stretched elements but the remainder must be added 

to the work done (neglecting the extension of the soft lining material) 

in causing failure of the specimen. Thus calculations of the adhesive 

energy including the elastic term (equations (5) and (7) which are 

theoretically and experimentally equivalent) will give higher values 

than calculations neglecting this term (equation (6)). Reference to 

Table 5.1. will show that where the forces involved are high relative 

to the forces necessary to cause elastic deformation of the soft 

lining material (notably the heat-cured acrylic resin materials) the 

force per unit width required for failure is significantly affected by 

the inclusion of the elastic deformation term. Conversely where the 

forces involved are low relative to the forces necessary to cause 

elastic deformation of the soft lining material (notably the natural 

rubber material) neglecting the elastic deformation term will not 

significantly affect the results. 

In using a peeling angle of 1800 care was taken to observe if any 

residual deformation of the soft lining material was present following 

failure of the specimen. Since this did not occur in the majority of 

the specimens tested it may be assumed that the thickness of the soft 

lining material layer was sufficient to avoid plastic yielding of the 

material occurring in the 1800 bend. 
211,215 Thus no additional energy 

was expended in this way. The only exception to this was with the 

Coe-Soft/poly (methyl methacrylate) specimen, which is not surprising 

as this is a 'tissue conditioner' type of material, is not cross-linked, 

and is permanently deformed relatively easily. Thus the force per unit 
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width required for failure is artificially inflated for this specimen 

but it is not known how much energy was dissipated by this plastic 

yielding. 

Although the method of testing described here is correctly 

, 
termed a peeling test in the majority of cases failure of the specimen 

occurred by tearing of the soft lining material layer, and this will be 

further considered when discussing the results. Where peeling did 

occur different peeling rates were tested in an attempt to demonstrate 

the expected rate dependance of the peeling strength. However, all 

the peeling rates tested were relatively high (2.0 x 10-5 m/sec - 
1.6 x 10-3 m/sec) compared with those used by Kendall212 (1.0 x 10-6 

m/sec - 3.0 x 10-5 m/sec) in demonstrating the dependance of the 

peeling force on the peeling rate. Further insufficient specimens have 

been tested to make any useful comment on the effects of peeling rate 

and in any case it is not known which rate would be most relevant 

to the clinical situation. 

The effect of temperature upon the peel strength of these 

materials has also not been tested in any planned manner. The temperature 

dependance of the peeling strength depends upon the effect of temperature 

on the visco-elastic properties of the soft lining material216 which 

has already been discussed in some detail (see Chapter 4). It is 

expected, therefore, that the most significant temperature effects would 

be found for acrylic resin materials because of the closeness of their 

glass transition temperature to room temperature. Since these 
. 

materials do not normally exhibit peeling in these tests the temperature 

dependance is not thought to be relevant. 

Nevertheless the most useful information is probably derived from 

the tests carried out on specimens immediately following immersion in 

water at 37°C as this most nearly simulates the normal conditions of 

clinical use. 

5.5.3. Qiscussion of results 

As previously stated the majority of the peel test specimens 

failed by cohesive failure of the soft 'lining material rather than by 

failure of the soft lining material/poly (methyl methacrylate) bond. 

In this situation the force per unit width for failure will be related 

to the rupture properties of the soft lining material. The conditions 

of testing are, of course, different so direct comparison with either 

the characteristic energy for tearing or the ultimate tensile strength 
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of the soft lining material is not possible. However, the relative 

strengths of the soft lining materials are similar in all cases (see 

Tables 4.2., 4.5. and 5.1. ). The information that can be gained from 

such results regarding the strength of the bond between the soft 

lining material and the poly (methyl methacrylate) is limited, 

i. e., that the strength of adhesion between the two materials is 

stronger than the strength of the soft lining material under these 

conditions. Where the adhesive bond just begins to peel before-- 

cohesive failure occurs it is likely that the adhesive and cohesive 

strengths are similar (Molloplast-b (3) and Cole (1)), but only where 

purely adhesive failure occurs (Molloplast-b (4) and the Natural Rubber 

material) can a characteristic adhesive energy be calculated. Where 

steady peeling occurs under the applied stress the results for force 

per unit width required for failure (N/m) is equivalent to the work of 

detachment (J/m2) which can be seen to be less for the Natural Rubber 

material than Molloplast-b (4). The results for the Natural Rubber 

material are consistent in showing a low adhesive strength and this 

corresponds well with Storer's results73 for the bond strengths of a 

Velum and an experimental natural rubber. The results for Molloplast-b 

are much less consistent, one specimen showing adhesive failure, one 

adhesive/cohesive failure and two cohesive failures, which indicates 

that its bond to poly (methyl methacrylate) may be unreliable when 

constructed using an adhesive on to pre-cured poly (methyl methacrylate). 

Storer also demonstrated variability in the adhesive strength of this 

material, 50 per cent of his specimens failing in adhesion and 50 per 

cent in cohesion. However, Bates and Smith P7 
Smith88 and Hegde61 only 

demonstrated cohesive failure of Molloplast-b/poly (methyl methacrylate) 

specimens. It may be possible to improve the reliability of this bond 

by curing the two materials together but this has not been investigated. 

In general most authors investigating the adhesive strength of 

soft lining materials to poly (methyl methacrylate) 
61,67,73,77,88,89,189 

have encountered difficulties similar to those in this investigation, 

i. e., in most cases the bond between the two materials is stronger than 

the soft lining material. 

The effect of immersion of the soft lining material/poly (methyl 

methacrylate) specimens in water at 37°C ± 1°C (see Table 5.2. ) is 

obviously relevant as in the clinical situation dentures with soft 

linings function in an aqueous environment. It has already been shown 

that such treatment has an effect on the tear strength of the soft 
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lining material (see Table 4.5. and 4.5.4. ) and this will have an 
effect on the force for failure recorded for the peel test specimen. 
Consequently the force for failure of the Flexibase/poly (methyl 

methacrylate) specimens gradually became less as the period of immersion 
in water became longer because the failure always occurred in the 
'Fleaibase layer. Thus nothing can be deduced about the effect of water 
immersion upon the adhesion between the two materials. The rupture 

properties of Molloplast-b change little following immersion in water 

and the results for the peel test specimens are thus similar before and 

after immersion in water. Once again the unreliability of the bond is 

shown by the adhesive failure of one specimen and the adhesive/cohesive 
failure of two specimens while the remaining three specimens failed 

cohesively. The work of detachment for the specimen that failed 

adhesively following immersion in water for 140 days is similar to 

that of the specimen that failed adhesively when tested as processed. 
It is therefore suggested that the adhesion of Molloplast-b to poly 
(methyl methacrylate) is unaffected by immersion in water at 37°C ± 1°C. 
This is plausible in the light of the former's chemical structure (see 

Chapter 2). 

The force for failure of the Coe Super-Soft/poly (methyl 

methacrylate) specimens was reduced following immersion in water which 
is surprising as the characteristic energy for rupture was significantly 
increased by immersion in water (see 4.4.3.4. ). This may be explained 
by an increased temperature of the material when testing as the peel 
test specimens were tested immediately after removal from the water 
bath which was at 37°C ± 1°C. The properties of the Coe Super-Soft 

are particularly sensitive to changes in temperature (see 4.5.4. ). In 

addition, despite the overall decrease in force necessary for failure 

there was an increased tendency for the specimens to fail at the bond 

between the two materials, three out of six specimens showing 

adhesive/cohesive failure. It is therefore suggested that immersion in 

water at 37°C ± 1°C reduces the adhesion of Coe Super-Soft to poly 
(methyl methacrylate) but the mechanism by which this occurs is not 
known. It is possible that the relatively high water absorption 

and solubility of this material (see 3.5.2.2. ) may lead to dimensional 

changes which could cause partial breakdown of the bond to the 

poly (methyl methacrylate). 
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The energy required for failure of the Natural Rubber/poly (methyl 

methacrylate specimens is significantly reduced by immersion in water 

at 37°C ± 1°C and since all of the specimens constructed of these 

materials fail adhesively this represents a significant reduction in 

the characteristic adhesive energy. The work necessary to detach the 

natural rubber from the poly (methyl methacrylate) following immersion 

in water is less than half that recorded for specimens tested 'as 

processed', and this is true after only 28 days immersion in water. 

Longer periods of immersion in water do not reduce the adhesive energy 

further so the mechanism imvolved must occur rapidly and cannot be 

explained by water absorption which increases with time of immersion. 

Most probably the diffusion of water through the natural rubber is 

rapid and this water must have a direct effect on the bonding mechanism. 

It is difficult to estimate the strength of adhesion of the soft 

lining material to poly (methyl methacrylate) that will prevent clinical 

failure. With the silicone rubber materials cross-linked at room 

temperature the question does not arise because the poor tear strength 

of the soft lining material following immersion in water will result 

in the material being torn before it separates from the denture base. 
37,67 

Even so the use of Flexibase and other silicone rubber materials 

cross-linked at room temperature 37,63,67,69 
in the clinical situation 

has often led to problems with maintaining satisfactory adhesion of the 

soft lining material to the denture base. The silicone rubber materials 

cross-linked by the application of heat, however, have satisfactory 

rupture properties but the adhesion of one such material (Molloplast-b) 

has been shown to be unreliable in this investigation. This 

unreliability has also been demonstrated by Laney39 and Bates and Smith67 

but more commonly the adhesion between silicone rubber materials 

cross-linked by the application of heat and poly (methyl methacrylate) 

has been found to be satisfactory 
7'37,39,67 

in clinical use. A 

modification in the method of processing the join so as to abut uncured 

Molloplast-b to uncured poly (methyl methacrylate) dough, which would 

then be cured together, might improve the reliability of this bond but 

this has not been investigated. A similar variation in processing 

technique applied to Per-Fit could not be evaluated because both 

specimens failed cohesively. 
The adhesion of the acrylic resin soft lining" materials to poly 

(methyl methacrylate) is expected to be good because of their chemical 

similarity. Once again the room temperature processed "tissue 

conditioner" type of material (Coe-Soft and Ardee) demonstrated poor 

so 
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rupture properties and therefore the soft material may be expected to 

fail in preference to the adhesive bond. The heat-cured acrylic resin 

materials on the other hand have good rupture properties and despite 

the high stresses necessary to cause failure of the soft lining material 

most of the specimens failed cohesively. Only limited failure of the 

adhesive bond occurred with one of the Cole/poly (methyl methacrylate) 

specimens tested 'as-processed' and with half of the Coe Super-Soft/poly 

(methyl methacrylate) specimens after immersion in water. The force 

required in the former case is probably higter than usually encountered 

in clinical use but the effect of immersion in water on the adhesion 

of Coe Super-Soft may explain the slight loss of adhesion found in two 

out of nine dentures lined with this material by Means et al. 
63 

The adhesion of the Natural Rubber material to poly (methyl 

methacrylate) is poorer than for any of the other soft lining materials 

tested. In addition the adhesion is significantly reduced following 

immersion in water for only 28 days. The adhesive energy following 

immersion in water is similar to the characteristic energy for rupture 

found for silicone rubber materials cross-linked at room temperature 

following immersion in water (see 4.5.4. ) which have been compared 
,.. 

unfavourably with the characteristic energy for rupture of irreversible 

hydrocolloid impression materials. This degree of adhesion is 

considered insufficient for normal clinical use although the material 

has apparently been used successfully. 
129 The difficulty of achieving 

satisfactory adhesion between such materials has led to the suggestion 

in a recent patent of utilising particles of metal alloy partially 

embedded in the poly (methyl methacrylate) serving to key the two 

materials together thus providing satisfactory adhesion. 
218 Certainly 

the poor adhesion demonstrated in this investigation when bonding the 

natural rubber to pre-cured poly (methyl methacrylate) does not 

necessarily mean that a satisfactory bond cannot be achieved by other 

means of processing. 

5.6. Conclusions 

The nature of soft lining materials and of their adhesion to 

poly (methyl methacrylate) is such that it has proved impossible to 

adequately characterise this adhesion. For the majority of materials 

investigated the strength of the soft lining material has proved to be 

less than that of the adhesive bond to poly (methyl methacrylate). 
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Consequently the only useful statement that can be made is that if 

failure of dentures lined with these materials is to occur it will 

occur by rupture of the soft lining material rather than by rupture 

of its bond to the denture base. Adequate comment as to the rupture 

properties of these soft lining materials has already been made 

(see 4.5.4. ) 

The only exceptions to this generalisation occur with 

Molloplast-b, the Cole material and the Natural Rubber material when 

tested 'as processed' and Molloplast-b, Coe Super-Soft and the Natural 

Rubber material when tested following immersion in water at 37°C ± 1°C. 

The force required to cause adhesive failure of the Cole material is 

unlikely to be encountered clinically but it must be noted that this 

material has not been investigated following immersion in water or at, 

mouth temperature. Coe Super-Soft when tested in this way demonstrated 

a reduced force for failure and half of the specimens tested showed some 

adhesive failure. The force levels involved may be encountered 

clinically and therefore adhesive failure of this material in clinical 

use is not impossible. Molloplast-b did not seem to be affected by 

immersion in water but the adhesion of this material to poly (methyl 

methacrylate) was found to be unreliable. While most specimens 

demonstrated adequate bond strength two of the ten specimens tested 

failed adhesively demonstrating a low adhesive energy. The weakest 

bond strength was found with the Natural Rubber material and the 

adhesion was reduced following immersion in water. It was considered 

that the level of adhesion demonstrated by this material was inadequate 

for clinical use. 

Where adhesive failure does occur peeling tests adequately 

characterise the adhesive strength of the joint. Such tests are amenable 

to theoretical analysis and are a direct measurement of the work of 

detachment of the soft lining material layer. The adhesive energy 

will however depend upon the rate of peeling, the temperature of the 

test and the conditions of storage or use. Further, different methods 

of processing the join between the materials may give significantly 

different results. Hence a full evaluation is necessary if the potential 

behaviour of a material in practice is to be assessed. Further tests 

using different processing methods, at different peeling rates, at: 

different temperatures (particularly mouth temperature) and following 

immersion in water would be desirable for the silicone rubber materials 

cross-linked by the application of heat and the heat-cured acrylic resin 
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materials. Silicone rubber materials cross-linked at room-temperature 

and tissue conditioner type materials are considered to have inadequate 

rupture properties to be worth considering further while the adhesion 

of the Natural Rubber material to poly (methyl methacrylate) is so 

obviously inadequate that further tests would not serve any useful 

purpose. 
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CHAPTER 6 

WETTABILITY OF SOFT LINING MATERIALS 

6.1. Introduction 

Soft lining materials are most commonly used in association with 

lower complete dentures which are in turn associated in the oral 

environment with the remarkably active and mobile tissues of the tongue, 

chdeks and lips. Furthermore, the retention of such dentures is 

notoriously poor, control of the position of the denture being 

maintained by the muscles of the above structures to a greater or 

lesser extent.. As a consequence of this very active environment in 

which the denture is placed it is constantly moving relative to these 

oral structures or conversely the soft tissues are constantly passing 

over the surface of the denture. In this situation two factors 

usually prevent a conventional poly (methyl methacrylate) denture 

from causing frictional damage. Firstly, part of the denture surface 

involved, which includes the peripheral border, is finished to a very 

smooth surface by polishing, and secondly, a layer of saliva forms 

between the denture surface and the soft tissues thus lubricating 

the surfaces. Many soft lining materials on the other hand cannot 

be polished and in addition it has been suggested that some of 

these materials, particularly the silicone rubber materials, are 

not "wetted" by saliva to the same extent as poly (methyl methacrylate)67 

For this reason it has been further suggested that the periphery 

of the soft lined denture should be constructed of poly (methyl 

methacrylate) with the soft lining material "boxed" within the 

periphery. This, however, does have the disadvantage of placing 

more stress upon the soft tissues on which the peripheries rest and 

of restricting the displaceability of the soft lining material. 

Since it has been suggested that the damaging mechanism involved 

is that of friction between the denture base material and the oral 

mucosa two authors have investigated the frictional properties of 

soft lining materials. Smith88 investigated these properties for 

four soft lining' materials (see 5.2. ) against a polished aluminium 

surface, while Suchatlampong80 investigated seven soft lining materials 

-(see 3.2. ) against both a polished aluminium surface and against a 
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surface formed from a silicone rubber impression material designed 

to simulate oral mucosa. Both authors tested the materials in the 

absence of any lubricant, using water as a lubricant and following 

immersion of the soft lining materials in water for varying periods of 

time. In all cases the frictional resistance of the soft lining 

materials proved to be higher than that of poly (methyl methacrylate). 

While noting the possible clinical disadvantages bf these findings 

Suchatlampong also questioned the efficacy of water as a lubricant 

when compared with saliva. In addition, the sqrfaces against which the 

frictional properties were tested demonstrate notable differences to 

the oral mucosa. 

A more realistic approach to this problem may be to measure the 

wettability of the soft lining materials. Although the polish which 

may be achieved on the surface of the poly (methyl methacrylate) is 

relevant not all of the denture surface is normally polished and the 

layer of saliva separating the denture surface from the oral mucosa is 

probably of much greater significance. Measurements of wettability 

should give an indication of the ease with which saliva will spread 

over the surface of the denture and therefore whether or not an 

adequate lubricating layer will be formed. Provided sufficient 

saliva is available in the oral environment a level of wettability 

comparable to that of poly (methyl methacrylate) may be assumed to 

be satisfactory. 

In addition adequate wettability of the fit surface of the 

denture is necessary to maximise retentive_forces219 so that information 

regarding the wettability of soft lining materials may also be 

valuable in this respect. 

6.2. Review of the literature 

Very little information is available-regarding the wettability of 

soft lining materials. The introduction of hydrophilic acrylic resin 

materials was accompanied by the claim that lining complete dentures with 

these materials improved the retention of the denture because of the 

improved wettability of the liner 
45-47 

although these claims were not 

always substantiated. 
43,48 In the course of investigating one of these 

materials (Softdent) Battersby et a146 measured its wettability by means 

of the advancing and receding contact angles of distilled water. They 

concluded that the distilled water spread so completely over the soft 

lining material that both contact angles were zero indicating complete 
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wettability. This was compared with an advancing contact angle of 54° 

for a conventional poly (methyl methacrylate) denture base resin although 
the preparation of the surfaces was not described. The importance of 

the preparation of the surface may be seen in the advancing and receding 

contact angles measured between distilled water and poly (methyl 

methacrylate) by Winkler et al. 
220 

These were 770 ± 3° and 280 ± 40 

respectively when tested on a highly polished poly (methyl methacrylate) 

surface but reduced to as little as 56° ± 3° and 6° ± 2° when the 

surface was sandblasted for sixty seconds with quartz. Thus an 

unpolished poly (methyl methacrylate) surface may be expected to show 

improved wettability when compared with a polished surface. 

More recently the wettability of more conventional soft lining 

materials was measured by Louka et a194 while evaluating two surface- 

wetting treatments designed to improve the materials wettability. The 

materials investigated included two 'cold-cured' acrylic resin 

materials (Soft Oryl and Flexacryl-Soft), a heat-curing acrylic resin 

material (Palasiv 62), a cold-curing silicone rubber material (Mollosil) 

and a heat-curing silicone rubber materials (Molloplast-b). The 

advancing and receding contact angles between a liquid (which was 

presumably water although this is not stated) and the soft lining 

materials were measured using a contact angle analyser. Advancing 

contact angles were measured using a drop build-up technique while the 

receding contact angle was obtained by withdrawing liquid from the 

surface. The materials were tested 'as-processed', following application 

of a thin film of silica and following a vacuum discharge treatment 

in an atmosphere of a mixture of 95 per cent Helium and 5 per cent 

Hydrogen. Following the initial measurements some of the specimens 

were stored in distilled water at 37°C and retested at intervals up to 

four weeks later. Since the main purpose of the study was to evaluate 

the surface-wetting treatments the results were presented in the form 

of histograms and an average of the advancing and receding contact 

angles only was given. This average has been abstracted approximately 

from the histograms for the 'as-processed' materials as follows: - 

Soft Oryl, 60Flexacryl-Soft, 48°; Palasiv 62,62°; Mollosil, 72°; 

and Molloplast-b, 68°. Thus the silicone rubber materials have the 

highest contact angles or are the least wettable. The effect of the 

surface-wetting treatments was generally to reduce the average contact 

angle but the level of reduction was variable. In addition the effect 

of immersion in water also reduced the average contact angle but the 

results were not quoted for individual materials. The effect of the 
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surface-wetting treatments did not extend for longer than two weeks and 

the authors comment that an improvement in the permanency of the 

treatment. was desirable before clinical studies were encouraged. 

6.3. Theoretical considerations 

The wettability of solids by liquids is of general importance in 

the development of liquid adhesives. For this reason this subject has 

been comprehensively reviewed by Zisman221 in a report on adhesive 

restorative dental materials and it is from this review that the 

following brief explanation has been largely derived. 

Wettability of a solid by a liquid is measured by means of 

determining the contact angle 6 between a drop of the liquid and a 

plane surface of the solid (Fig. 6.1. (a)). When A is greater than 

zero the liquid is non spreading; ---when 
e is equal to zero the liquid 

is said to completely wet the solid, and it will then spread freely 

over the surface at a rate depending on its viscosity and the surface 

roughness. Every liquid wets every solid to some extent, that is 6 is 

always less than 1800 and therefore there is always some adhesion of 

any liquid to any solid. On a homogeneous solid surface 6 is 

independent of the volume of the liquid drop so long as the hydrostatic 

pressure remains a minor factor. Since the tendency for the liquid 

to spread increases as 0 decreases the contact angle is an inverse 

measure of wettability. 
The formation of a drop of liquid at rest on a solid surface 

depends upon the relationship between the free surface energies of the 

liquid and the solid, forming a system in static equilibrium, as in 

Fig. 6.1.. (a) : 

Ysv Ysl Ylv cos "A 

where Ysv = the free surface energy of the interface between the solid 

and the saturated vapour. 

Ysl. -= 
the free surface energy of the interface between the solid 

and the liquid and, 

Ylv = the free surface energy of the interface between the liquid 

and the saturated vapour. 
I 
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Fig. 6.1. 

(a) Contact Angle, 6 
(b) Advancing (0A) and Receding (6R) Contact Angles 
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It should be noted that the contact angle used here must be the 

value measured under conditions of thermodynamic equilibrium and that 

when 0=0, we can only conclude 

Ysv ý Ysl + Ylv 

Since the free surface energies of most liquids are comparable to 

those of low-energy solids, which includes most solid organic polymers, 

systems showing non spreading should be and are most commonly found 

among such combinations. 

Experimentally there are usually differences between the contact 

angle 6A observed when a liquid boundary advances for the first time 

over a dry clean surface and the value 6R observed when a liquid 

boundary recedes from the previously wetted surface. The most common 

cause of this difference is the effect of pores and crevices in the 

surface of the solid in trapping some of the liquid as it is made to 

flow over this surface. When the liquid is forced to recede over the 

same area, the surface uncovered includes wet area; hence, the receding 

contact angle is always lower than the advancing angle. Different 

methods have been used to produce advancing and receding contact angles 

in a drop of liquid on a solid surface, When a drop of liquid is first 

placed on a horizontal solid surface an advancing contact angle is 

produced at the peripheries of the drop. If part of the liquid is 

then removed a receding contact angle is produced at the receding 

periphery of the drop. A simpler method was developed by Macdougall 

and Ockrent222 by means of placing the drop of liquid on an inclined 

solid surface thereby measuring the advancing contact angle at the 

lower periphery of the drop and the receding contact angle at the upper 

periphery (Fig. 6.1. (b)). Generally they suggested that the correct 

contact angle was the mean of the advancing and receding angles and 

this was called the 'equilibrium contact angle'. 
The macroscopic roughness of the solid surface, as measured by 

a roughness factor, r, (the ratio of the true area of the solid to the 

measured or apparent area), also affects the measured contact angle e. 

If the. contact angle between the same liquid and an ideally plane 

surface of the same solid is 6I the relationship between the two contact 

angles may be expressed"as follows: - 

cos A 
r= cos e 

I 
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Surfaces having r=1.0 are rare, carefully machined or ground 

surfaces having values*of r from 1.5 to 2.0 or greater. 

One important feature of this equation is that if e2 is less 

than 90 0 the equation indicates that 0 is less than 01; thus the effect 

of roughening the solid surface is to increase its wettability. 

Conversely if 8 is greater than 900 the equation indicates that 8 is 

greater than 8I; thus the effect of roughening the solid surface will 

be to decrease its wettability. In addition the nearer the contact 

angles are to 90° the less will be the difference between 0 and 82. 

When 8I is equal to 60° and r is equal to 2.0,8 will be equal to 0°, 

i. e. complete wettability but when 8I is equal to 85° and r is equal to 

2.0,8 will be equal to 80° and hence the surface finish is not so 

critical. 

6.4. Experimental 

6.4.1. Materials 

The materials investigated were those discussed in Chapter 2 and 

listed in Table 2.1. These materials were processed according to the 

manufacturers' instructions into rectangular sheets of uniform 

thickness using a glass microscope slide of dimensions 7.5 cms by 2.5 cros 

as a molding blank. The processing mould was constructed in dental stone 

in a conventional dental flask and both 'cold-cured' and heat-cured 

materials subjected to pressure by a spring clamp during the curing 

cycle. With the exception of 'Hydron', the surface of the dental stone 

was coated with an alginate mould release agent which was allowed to 

dry prior to packing the soft lining material. This is the normal 

laboratory procedure, but the manufacturer of Hydron specifically stated 

that burnished tin foil should be used as the separating medium and this 

was, therefore, complied with. 

The samples of the materials were checked for any gross surface 

faults (any such samples being discarded) and then divided into two 

3.75 cms x 2.5 cms samples. Half of these samples were tested 'as 

processed' being stored in covered petri dishes at room temperature in 

air until actual recordings took place. The other half were immersed 

in distilled water at 37°C ± 2°C for six months (24 weeks) prior to 

testing. A conventional poly (methyl methacrylate) denture base resin 

(Croform) was also tested for purposes of comparison. In all cases 

particular care was taken not to handle the surfaces of the specimen to 
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be tested. 

6.4.2. Method 

The method adopted was a modification of that used by Macdougall 

and Ockrent. 222 The test specimen was placed on a specimen table 

inclined at 24° to the horizontal. This specimen table was fixed on 

a firm base at right angles to a 35 mm single lens reflex camera with 

a 50 mm lens fixed to the camera body via extension tubes. The 

camera was attached to the same base using an adjustable rack for 

focusing purposes (Fig. 6.2. ). A 0.4 ml drop of distilled water was 

carefully placed on the surface of the test specimen using a pipette 

and allowed to rest in position for one minute to equilibrate and then 

photographed. The correct exposure was determined by trial and error 

as 0.5 sec at f 2.9 using only the normal room lighting. In order to 

prevent vibration of the apparatus the shutter was operated using a cable 

release. Two contact angle measurements were made on each side of each 

specimen thereby giving four recordings for each material. All 

recordings were carried out at a room temperature (17°C - 20°C). The 

specimens that had been immersed in distilled water at 37°C t 2°C for 

six months were removed from the water bath, blotted dry with filter 

paper and the contact angles immediately recorded as above. Many of 

these samples had distorted during the period of water immersion so in 

order to ensure the surface of the specimen was parallel to the surface 

of the specimen table they were attached to it at each end using 

adhesive tape. The film was developed and printed to give approximately 

x. 10 magnification, the measurements of advancing and receding contact 

angles being made directly on these prints using a standard protractor 

graduated in half degrees. 

6.4.3. Results 

Examples of the photographic prints from which the contact angles 

have, been measured are shown in Fig. 6.3. for a silicone rubber material 

and an acrylic resin material. 

The means of the advancing (6A), receding (AR) and equilibrium (6E 

contact angles together with the standard error of the mean of the 

equilibrium contact angles are given in Table 6.1. for the materials 

'as processed' and in Table 6.2. for the materials following immersion 

in distilled water at 37°C ± 2°C for six months.. 
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Fig. 6.2. 

Apparatus used for recording advancing 

and receding contact angles 



(a) 

0 

i: ' 

Fig. F. 3. 

Examples of photographic prints from which the 

contact angles have been measured for 

(a) a silicone rubber material and 

(b) an acrylic resin compound 
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Table 6.1. 

Contact angles between water and the surfaces of soft lining materials 
'as processed' 

Materials 6 A 6 
R e E 

Standard Error 
of the Mean of 6E 

Flexibase 110.9° 70.1° 90.5° 1.70 

Simpa 106.2° 74.0° 90.1° 1.0° 

Cardex-Stabon 100.5° 61.3° 80.90 2.20 

Per-Fit 103.4° 75.4° 89.4° 1.0° 

Molloplast-b 100.8° 64.4° 82.6° 2.0° 

Coe-Soft 76.1° 53.50 64.8° 1.7° 

Soft Oryl 79.80 60.4° 70.1° 1.1° 

Ardee 88.0° 53.6° 70.8° 1.0° 

Coe Super-Soft 79.6° 58.00 68.8° 1.2° 

Palasiv 62 92.80 65.4° 79.1° 2.4° 

Soft Nobiltone 69.7° 39.1° 54.4° 0.5° 

Virina 72.9° 44.3° 58.6° 1.1° 

Verna Soft 74.5° 43.1° 58.8° 2.5° 

Cole 89.1° 58.7° 73.9° 0.6° 

A. D. I. 83.60 48.2° 65.9° 2.4° 

Hydron 95.6° 65.2° 80.4° 1.1° 

Natural Rubber 111.3° 80.5° 95.9° 7.40 

Croform 
(poly (methyl methacrylate)) 76.1° 43.70 59.9° 5.90 
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Table 6.2. 

Contact angles between water and the surfaces of soft lining materials 

following immersion in distilled water at 370C ± 20C for six months 

Materials 6 A 6 R 6 E 
Standard Error 

of the Mean of 6E 

Flexibase 77.8° 64.4° 71.1° 6.60 

Simpa 89.7° 57.1° 73.4° 1.6° 

Cardex-Stabon 97.7° 68.5° 83.1° 1.3° 

Per-Fit 70.8° 42.2° 56.5° 2.6° 

Molloplast-b 96.8° 65.4° 81.1° 4.0° 

Coe Soft 65.9° 32.9° . 49.4° 5.8° 

Soft Oryl 66.0° 39.8° 52.9° 1.5° 

Ardee 78.8° 55.6° 67.2° 1.9° 

Coe Super-Soft 61.6° 34.2° 47.9° 0.7° 

Palasiv 62 86.0° 52.4° 69.2° 1.8° 

Soft Nobiltone 52.9° 21.3° 37.10 2.70 

Virina 78.4° 44.6° 61.5° 1.5° 

Verno Soft 59.4° 13.4° 36.4° 2.5° 

Cole 71.1° 41.7° 56.4° 0.2° 

A. D. I. 57.6° 31.8° 44.7° 7.4° 

Hydron 41.5° 22.1° 31.8° 0.8° 

Natural Rubber 87.90 68.1° 78.0° 1.3° 

Croform 
(poly (methyl methacrylate). ) 66.8° 37.6° 52.2° 5.3° 

To enable easier comparison of the equilibrium contact angles (8E) 

for the materials both 'as processed' and following immersion in 

water (cross-hatched) together with the standard errors of the mean 

are illustrated in the form of a histogram (Fig. 6.4. ) 
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Fig. 6.4. 

Equilibrium contact angles between water and the surfaces 

of soft lining materials both 'as processed' and following 

immersion in distilled water at 37°C ± 2°C for six months 
(cross-hatched). The standard errors of the means are also 

illustrated (one standard error above and one below the mean) 
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6.5. Discussion 

The scope of this investigation into the wettability of soft 

lining materials is relatively limited. Only the contact angles between 

distilled water and the various materials have been investigated whereas 

in the clinical situation saliva is the relevant liquid. Craig et al, 
219 

Winkler et al220 and O'Brien and Ryge223 in investigations of the 

wettability of poly (methyl methacrylate) found the advancing contact 

angles for water and saliva to be similar but the receding contact 

angles for saliva were considerably less than those for water. However, 

the composition and viscosity of saliva varies considerably between 

individuals and within individuals depending upon the time and the 

method of collection. The use of saliva in such investigations, 

therefore, introduces another variable and it was considered that the 

contact angles between water and various materials would give a 

reasonable indication of their behaviour relative to saliva on a 

comparative basis. 

Further the surfaces of the materials have only been tested 'as 

processed' and following immersion in distilled water whereas clinically 

they may be treated in various ways prior to their use in the oral 

cavity e. g. polishing. Winkler et al220 have shown how various surface 

treatments can affect the contact angles between water and poly (methyl 

methacrylate) and. differences would be expected because of the roughness 

factor (see 6.3. ). However, treatment of the surfaces of soft lining 

materials is rarely performed prior to clinical use. Silicone rubber 

materials cannot be polished and while the peripheries of soft 

acrylic resin materials may be polished by first cooling the material 
to below its glass transition temperature the fit surface is not usually 

so treated. Although investigation of the wettability of surface 

treated materials may be interesting it is considered that the 

investigation of untreated surfaces is the most clinically relevant. 

However, contamination of the denture surface by skin oils during 

handling and by oils in food during eating may well occur and this has 

not been investigated. Neither have the effects of denture cleansing 

procedures which may or may not reverse the effects of such contamination. 

The large variation in the contact angles between water and 

individual materials found in this investigation was unexpected but 

perhaps not surprising. The character of the surface produced by normal 

processing methods may well have varied between the different sides of 

the specimen and between different areas on the same side. Such 
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differences may cause variation in the contact angles because of the 

roughness factor. However, as previously stated, the intention of 
this investigation was to test the materials as they are used . clinically. 
One source of variation may be the method of recording the contact 
angles% Photographic recording has the advantage that contact angles 
are measured remote from the experiment thus eliminating observer 
bias. Furthermore recording is simple and quick to perform once the 

water drop has reached equilibrium., Unfortunately it was found that 
the precise point of contact between the edge of the water drop and the 

surface of the material was not always clearly focussed. In this 

respect the remoteness of the measurement is a distinct disadvantage 

because it is not always possible or desirable to repeat the experiment. 
In retrospect it would have been more satisfactory if a greater number 
of contact angle measurements had been made for each material. This 

would most probably have reduced the standard errors of the means so 
as to make the comparisons between materials clearer. With a larger 

number of measurements the number of photographic prints needed may be 

unacceptably large and a more direct method of measurement such as a 
telemicroscope equipped with a protractor eyepiece 

46,220,223 
or a 

ground glass screen94,224 may be desirable. 'However, despite the 

sometimes large standard errors of the means found in this investigation 

statistical analysis using the Student t test has demonstrated some 

significant differences between the materials. 
Three comparisons have been made: - 

(a) The equilibrium contact angles between water and the 'as 

processed' soft lining materials were compared with the 

equilibrium contact angle between water and poly (methyl 

methacrylate) 'as processed'. 

(b) The equilibrium contact angles between water and the soft 
lining materials following immersion in distilled water at 
37°C ± 2°C for six months were compared with the 

equilibrium contact angle between water and poly (methyl. 

methacrylate) similarly treated. 

(c) The equilibrium contact angle between water and each 

material in the 'as processed' state were compared with the 

equilibrium contact angle between water and the same material 
following immersion in distilled water at 37°C ± 2°C for six 

months. 
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The-contact angles recorded for all of the materials may also be 

compared with those found by other workers. Unfortunately in almost 

every case the conditions of testing are not adequately defined so as 

direct comparisons cannot be made. However, confidence in the contact 

angles recorded for poly (methyl methacrylate) in this investigation 

was increased because of their similarity to values reported by other 

workers. 
46,219,220,223,224 Nevertheless account has been taken of the 

large variation in the contact angles recorded forthis material in -- 

calculating the significance of the results. 

(a) 'As processed'. 

The equilibrium contact angle between water and the following soft 

lining materials was significantly greater than that between water and 

poly (methyl methacrylate): - Flexibase; Simpa; Per-Fit and Natural 

Rubber (all at P<0.01) and Cardex-Stabon, Molloplast-b, Palasiv 62 

and Hydron (all at P<0.05). All of these materials were therefore 

significantly less wettable than poly (methyl methacrylate) when first 

inserted into the oral environment. 

(b) Following immersion in distilled water. 

The equilibrium contact angles between water and the following 

soft lining materials was significantly greater than that-between water 

and poly (methyl methacrylate) both having been previously immersed in 

distilled water at 37°C ± 2°C for six months: - Simpa, Cardex-Stabon, 

Molloplast-b and Natural Rubber (all at P<0.01) and Ardee and 

Palasiv 62 (both at P<0.05). Conversely the equilibrium contact 

angles between water and the following soft lining. materials were 

significantly less than that between water and poly (methyl methacrylate) 

treated as above: - Hydron (P < 0.01) and Soft Nobiltone and Verno Soft 

(both at P<0.05). 

Thus following immersion in distilled water at 37°C ± 2°C for six 

months which may be considered comparable to conditions of clinical use 

Simpa, Cardex-Stabon, Molloplast-b, Natural Rubber, Ardee and Palasiv 62 

were significantly less wettable than poly (methyl methacrylate) while 

Hydron, Soft. Nobiltone and Verno Soft were significantly more wettable 

than poly (methyl methacrylate). Both in this case and (a) above 

materials not mentioned did not demonstrate significant differences in 

wettability when compared with poly (methyl methacrylate), and were not, 

therefore, considered further. 

(c) Effect of immersion in distilled water on individual materials. 
For the majority of materials the equilibrium contact angle 

recorded was significantly less following immersion in distilled water 
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at 37°C ± 2°C for six months as follows: - Simpa, Per-Fit, Soft Oryl, 

Coe Super-Soft, Palasiv 62, Soft Nobiltone, Verno Soft, Cole and Hydron 

(all at P"< 0.01) and Flexibase, Coe-Soft and A. D. I. (all at P<0.05). 

Insignificant differences in the equilibrium contact angles before and 

after the period of immersion were found for Cardex-Stabon, Molloplast-b, 

Ardee, Virina, Natural Rubber and poly (methyl methacrylate). Louka 

et al94 also demonstrated a reduction in the contact angle (increased 

wettability) for the soft lining materials they investigated following 

immersion in distilled water at 37°C. Most soft lining materials, 

therefore, should become significantly more wettable in clinical use. 

Furthermore, since wettability of poly (methyl methacrylate) does 

not change significantly under similar conditions relatively fewer soft 

lining materials will demonstrate a lower wettability following such 

treatment (see (a) and (b)). 

It is interesting to compare the different types of soft lining 

materials. The silicone rubber materials were all less wettable than 

poly (methyl methacrylate) in the 'as processed' state but following 

immersion in distilled water at 37°C ± 2°C for six months only Simpa, 

Cardex-Stabon and Molloplast-b remained so; the reduction in wettability 

of Flexibase and Per-Fit caused by the period of immersion being 

sufficient to make their wettability not significantly different from 

that of poly (methyl methacrylate). Flexibase does absorb large amounts 

of water over a period of six months (see Chapter 3) which may explain 

the larger reduction of wettability for this material but Per-Fit, 

which has the lowest equilibrium contact angle recorded for a silicone 

rubber is noted for its low water absorption. A larger series of 

recordings on this material would be interesting because if the better 

wettability of this material is confirmed it would be a useful 

attribute for a silicone rubber soft lining material. 

Not surprisingly most of the soft acrylic materials demonstrated 

similar wettability to poly (methyl methacrylate). Only Palasiv 62 

was-consistently less wettable than poly (methyl methacrylate) which 

may be related to the fact that this is the only soft acrylic 

material containing poly (n-butyl methacrylate) which would assume 

that the higher methacrylate has a lower free surface energy than 

poly (methyl methacrylate). In addition Ardee, which is also 

unique chemically (see Chapter 2), is little affected by water immersion 

so that an initial wettability which was not significantly greater than 

that of poly (methyl methacrylate) becomes so after immersion in water. 
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Three materials exhibited a significantly greater wettability 
than poly (methyl methacrylate) but this only after immersion in 

distilled water at 37°C ± 2°C for six months. One was Hydron and 

this is not surprising because this material is designed to be 

hydrophilic and will contain 40 per cent by weight of water (see 

Chapter 3) after this period of immersion. The fact that when tested 

'as processed' it was significantly less wettable than poly (methyl 

methacrylate) illustrates that the free surface energy of a material 

is not related to its ability to absorb water. The other materials 

demonstrating significantly greater wettability were Soft Nobiltone 

and Verno Soft and this cannot be easily explained. 

Finally Natural Rubber has been found to be significantly less 

wettable than poly (methyl methacrylate) under all conditions of 

testing. 

The clinical relevance of a reduced wettability has not been 

established. The situation following immersion in distilled water 

would seem to be the most clinically relevant and the results show 

that only six soft lining materials are significantly less wettable 

than poly (methyl methacrylate) following such treatment. It is 

possible, therefore, that these materials (Simpa, Cardex-Stabon, 

Molloplast-b, Natural Rubber, Ardee and Palasiv 62) will be less 

satisfactory than a conventional poly (methyl methacrylate) denture 

base in terms of comfort and retention. Glantz224 has also suggested 

that the ability of a material to accumulate dental plaque in the oral 

environment is related to the free surface energy of the material. 

This could mean that the less wettable materials (low free surface 

energy) would accumulate less plaque than the more wettable materials. 

However, Glantz also states that poly (methyl methacrylate) accumulates 

more plaque in a clinical experiment than might be expected from the 

value of its free surface energy. He attributes this to the ability of 

the material to absorb fluids, thus giving rise to additional adhesive 

forces, and this would be equally applicable to all the soft lining 

materials investigated. The ability of a soft lining material to 

accumulate plaque is probably more dependant on its surface roughness. 

Allison and Douglas99 using scanning electron microscopy have shown the 

surface of one soft lining material to be noticeably rougher than that 

of poly (methyl methacrylate). 
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Any attempt to reduce the surface roughness of the fit surface of 

soft lining materials (for example by processing against burnished tin 

foil instead of an alginate mould release agent) would probably not be 

desirable because this would tend to reduce the wettability of the 

material with the attendant disadvantages. In any case the effect 

of immersion in water on the surface of these materials probably 

increases the surface roughness and would therefore reduce the 

effectiveness of such procedures. This increase in surface roughness 

following immersion in water would partly explain the increased wettabil- 

ity of most soft lining materials following such treatment. In 

addition the absorption of water into the material would provide 

additional adhesive forces between the water in the material and the 

water drop as suggested by Glantz224 thus increasing the observed 

wettability. 

The clinical relevance of the wettability of materials when tested 

'as processed' cannot be determined without further investigation. 

This degree of wettability is only relevant when the soft lined denture 

is first introduced into the oral environment. How quickly the 

effects of immersion in a fluid take place is not known and time 

related measurements would be necessary to establish this. Louka et 

al94 have shown a reduction in the measured contact angle after only 

24 hours in distilled water at 37°C but reduction was still occurring 

4 weeks later when the experiment was terminated. 

6.6. Conclusions 

The clinical observation made by Bates and Smith67 that a. 

"silicone material was not 'wetted' by the saliva to the same extent as 

an acrylate material" has been shown to have a scientific basis. All 

of the silicone rubber materials together with the Natural Rubber, 

Hydron and Palasiv 62 were significantly less wettable than poly 

(methyl methacrylate) when tested 'as processed'. The absorption of 

water together with probable changes in surface characteristics when 

the materials are immersed in distilled water at 37°C ± 2°C for six 

months tends to reduce this effect. Consequently in the oral 

environment it is expected that only Simpa, Cardex-Stabon, Molloplast-b, 

Natural Rubber, Ardee and Palasiv 62 will be significantly less 

wettable than poly (methyl methacrylate) whereas Hydron, Soft Nobiltone 

and Verno Soft will actually become significantly more wettable than 

poly (methyl methacrylate). 
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Further investigation is desirable firstly to achieve a clearer 
distinction between individual materials by increasing the number of 

observations and thus reducing the standard error of the means and 

secondly to determine the time basis of the changes in wettability 

that occur in conditions similar to those of the oral environment. 

In terms of individual materials it would be useful to confirm the 

apparent level of wettability of Per-Fit as similar to that of 

poly (methyl methacrylate) following immersion in distilled water. 

A silicone rubber material with a satisfactory level of wettability 

could prove useful. 

It has been suggested that materials exhibiting reduced 

wettability will have disadvantages in terms of comfort and retention. 

This has not been established but on the basis of the wettability of 

poly (methyl methacrylate) and the results of this investigation the 

following soft lining materials may be considered to demonstrate 

satisfactory wettability characteristics: - Flexibase, Per-Fit, 

Coe-Soft, Soft Oryl, Coe Super-Soft, Soft Nobiltone, Virina, Verno Soft, 

Cole, A. D. I. and Hydron. The increased wettability of Hydron, 

Soft Nobiltone and Verno Soft may have advantages but this-has not been 

investigated. 
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CHAPTER 7 

THE EFFECT OF SOFT LINING MATERIALS ON THE GROWTH OF CANDIDA ALBICANS 

7.1. Introduction 

Candida albicans is well established as a contriubutory factor 

in the aetiology of Denture Stomatitis104,105 and can be isolated in 

the majority of such cases from smears taker from either the affected 

oral mucosa or the denture fitting surface. In general, much larger 

numbers of Candida albicans are seen on the denture smears than on the 

mucosa smears 
225,226 

and it seems likel that this is the y primary site 

of growth. In addition tissue invasion is not recognised either in 

acquired or experimental denture stomatitis and it has been suggested that 

the effect of Candida albicans on the oral mucosa is mediated by 

enzymes and endotoxins and by eliciting a delayed hypersensitivity 
105 

response. 
The surface of a conventional heat-cured poly (methyl methacrylate) 

is relatively smooth and the growth of Candida albicans on its surface 

is associated with the presence of a plaque which is not attached by 

penetration of surface defects or by mechanical locking into surface 

irregularities but is presumably related to poor denture hygiene. 
99,227 

Conversely, the surface-of one soft lining material, which had been in 

service for seven months, has been observed to be a porous structure, 

comprising a series of depressions, measuring 30-60 pm in diameter. 99 

This surface is presumably more favourable for the growth of Candida 

albicans and would make adequate denture hygiene difficult. There are 

numerous reports of soft lining materials being colonised by Candida 

albicans in the clinical situation, 
7'39,60,64,69,97-101 

and one report 

of a soft lining material being colonised by Ochroconis constrictum, 
102 

although most of these involved silicone rubber soft lining materials. 

In the evaluation of any soft lining material therefore it is 

important to establish whether the material will support or inhibit 

the growth of Candida albicans. It is unlikely that such materials will 

support the growth of Candida albicans in the absence of other 

nutrients8fi, 
100,103,107,110,155, 

although this is-disputed by Love and 

Englehardt228 has suggested that, in the absence of other sources of 

carbon, some organisms can attack soft lining materials so freeing 

carbon for their use as an essential nutrient. In vivo, the absence 
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of nutrients is unlikely to occur and'most investigations have included 

nutrient in the test system especially when investigating inhibitory 

effects. 
P6,98,100,103,106-110,155 Owing to the high water absorption 

of most soft lining materials (see Chapter 3), nutrient will become 

available within the material, allowing the growth of Candida albicans 

unless there is some inhibitory factor. This inhibitory factor may 

either be intrinsic in the soft lining material or extrinsic in the 

form of good denture hygiene or the use of denture cleansers. 

In the clinical situation therefore, inhibitory effects are most 

interesting and such effects of soft lining materials have been 

investigated. Those materials that proved inhibitory have been 

investigated further to identify the constituent in their composition 

responsible for the inhibition and to demonstrate the relationship 

between the concentration -of this constituent and the level of 

inhibition of the growth of Candida albicans. 

7.2. Review of the literature 

7.2.1. Clinical investigations 

Candida albicans was first identified as growing within the 

surface of a silicone rubber soft lining material (Silastic 390) by 

Gibbons97 in 1965 in a patient who had been wearing the soft lined 

denture for approximately four months. This-prompted him to investigate 

a series of fourteen patients who were wearing dentures lined with 

this material. Eight of these dentures demonstrated changes 'in the 

silicone rubber soft lining material and of these eight patients five 

demonstrated the presence of Candida albicans in their saliva. 

Conversely only one of the remaining six patients whose soft linings 

were unaffected demonstrated the presence of a Candida organism in 

the saliva. Gibbons considered this indicative of an association 

between the presence of the organisms and the appearance of the change 

in the soft lining material. However, the negative cultures in the 

changed soft lining material group were not 'adequately explained and 

the number in each group were too small to be considered conclusive. 

Around the same time Bascom70 identified similar changes in 

several of a group of dentures lined with Silastic 390 while Sauer? 

found similar changes in fifty per cent of another group of dentures 

lined with the same material. Neither of these authors, however, made 

any attempt to confirm the suggestion by Gibbons that these changes 
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could be attributed to Candida organisms. 

By now the possible contamination of soft lining materials by 

organisms was recognised as a problem. 'Therefore when the new 

hydrophilic soft lining materiel,. Softdent, was introduced, Sklover 

and Tendler, 45 
reported on a microbiologic evaluation of the material. 

The clinical part of this study was poorly reported but apparently 

washings from four lined dentures in clinical use were cultured and 

plate counts confirmed the lack of adherence of the natural microbial 

flora to the soft lining material. 

The tissue conditioner type of soft lining material has also 

been used as a periodontal dressing following surgery. Frisch et al229 

were concerned that possible growth of Candida albicans on these 

materials would limit their usefulness in this respect. They therefore 

investigated 84 patients on whom periodontal surgical procedures were 

performed. In half of these the surgical area was covered with a'tissue 

conditioning material while in the other half conventional periodontal 

dressings'were used. These dressing were removed one to twenty-one days 

later and cultured on Sabouraud dextrose agar together with smears made 

from swabs taken from the surgical area. In none of the 84 patients was 

clinical evidence of Candidal infection seen on the dressings or on the 

surgical sites. Positive cultures were found in 19 per cent of the 

tissue conditioner dressings and in 13 per cent of the conventional 

dressings and the authors therefore suggested that the tissue conditioner 

when used as a periodontal dressing did not encourage the growth of 

Candida albicans. 

Despite the problem of contamination with Candida albicans 

Silastic 390 was still being used and in 1968 Woelfel and Paffenbarger60 

reported on 24 dentures lined with this material. Inspection of 21 out 

of the 24 dentures after 18 months of service showed circular white 

areas on 12 which were identified as colonies of Candida albicans. The 

authors did not, however, comment on the significance of their finding 

on the usefulness of the material. Similar white spots were reported 

on 33 per cent of 15 dentures lined with Silastic 616 by Lantz68 but in 

this case bacteriological reports were negative for Candida albicans. 

However, no alternative aetiology was suggested by the author. Laney39 

has also reported the contamination of Silastic 390 and another silicone 

rubber soft lining material-, Molloplast K-G, with Candida albicans in 

clinical use but no indication of the ihcidence of this contamination 

was given. 



235 

Three years later Allison and Douglas99 reported on the contamina- 
tion of another tissue conditioner type of soft lining material, Tempo, 

with Candida albicans. Examination of the denture and mucosal smears 

stained by P. A. S. showed abundant hyphae, and replica cultures produced 

heavy confluent growths of Candida albicans. Only two cases were 

reported and the surface of the soft lining material was compared with 

that of poly (methyl methacrylate) by light and scanning electron 

microscopy. The mechanical features of the soft lining material were 

particularly suitable for colonisation by Candida albicans. Unlike 

previously reported cases this material was an acrylic resin material 

and the same material was subsequently modified by the addition of 

Nystatin by Douglas and Walker. 108 In a limited clinical study this 

modified material was shown to be as effective as conventional oral 

Nystatin therapy in the treatment of denture stomatitis. In addition 

it has important advantages in that: it has no side effects, lacks the 

bitter taste of Nystatin, and its use does not depend on the patient's 

co-operation. 

Newer silicone rubber soft lining materials have not overcome the 

problem of contamination with Candida albicans. Hoke69 investigated 21 

dentures in 18 patients lined with Miller soft denture liner. Although 

the manufacturers of this material claim that it incorporates an anti- 

fungal agent four dentures in three patients demonstrated white spots 

in the soft lining which were identified as being caused by Candida 

albicans. 
Mäkilä102 has described the invasion of a silicone rubber soft 

lining material, Molloplast-b, by both Ochroconis constrictum and 

Candida albicans in clinical use. Subsequently, together with 

Hopsu-Havu101 he reported on a series of 39 patients wearing mandibular 

dentures lined with the same material. Scrapings were taken from both 

the soft lining material and from the fit surface of the maxillary 

-denture, which was constructed of poly (methyl methacrylate), and 

cultured to identify Candida albicans. Swabs were also taken from the 

corresponding areas of the mucosa membranes. Fungus was found in the 

mouths of 90 per cent of the patients and the most common fungus found 

was Candida albicans (86 per cent). Mycotic growth was present in about 

85 per cent of the soft-lined mandibular dentures but in only 44 per 

cent of the poly (methyl methacrylate) maxillary dentures and this 

difference was statistically significant (P < 0.001). Conversely, no 

significant differences were observed between the mandibular and 

maxillary mucous membranes. Although denture stomatitis was not always 



236 

associated with the presence of fungus the incidence of fungus in all 

areas sampled was much higher in patients with denture stomatitis and 

it was always found in at least one of the four areas examined. The 

authors concluded that the difficulty in maintaining good denture 

hygiene in the presence of soft lining materials is an obvious 

disadvantage in their use. 

7.2.2. Laboratory investigations 

Soon after clinical reports of the association of Candida albicans 

with soft lining materials appeared in the literature, laboratory 

investigations were commenced. Gruber et al 
98 

produced a preliminary 

report of the ability of the silicone and methacrylate soft lining 

materials and tissue conditioner materials to sustain the growth of 

Candida albicans in vitro in 1966. The individual materials are not 

identified but they were processed, stored in distilled water for 72 

hours, placed in sterile petri dishes, bathed in nutrient broth and 

then inoculated with Candida albicans and incubated at 25°C for five 

days. The choice of a temperature different from mouth temperature is 

not explained. Growth of Candida albicans occurred after three days 

on both the silicone rubber soft lining material and the tissue 

conditioner materials, but not on either poly (methyl methacrylate) or 

the acrylic resin soft lining materials. Furthermore, the addition of 

1.5 per cent (by weight) of the fungicide, zinc undecylenate, to the 

silicone rubber materials effectively prevented the growth of Candida 

albicans, whereas soaking the material in a liquid fungicide prior to 

incubation had no lasting effect. No explanation was offered for the 

lack of growth on the methacrylate materials but it was suggested that 

a fungicide should be routinely incorporated into silicone rubber 

materials. However, no tests of the long-term effectiveness of the 

zinc undecylenate were carried out and no comment was made as to its 

effect on the properties of these materials. 

Two years later a more detailed study of the quantitative effect 

of a range of soft lining materials on the growth of Candida albicans 

in a medium essentially free from nutrients and in a medium to which a 

small quantity of nutrient (saliva) had been added was reported by 

Williamson. 110 The soft lining materials tested comprised three cold- 

curing acrylic resin materials (Flexene, Perfix and Tempo), a heat- 

curing acrylic resin material (Palasiv), a room-temperature cross-linked 

silicone rubber material (Flexico) and a silicone rubber material 
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cross-linked by the application of heat (Molloplast-b). These materials 

were processed and placed in sterile distilled water for three days prior 

to testing. Since pH measurements of this distilled water demonstrated 

a marked fall in pH the test media were buffered to eliminate any 

possible effect of this pH change on the growth of Candida albicans. 

The test media used were either physiological saline (no nutrient) or 

physiological saline containing 1: 10 V/V sterilised saliva from 

Candida albicans free subjects (minimum nutrient). These media were 
0 

inoculated with small, medium and large numbers of Candida albicans 

and incubated together with the various soft lining materials at 27°C 

for five days. Once again the choice of this incubation temperature 

was not explained. With Flexico, Perfex and Palasiv the Candida 

albicans counts were no different from the controls, indicating that 

these materials are without effect on Candida albicans and in this 

respect are quite inert. Molloplast-b had an inhibitory effect on 

Candida albicans in the saline. medium. However, when a small amount 

of nutrient was present the organisms increased in number, though 

there may have been an initial lag phase. With Flexene and Tempo 

a significant reduction in Candida albicans numbers occurred in both 

saline and saline/saliva media, indicating an inhibitory effect on the 

organism. The author commented that if a soft lining material is to 

be used in the treatment of denture stomatitis it would seem advisable 

to use a material which has an inhibitory action on the growth of 

Candida albicans. Further an investigation of these materials to 

determine the substance or substances responsible for the inhibitory 

effects is warranted. 

In the same year Love106 reported a laboratory investigation 

designed to test whether Candida albicans would grow on polymerised 

silicone rubber soft lining materials. The materials investigated were 

Silastic 616 and Silastic 390 which had received considerable attention 

in clinical investigations. Samples of the materials were sterilised 

and then innoculated with Candida albicans taking special care not to 

include any of the media with the inoculum to determine if they would 

support the growth of Candida albicans without additional nutrition. 

In addition further samples of the materiels were placed on inoculated 

Sabouraud dextrose agar plates to determine if the'Candida albicans 

would invade the materials and finally samples already contaminated 

with Candida albicans were subjected to immersion in Chlorex and 

Zephiram Chloride for various periods to determine the minimum time 
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required to control the growth of Candida albicans. All the samples 

were incubated at 37°C. The-results appeared to show that Silastic 616 

and Silastic 390 supported the growth of Candida albicans without 

additional nutrition, visible growth being present after 12 days 

incubation. There is some doubt, however, as to whether the inoculum 

used was entirely free of nutritional media. There was, however, no 

doubt that in the presence of Sabouraud dextrose agar to supply 

nutrition both of the materials were significantly invaded by the 

Candida albicans after six weeks incubation. Immersing the contaminated 

samples in 1.75 per cent Chlorex solution for 10-15 minutes or 

1: 750 Zephiran Chloride solution for 2-4 hours satisfactorily inhibited 

the growth of Candida albicans but the author commented that the effects 

of these solutions on the soft lining materials in long-term use had 

not been evaluated. 

When the hydrophilic soft lining material, Softdent, was 

introduced two of the studies reported on this material included a 

laboratory evaluation of their behaviour in relation to Candida albicans. 

Sklover and Tendler45 tested the ability of several organisms including 

Candida albicans to adhere to the surface of the soft lining material 

and concluded that it did not retain the organisms to a greater degree 

than a hard vinyl material. Neither was there any evidence of growth of 

the organisms on the surface of the material. Clarke86 used the 

method of testing described by Williamson 110 
and concluded that Softdent 

neither inhibited nor encouraged the growth of Candida albicans and 

therefore was comparable to many other soft lining materials in 

current use. 
The use of Silastic 390 was so popular at this time that yet 

another study on the prevention of the growth of Candida on this soft 

lining material was reported by Masella107 in 1972 and subsequently by 

Masella et al 
100 

in 1975. Specimens of Silastic 390 processed by 

conventional means to. poly (methyl methacrylate) denture base resin 

were used to approximate clinical conditions more closely. These 

specimens were sterilised by autoclaving prior to tests being performed. 

The ability of the Silast. ic 390 to provide nutrition for the growth of 

Candida albicans was tested by placing organisms which had been washed 

four times in sterile normal saline onto the surface of the soft lining 

material and onto sterile watch glasses as a control. Incubation for 

a total of 20 weeks at 37°C failed to produce growth in either case, 

although in both cases the organisms survived for the total period. 
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This thus indicated that Silastic 390 did not supply the nutritional 
requirements needed for the growth of Candida albicans. That Candida 

albicans could invade the Silastic 390 was again confirmed by 
incubating specimens of the material on Sabouraud's destrose agar 
inoculated with the organism at 37°C for nine weeks. It was therefore 
decided to evaluate possible methods of preventing this invasion. 
Various antifungal agents and heat (water at 60°C) were all evaluated 
first for effectiveness against the organisms in isolation from the soft 
lining material and secondly for their effect on the denture base and 
the soft lining material itself. All methods used proved effective 

against the organisms tested but two of them had adverse effects on the 
denture base and the soft lining material. These two were therefore 

not tested further and one antifungal agent was eliminated because of 
its high cost. The following antifungal treatments were then tested 

for their ability to prevent the invasion of Candida albicans into 

Silastic 390: - Pro-Kem denture cleaner (a mixture of high-molecular 

weight alkyldimethylbenzyl ammonium chlorides), or Zephiran (benzalkonium 

chloride) used for 15 minutes by immersion every two days; immersion 

in sterile distilled water at 60°C for 15 minutes every two days] and the 

incorporation of five per cent by weight of zinc undecylenate into the 

Silastic 390. All three immersion methods proved effective in 

preventing invasion of Candida albicans into the Silastic 390 but the 

zinc undecylenate did not completely prevent such invasion. In addition 
this compound changes the physical properties of the soft lining material 
both bleaching and softening the material. It does seem to be possible 
therefore for a patient to prevent the invasion of a silicone rubber 

soft lining material by Candida albicans by daily immersion in an 

antifungal agent which has been shown to be without adverse effect on the 

denture base. The use of water at 60°C would seem attractive but the 

temperature must be carefully controlled because an increase of 20 0 to 

80° could cause warpage of the denture base. 

The idea of incorporating an anti-fungal agent into the soft 
lining material either as treatment for denture stomatitis or to prevent 

contamination of the soft lining material by Candida albicans has also 
been investigated by Douglas and Walker. 108 They investigated two soft 
lining materials which were actually formulated as tissue conditioners 
(Tempo and Coe-Comfort) both unmodified and with the addition of either 
400,000 units or 800,000 units of Nystatin powder to the Tempo lining. 

Tempo was chosen because of the suggestion by Williamson. 110 
that this 

material had intrinsic antifungal activity. The fungicidal properties 
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of the materials were evaluated by processing a thin even layer of soft 
lining material in a sterile Petri dish and covering this with a 
3 millimeter thick layer of Sabouraud's agar which was then inoculated 

with the Candida organisms. The growth was noted after four days 

incubation at 37°C and then the agar removed and a fresh layer applied 

and reinoculated. In this way the antifungal properties of the same 

batch of material could be evaluated for extended periods. Both Tempo 

and Coe Comfort exhibited some fungicidal properties, Tempo being about 

twice as effective as Coe Comfort, but by the time a third inoculum of 

Candida had been applied (12 days) both of these unmodified liners had 

lost all their fungicidal activity. The incorporation of 400,000 units 

of Nystatin prolonged the anti-candidal activity up to 25 days and the 

addition of 800,000 units of Nystatin sustained its fungicidal effective- 

ness for almost 50 days despite 12 changes of the overlying agar. The 

activity of Nystatin is therefore not diminished by the acrylic matrix, 

and diffuses freely from it. However, the duration of the anti-fungal 

effect in an oral environment wa's not investigated. The effect of such 

an addition of Nystatin upon the physical properties of soft lining 

materials has been evaluated by Douglas and Clarke 41 for three materials, 

Coe-Comfort, Coe-Soft and Coe-Super-Soft. In general the modified 

materials were softer, showed greater strain, and demonstrated permanent 

set under compression for the duration of the tests. However, the 

authors concluded that the degree of change in properties appeared 

unlikely to lead to reduced clinical performance. The most significant 

change was a great increase in the equilibrium capacity for water uptake 

which was considered desirable to enhance the pharmacologic effectiveness 

of these modified lining materials. 

A similar method to that of Douglas and Walker108 has been used by 

Thomas and Nutt 109 
to evaluate the anti-fungal activity of another 

tissue conditioner material, Viscosgel, both as supplied and following 

the addition of varying amounts of Nystatin or Amphotericin B. The 

results showed that Visco-gel was completely without anti-fungal effect 

but the inclusion of Nystatin produced anti-fungal effects which 

correlated well with those found for Tempo/Nystatin combinations by 

Douglas and Walker. Surprisingly there was very little anti-fungal 

activity found with Visco-gel/Amphotericin B combinations and the 

authors attributed this to some interaction between the two substances. 

A different approach to the relationship between oral micro- 

organisms and dental resins and elastomers in the oral environment has 
228 

been taken by Engelhardt. He suggested that not only do such 
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organisms grow in association with such materials but that they may 
utilise them as a source of carbon causing decomposition of the 

material by microbial corrosion. This theory was tested by incubating 

various organisms in a carbon free nutrient solution together with 
various dental resins as the sole possible source of carbon. If 

multiplication of the organism occurs this proves that the material 
has been decomposed by the organism to provide the necessary carbon. 
Further the degree of multiplication of the organism represents an 
indication of how easily the material is decomposed. The dental 

resins investigated included two heat-curing acrylic resin soft 
lining materials (Eversoft and Palasiv 62) and one cold-curing acrylic 

resin soft lining material (Palasiv II), and the organisms tested 

included Candida albicans. Bacterial'growth was strongly stimulated 
by the soft lining materials tested and although the effect was not 

so marked with Candida albicans multiplication did occur in every case. 
More detailed analysis indicated that the plasticiser used in the 

soft lining materials was most readily attacked and this would tend to 

encourage invasion of the material by micro-organisms. It must be 

realised that the suggestion is that all acrylic resin materials 

including conventional poly (methyl methacrylate) denture base resins 

can be decomposed in this way but the acrylic resin soft lining materials 

are the most susceptible. The consequence of this in the oral 

environment may be a roughening and discoloration of the surface 
together with an accumlation of plaque on these surfaces. 

More recently a polyurethane elastomer has been suggested as a 

possible soft lining material by Tang et al. 
155 They therefore subjected 

this material to a microbiological eva-luation to determine whether it 

would support the growth of oral micro-organisms in the absence of 

extrinsic nutrients; whether in the presence of such nutrients it 

would be invaded by these micro-organisms; and whether it had any effect 

upon microbial growth. The organisms tested included five strains of 
Candida albicans and these were incubated together with strips of the 

sterilised polyurethane material at 300C for up to 16 weeks in either 

sterile saline, sterile distilled water or a medium containing nutrient. 
The effect of the polyurethane on the viability of the organisms was 
determined by quantitation of the number of viable cells in the 

experimental and control cultures which were identical apart from the 

presence or absence of the polyurethane material. Tests for invasion 

of the material were made visually and by microscopic examination of 

stained sections. The authors concluded that the polyurethane elastomer 
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did not support the growth of the ten selected oral micro-organisms. 
In a nutrient environment, no inhibitory or other effects of the 

polyurethane on the micro-organisms were observed. Neither was there 

any apparent effect on the polyurethane surface which remained smooth 

and intact, with no evidence of fungal or bacterial invasion. 

The assessment of possible inhibitory effects of soft lining 

materials on the growth of Candida albicans may therefore be complex 

and time consuming. A simpler method which is commonly used for 

assessing the antibacterial effect of antibiotics has recently been 

used in a very limited 
. 
fashion by Mäkilä and Hopsu-Havu. 101 

In their 

extensive clinical study on myotic growth and soft lining materials 

the inhibitory effect of a silicone rubber material (Molloplast-b) on the 

growth of Candida albicans in vitro was studied by placing samples of the 

cured and uncured material on agar plates seeded with the organism 

for even growth. Incubation of the agar plates at 370C for 3 days 

allowed the Candida albicans to grow except in an area surrounding the 

uncured soft lining material which indicated a definite inhibition of 

growth, the size of the area being a rough estimate of the degree of 

inhibition. 

A similar method for assessing the inhibitory effects of soft lin- 

ing materials on the growth of Candida albicans has been independently 

developed and is reported here and in a previous publication. 
103 

7.3. Theoretical considerations 

This method of assessing the inhibitory effect of soft lining 

materials on the growth of Candida albicans has been developed from 

the disc diffusion method of testing the sensitivity of bacteria to 

antimicrobial agents which is well established in medical microbiology. 

Although not the first to describe this method Gould and Bowie230 

have described it in great detail and their description has been used 

as a basis for the method described here. In these tests the 

antimicrobial agent is held in a reservoir on an agar plate from which 
it diffuses through the agar medium to form a diffusion gradient to 

which the micro-organisms growing on the agar are exposed. Diffusion 

of the antimicrobial agent takes place continuously from the reservoir 

outwards through the surrounding agar so that the' concentration 

gradient is continuously changing. Zones of inhibition of. growth are 
formed when the organism is susceptible, and these are frequently 

complex showing the effect of different concentrations on the micro- 



243 

organisms during growth (Fig. 7.1. ). One or more of these zones may not 
be apparent, depending on the antimicrobial agent, the sensitivity of 
the organism and the time of incubation. Measurement of the zone of 
inhibition is best carried out with dividers in a strong reflected 
light, and it is most satisfactory to include the zone of lysis, when 

present. The diameter of the zone of inhibition is taken in 

preference to the radius or the distance from the margin of the disc. 

The size of these zones depends upon factors that influence the 

diffusion of the antimicrobial agent, such as pH, depth, hydration 

and concentration of the agar, and nutrients and other substances in 

the gel, as well as the rate of growth of the organism. However, since 

the experimental conditions can be standardised, diffusion tests can 

give results of a high standard of reproducibility as well as a 

reasonable degree of accuracy. Replicate tests are easily set up and 

a number of antimicrobial agents can be tested on a single plate. The 

reservoir may be an absorbent paper disc, or in this case, discs of 

the soft lining material itself. Gould and Bowie investigated a 

number of variables in the method to determine how sensitive the 

results were to these variables. They included variations in the 

size of the disc, the type of paper of which the disc consists, the 

conditions of storage of the discs, the amount of the inoculum, the 

age of the inoculum, the method of inoculation, the type of medium 

used, the thickness of the medium, the time of incubation, and-the 

incubator temperature. In this investigation all of these variables 

were controlled within the limits found to be acceptable as having 

little effect on the zone of inhibition produced. 

This method has also previously been shown to be satisfactory 

when testing the antifungal effect of various agents upon various 

fungi including Candida albicans. 
231 

7.4. Experimental 

7.4.1. Materials 

The materials to be investigated are those discussed in Chapter 2 

and listed in Table 2.1. The materials were processed in the form 

of a flat sheet 1-2 millimeters thick. From this sheet discs 

6.5 millimeters in diameter were-cut using a sterile cork borer. 
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Fig. 7.1 
a) Zone of complete inhibition. b) Zone of delayed growth. 
c) Zone of lysis. d) Zone of stimulated growth. 

e) Zone of normal growth. 

Fig. 7.1. 

Petri-dish in section showing in diagrammatic form the 

theoretical concentration gradient of antimicrobial agent 

after diffusion from the disc. Also diagrammatically 

represented are the various zones of inhibition and growth 

that may occur. (After Gould and Bowie) 
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7.4.2. Method 

A standard strain of Candida albicans from a reference laboratory 

(Mycological Reference Laboratory 3118) was incubated on a blood agar 

plate for 24 hours. A few colonies were then transferred to 

20.0 millilitres of nutrient broth and incubated for a further 24 hours. 

This culture was centrifuged and the organisms re-suspended in 

5.0 millilitres of nutrient broth. 

20.0 millilitre amounts of Diagnostic Sensitivity-Test agar 

(D. S. T., Oxoid, London) were melted and poured into sterile Petri dishes. 

D. S. T. agar is highly standardised for sensitivity testing and the 

use of 20.0 millilitre amounts ensured an even thickness of the agar 

plates. These plates are inoculated uniformly from the broth culture 

(a sterile capillary pipette being used) by flooding the surfaces and 

then removing the excess. The open plates are then allowed to dry 

in the inverted position in an incubator at 37°C for 30 minutes. The 

method of preparation of the inoculum inevitably leads to variations 

in the number of organisms per millilitre of inoculum but in every case 

confluent growth of Candida albicans occurred on the agar plates and 

it has been shown that the effect of large variations in number of 

organisms per millilitre is minimal. 
230 

On each seeded O. S. T. agar plate were placed three test discs of 

soft lining material and one filter paper disc containing 100 units of 

Nystatin, as a control. Two plates were used for each material giving 

a total of six experimental sites and two control sites. These plates 

were incubated at 37°C for 24 hours. If the material inhibited the 

growth of Candida albicans a clear zone free of growth was visible 

around the disc (Fig. 7.2. ), the diameter of the clear zone being an 

indication of the degree of inhibition. In order to compare one plate 

with another, the degree of inhibition relative to the degree of 

inhibition caused by the standard Nystatin control discs could be 

calculated. 

7.4.2.1. Experiment I 

Initially no attempt was made to standardise the thickness of 

the sheets of soft lining materials and each material was tested 

processed according to the manufacturers' instructions. At this 'stage, 

therefore, comparison of the degree of inhibition of the growth of 

Candida albicans was only a rough estimate of the relative activity of 

the materials. 



Fig. 7.2. 

Inhibition of the growth of Candida albicans by three discs 

of Simpa. This inhibition was not as marked as that caused 

by the Nystatin control disc (top right) 
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7.4.2.2. Experiment II 

In those soft lining materials where inhibition was observed, the 

constituents of the materials were tested separately (see Chapter 2). 

Where these constituents were liquids, sterile discs of filter paper 

were immersed in the liquid, excess liquid removed by shaking and 

the disc placed on to the seeded D. S. T. agar plates. Where the 

constituents were solids, small pieces of the solid material were cut 

" and placed on to the seeded D. S. T. agar plates'. Nystatin control discs 

were placed on each plate to ensure comparability but no attempt was 

made to measure the degree of inhibition at this stage. 

7.4.2.3. Experiment III 

In one of the soft lining materials which showed inhibition of 

the growth of Candida albicans, an attempt was made to relate the 

quantity of the constituent present in the disc to the degree of 

inhibition. Samples of the material were processed according to 

manufacturers' instructions with the exception of the constituent 

identified as being responsible for the inhibition of the growth of 

Candida albicans. This constituent was added in varying concentrations 

and by weighing the entire processed samples and the cut out discs, 

it was possible to define the quantity of this constituent in each 

disc. Six discs of each of six different concentrations were tested. 

The diameters of the zones of inhibition were measured and a mean 

value taken of the six samples of each concentration. This was 

corrected for variables between plates by dividing by the diameters 

of the zones of inhibition around the Nystatin control discs. These 

measurements of degree of inhibition were related to the concentration 

of the inhibitory constituent. 

7.4.2.4. Experiment IV 

The same material as in Experiment III was investigated to see 

if the constituent responsible for the inhibition of the growth of 

Candida albicans would be leached out of the material in an aqueous 

environment, such as might be found under normal conditions of use 

in the oral cavity. Discs with measured concentrations of the 

inhibitory constituent werc placed in excess sterile water at 37°C 

for periods of time in the range 10 minutes to 7 weeks. These discs 

were then placed on seeded D. S. T. agar plates as in the previous 
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experiments and the zone of inhibition measured and corrected as in 

Experiment III. To cover the range of time studied, several different 

batches of material were processed. Although attempts were made to 

maintain the concentration of the inhibitory constituent, small 

variations occurred in the concentrations in the different batches of 

discs. For each batch, therefore, one set of discs was tested as 

processed and a further correction applied to each batch results 

according to the results of the control. These measurements of 

degree of inhibition were related to the period of time the 

material had been immersed in water. To exclude the possibility that 

any results were due to further polymerisation of the material 

occurring at 37°C rather than loss of active constituent by leaching out 

of the material by water, a further series of discs were tested after 

storage for varying periods of time dry at 37°C. 

7.4.3. Results 

7.4.3.1. Experiment I 

Of the materials investigated, four materials demonstrated 

inhibition of the growth of Candida albicans. Simpa and the Natural 

Rubber material created a zone of inhibition, the area of which was 

approximately one third of the area of the zone of inhibition created 

by the control 100 units Nystatin discs. Flexibase created a zone 

of inhibition but the area of this was less than half that created by 

Simpa and the Natural Rubber material, while Molloplast-b demonstrated 

such a small degree of inhibition that the area of the zone of 

inhibition was not measureable. 

None of the other materials showed any inhibition of the growth 

of Candida albicans. 

7.4.3.2. Experiment II 

The individual constituents of the soft lining materials that 

were found to inhibit the growth of Candida albicans (see Chapter 2) 

were tested and the active inhibitory constituents identified as 
folloW5: - 

Flexibase: 

Simpa: 
Dibutyltin dilaurate (catalyst) 

Molloplast-b: y-methacryloxypropyltrimethoxysilane 

Can acryloxyalkyl silane added to the rubber to 
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improve the adhesion of the material to the 

poly (methyl methacrylate) denture base) 

Natural 
Rubber: Zinc dimethyl dithiocarbamate (accelerator) 

7.4.3.: 3. Experiment III 

Simpa is supplied as a base paste and two liquid catalysts, one 

of which is dibutyltin dilaurate. By varying the quantity of this 

catalyst it was possible tc'relate the concentration of dibutyltin 

dilaurate present in the processed material to the degree of inhibition 

of the growth of Candida albicans. These results are presented as a 

graph (Fig. 7.3. ) and it can be seen that there was a linear relationship 

between the concentration of dibutyltin dilaurate and the inhibition 

of the growth, thus confirming that dibutyltin dilaurate was the 

active constituent. 

7.4.3.4. Experiment IV 

The effect of immersing the samples of Simpa in sterile water 

at 37°C for varying periods of time is shown in the graph (Fig. 7.4. ). 

where inhibitory effect is plotted against time on a logarithmic 

scale. A correlation analysis gave a correlation co-efficient of 

0.713 which for thirteen degrees of freedom is equivalent to between 

0.01 and 0.001 confidence limits. Hence there is a. significant linear 

correlation. Subsequent regression analysis gave the following 

equation for the data: 

y (Degree of inhibition of growth of Candida albicans) - 0.962-0.029. log t 

where t- the time in minutes. 

There is thus a marked fall of activity over the five week period 

although the rate of fall decreases with time; The negligible effect 

of storing samples dry at 37°C is also shown on this graph. The scale 

of inhibition of growth of Candida albicans on this graph is such that 

1.0 is equivalent to the degree of inhibition of the control samples 

tested 'as processed' and 0.7 is the approximate value at which no 

inhibition of growth occurs. 
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7.5. Discussion 

Few of the materials tested in this investigation have been 

tested previously. Williamson 110 
included in his investigations 

Palasiv 62 which was without effect on Candida albicans, and Molloplast-b 

which had an inhibitory effect on the growth of Candida albicans iri 

a saline medium. However, when a small amount of nutrient was present 

the organisms increased in number, although there may have been an 
initial lag phase. These results agree with the present investigation 

where Palasiv 62 showed no inhibition and Molloplast-b very little 

inhibition of the growth of Candida albicans. Engelhardt228 has 

suggested that Palasiv 62 may be decomposed by micro-organisms to 

provide a '6Ource of carbon, thus stimulating the. growth of the organisms 

but the present investigation has not been designed to test this 

possibility. Mäkilä and Hopsu-Havu101 also tested Molloplast-b and 
found that while the'uncured material caused definite inhibition of 
Candida albicans growth, the cured material exhibited no growth 

inhibition. This may be explained as the active constituent 

y-methacryloxypropyltrimethoxysilane would become inactive during the 

cross-linking curing process. If, however, a small excess remained 

the cured material may still exhibit minimal inhibition of growth as in 

the present investigation and that of Williamson. Other materials. 

which have been found to be inhibitory to the growth of Candida 

albicans 
108,110 

while being of similar types to some of the materials 

in this investigation may well have had some different constituents. 

Of particular interest in this respect are the silicone rubber materials 

which are chemically cross-linked at room temperature. Both Simpa 

and Flexibase utilised dibutyltin dilaurate as a catalyst in the 

cross-linking process and consequently both inhibit the growth of 

Candida albicans. Conversely the third silicone rubber material of' 

this type studied in this investigation, Cardex-Stabon, utilises 

stannous octoate as the catalyst (see Chapter 2) and does not have the 

same inhibitory effect. It may be assumed that the silicone rubber 

material of this type investigated by Williamson, Flexico, which was 

without effect on Candida albicans, does not utilise dibutyltin dilaurate 

as a catalyst and may be similar to Cardex-Stabon in this respect. 
The present investigation is unique in identifying the constituents of 

the soft lining materials which are responsible for the inhibition of 
the growth of Candida albicans. 
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" The relevance of this inhibition to the clinical situation has not 
been established. The minimal inhibition caused by Molloplast-b is 

unlikely to be relevant and while the inhibitory effects of Simpa, 
Flexibase and the Natural Rubber material are significant in the 
'as processed' state, it has not been established how long this 

effect will last in the oral environment. The samples of Simpa tested 

after immersion in sterile water showed a marked fall of activity over 
the five week period, prbsumably as a result of decreasing concentration 

of the dibutyltin dilaurate, within the material, as it leached into 
the aqueous environment. The residual activity at the end of this 

period appears significant, but the effects were accentuated for 

experimental purposes by processing the material with more than the 

manufacturer's recommended level of dibutyltin dilaurate. Whether or 
not this modification significantly affects the mechanical properties 

of the material has not been tested but the properties of this type of 
material are already not ideal for its intended use as a permanent soft 
lining material. Further there has been at least one report112 of an 
adverse mucosal reaction to a silicone rubber soft lining material 

cross-linked at room temperature. The available evidence suggests 
that the reaction was associated with the catalyst liquid which included 

dibutyltin dilaurate. The findings regarding the antifungal activity 

of zinc dithiocarbamate in the Natural Rubber material were hardly 

surprising as this chemical is used as a fungicide for agricultural 

use. Concern has already been expressed as to the possible toxic 

effects of this material (see Chapter 3)176-184 and this concern can 

only be increased by the fact that the inhibition of the growth of 
Candida albicans indicates that the zinc dithiocarbamate may easily 
diffuse out of the cured material. 

It would appear therefore that fortuitous intrinsic antifungal 

activity found in soft lining materials often has serious disadvantages. 

In addition laboratory defined antifungal activity may not necessarily 
be effective clinically. 

231 
The different reports regarding one 

particular material, Tempo, which exhibited an antifungal activity in 

the laboratory 108,110 but was found clinically to be seriously 

contaminated with Candida albicans after only 4-6 months use, 
99 

illustrate the possible differences between the two forms of 
investigation. 
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The addition of proven non-toxic antifungal agents to the soft 
lining material may be a more satisfactory approach and the method 
described here could be used to evaluate such additions. However, 

such additions often have undesirable effects on other properties 

of the soft lining materials41,100,107 and these must be carefully 

evaluated. At present their use should probably be confined to the 

short-term treatment of established denture stomatitis. 
42,108,109 

The prevention of the contamination of soft lining materials 

with Candida albicans and other organisms in clinical use is 
therefore probably best approached by the use of extrinsic anti-fungal 

denture cleaning methods 
100,106,107 

but it must always be established 

that these methods do not have a detrimental effect upon the soft 

lining material or indeed upon the poly (methyl methacrylate) denture 

base material, 
39,67,69,70,74,92,93,95,96,232 One author has, however, 

suggested that the ideal soft lining material should not require 

special home care by the patient, since many patients would not give 

the material such special care. 
69 

7.6. Conclusions 

The surface characteristics of soft lining materials may make them 

more difficult to clean and a consequence of this may be the 

colonisation of the surface by Candida albicans which may subsequently 

be involved in the aetiology of denture stomatitis. Inhibition of 

the growth of Candida albicans by the soft lining material should 

therefore be an advantage. A simple and reliable method has been 

described for the investigation of such inhibitory effects. Of the 

seventeen soft lining materials investigated four (Simpa, Flexibase, 

Molloplast-b and the Natural Rubber material) have been found to 

inhibit the growth of Candida albicans in vitro. These materials were 

investigated further and the active constituents identified as the 

dibutyltin dilaurate catalyst in the silicone rubber materials cross- 

linked at room temperature (Simpa and Flexibase), an acryloxyalkyl 

silane additive in the silicone rubber material cross-linked by the 

application of heat (Molloplast-b) and the zinc dimethyl dithiocarbamate 

accelerator in the Natural Rubber material. In Simpa the inhibitory 

effects of dibutyltin dilaurate on the growth of Candida albicans was 

linearly related to its concentration and it was demonstrated that its 

effectiveness was reduced following immersion in water at 37°C, 

presumably as a result of decreasing concnetration of the dibutyltin 
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dilaurate within the material as it leached into the aqueous 

environment. 

The clinical relevance of these inhibitory effects may only be 

estimated particularly because of the effects of other properties 

of the material i. e. water absorption, water solubility and surface 

characteristics and in addition concern has been expressed as to 

the possible toxic effects of some of the inhibitory constituents. 

It has consequently been suggested that the prevention of the 

contamination of soft lining materials by Candida albicans may be 

more satisfactorily achieved by the use of extrinsic cleaning methods. 

In a full evaluation of a soft lining material its effect on the 

growth of Candida albicans is of obvious importance. However, 

before inhibitory effects are claimed to be advantageous the active 

constituent must be identified and shown to be compatible with they 

oral tissues, and non-toxic to the individual in every respect. 
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CHAPTER 8 

SU11ARY AND CONCLUSIONS 

8.1. General discustion 

Soft lining materials appear to be used in between one and five 

per cent of all complete mandibular dentures. Their use is indicated 

in a variety of circumstances but most commonly where the oral mucosa 

covering the denture bearing area is locally or generally of inadequate 

thickness or where this oral mucosa exhibits a reduced tolerance to 

the loads applied to it by the denture. The provision of a soft 

lining material may, however, be accompanied by disadvantages. The 

loss of rigidity and strength of the composite denture may be adequately 

compensated for by the inclusion of a metal reinforcing structure 

whereas difficulties in constructing such a composite structure are 

only of short term effect and do not concern the patient receiving the 

denture. Of much greater importance are the physical properties of the 

soft lining materials in clinical use and the effect of the oral 

environment on such properties. It is with the functional requirements 

of soft lining materials that this investigation has been mainly 

concerned. The properties of interest are: - 

1. The compatibility of the soft lining materials with the 

oral tissues. 

2. The compliance and resilience of the soft lining materials. 

3. The dimensional stability of the soft lining materials. 

4. The rupture properties of the soft lining materials. 

5. The adhesion of the soft lining materials to the poly 

(methyl methacrylate) denture base. 

6. The wettability of the soft lining materials. 

7. The effect of the soft lining materials on the growth of 

Candida albicans. 

A. representative sample of commercially available soft lining 

materials were therefore selected and chemically analysed. These, 

together with some experimental materials, were subjected to laboratory 

testing in an attempt to relate the physical properties to their 

chemical composition and to assess their suitability as soft lining 
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materials. The investigations were designed to test most of the above 

properties in a way that is as relevant to the clinical situation as 

possible. 

The chemical analysis has shown that not one of the seventeen 

materials investigated is identical with another. It is, however, 

possible to group the materials according to their main constituents 

and by considering the results of the separate parts of the investigation 

together make an assessment of the suitability of the individual 

materials as soft lining materials for acrylic dentures. 

8.2. Silicone rubber soft lining materials 

8.2.1. Silicone rubber materials cross-linked at room temperature 

Three of the materials which have been investigated, Flexibase, 

Simpa and Cardex-Stabon are included in this group. The basic polymer 

in every case is a-w-dihydroxy end blocked poly (dimethyl siloxane) 

but the materials differ in the cross-linking agent and catalyst used 

and in the percentage of filler each contains. These differences are 

reflected mainly in the water absorption characteristics and in the 

effect of the materials on the growth of Candida albicans. 

All of these materials exhibit high levels of water absorption 

with the level for Flexibase being higher than that for Cardex-Stabon 

which is higher than that for Simpa. This will have obvious 

consequences on the dimensional stability of the materials and is also 

likely to affect their compliance. In addition it has been shown to- 

reduce significantly the rupture properties of the materials but 

although it may also be expected to affect the adhesion of the materials 

to poly (methyl methacrylate) any such effects are masked by the poor 

rupture properties. 

The compliance of these materials is not significantly different 

from most of the proprietary soft lining materiels although Flexibase is 

the least compliant silicone rubber material tested. In general the 

silicone rubber materials are-more resilient than soft acrylic materials. 

The rupture properties of these materials are, however, particularly poor. 

Following immersion in water for six months at 37°C, a situation 

comparable to the clinical situation, Flexibase and Simpa have tear 

strengths which compare unfavourably with tear strength values for an 

irreversible hydrocolloid impression material while Cardex-Stabon is 

not much better. In tests of adhesion of the materials to poly (methyl 
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methacrylate) the poor rupture properties caused the specimens to 

always fail within the soft lining material before the adhesive bond was 

broken. Thus the adhesive strength could not be measured. 

All three materials when tested 'as processed' were significantly 
less wettable than poly (methyl methacrylate) and even after immersion 

in water for six months both Simpa and Cardex-Stabon remained so. 

The catalyst, dibutyltin dilaurate, used in both Flexibase and 

Simpa was found to inhibit the growth of Candida albicans while that in 

Cardex-Stabon did not. However, since dibutyltin dilaurate may act 

as a primary irritant in the mouth the availability of this chemical 

within the material may be seen as a disadvantage. 

In conclusion this type of material cannot be considered as 

suitable for use as a 'permanent' soft lining material. Their main 

disadvantages being the high level of water absorption, the poor 

dimensional stability, the poor rupture properties, the poor wettability 

and the presence in the cross-linked material of a chemical which may 

act as a primary irritant in the mouth. 

8.2.2. Silicone rubber materials cross-linked by the application 

of heat 

Per-Fit and Molloplast-b are included in this group which utilises 

the same basic polymer a-w-dihydroxy end blocked poly (dimethyl siloxane) 

as the previous group. The method of cross-linking is, however, 

different. Per-Fit contains methyltriacetoxy silane as the cross- 

linking agent and cross-links on exposure to moisture, heat only being 

used to accelerate the condensation reaction. Molloplast-b, on the 

other hand, is cross-linked by the presence of benzoyl peroxide and the 

application of heat and in addition contains an acryloxyalkyl silane 

which as well as improving the cross-linking of the silicone rubber is 

intended to improve the adhesion of the silicone rubber to the poly 

(methyl methacrylate). The percentage of filler each contains is also 

different. 

The water absorption and water solubility of these two materials 

is very low. Per-Fit actually shows a weight loss on immersion in 

water as water soluble material present exceeds the water absorbed. In 

both cases the weight changes are smaller than those reported for 

poly (methyl methacrylate). The dimension stability should therefore 

be good, and the mechanical properties little affected by the oral 

environment. 
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The compliance and resilience of these materials are similar to 

the other silicone rubbers but the rupture properties are significantly 

better both 'as processed' and following immersion in water. The 

adhesion of Per-Fit to poly (methyl methacrylate) proved to be 

adequate but that of Molloplast-b was unreliable. It may be possible, 

however, to improve this by different processing techniques. 

Both materials when tested 'as processed' were significantly less 

wettable than poly (methyl methacrylate) and even after immersion in 

water for six months Molloplast-b remained so. 

The acryloxyalkyl silane additive used in Molloplast-b had a 

mild inhibitory effect on the growth of Candida albicans but this is 

unlikely to be clinically significant. Both materials contain 

by-products of the cross-linking reaction which may act as tissue 

irritants but such a reaction has not been demonstrated. 

In conclusion this type of material is probably the best 

currently available for use as a 'permanent' soft lining material. The 

unreliability of the adhesion of Molloplast-b to poly (methyl methacryl- 

ate) is an obvious disadvantage but Per-Fit seems satisfactory in this 

respect. The wettability of both materials is initially poor but 

for Per-Fit this improves in an aqueous environment. After six months 

in water Per-Fit demonstrates a similar wettability to poly (methyl 

methacrylate). Per-Fit would seem therefore to be the ideal 'permanent' 

soft lining material as far as the parameters tested in this investigation 

are concerned. The effect of an aqueous environment on the adhesion 

of this material to poly (methyl methacrylate) has, however, not-been 

investigated and the difference in wettability characteristics when 

compared with Molloplast-b has not been adequately explained. 

8.3. 

8.3.1. 

Acrylic resin soft lining materials 

'Tissue Conditioner' type materials 

This group includes Coe-Soft, Soft Oryl and Ardee. Chemical 

analysis of Coe-Soft and Soft Oryl has demonstrated that they are 

similar to the typical gelling tissue conditioner materials and are 

thus very different from the cross-linked elastomers usually supplied 

as 'permanent' soft lining materials. Their properties wöuld therefore 

be expected to be significantly different. The basic polymer used is 

poly (ethyl methacrylate) and the liquid consists of a mixture of 

plasticisers and ethyl alcohol, no methacrylate monomer being present. 

0 
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Ardee, a copolymer of poly (ethyl methacrylate) and poly (ethyl acrylate) 

which is compliant at room temperature was also never intended to be 

used as a 'permanent' soft lining material. 

The water absorption and solubility characteristics of Coe-Soft 

and Soft Oryl are dominated by the loss of the ethyl alcohol component. 

However, some of the plasticisers may also be leached into the aqueous 

environment and significant quantities of water are absorbed. Ardee 

also shows a high level of water absorption and a loss of soluble 

material which has not been positively identified. Such characteristics 

will inevitably have a significant effect upon the dimensional stability 

and the mechanical properties of the materials. 

Since these materials cannot be compared with 'permanent' soft 

lining materials they have not been subjected to the full series of tests. 

The compliance of Coe-Soft and Soft Oryl is similar to most proprietary 

soft lining materials and like other plasticised acrylic resin materials 

they demonstrate a slow response to deforming loads and a similar slow 

recovery (poor resilience). 

The rupture properties of these materials when tested 'as processed' 

are not surprisingly poor since they are not cross-linked but merely 

solutions of the polymer in the plasticiser, and the effect of an 

aqueous environment an these properties was not investigated. In tests 

of adhesion of Coe-Soft and Ardee to poly (methyl methacrylate) the poor 

rupture properties caused the specimens always to fail within the soft 

lining material before the adhesive bond was broken. Thus the adhesive 

strength could not be measured. 

All three materials demonstrated. similar wettability to poly 

(methyl methatrylate) when tested 'as processed' and after immersion in 

water only Ardee was significantly less wettable. None of these 

materials had any effect on the growth of Candida albicans. However, 

the use of benzyl salicylate in Coe-Soft must be questioned because 

not only has this chemical been implicated in hypersensitivity reactions 

to sun oils and toilet soaps but it confers no useful advantages on the 

properties of the material. 

In conclusion it is unreasonable to subject these materials to 

such long-term investigations as are appropriate for 'permanent' soft 

lining materials. Tissue conditioning materials are intended for use 

in the oral environment for very short periods of time and even if 

used as temporary relining materials three months would be a reasonable 

life expectancy. For such short term use these materials would most 

probably be satisfactory, however, the high level of water absorption 
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and water solubility, the poor dimensional stability, and the poor 

rupture properties would make them unsuitable for longer term use. It 

is suggested that the manufacturers of such materials should make this 

time limitation absolutely clear. 

8.3.2. Conventional acrylic resin soft lining materials 

This group of materials includes Coe Super-Soft, Palasiv 62, 

Soft Nobiltone, Virina, Verno Soft and one of the experimental materials, 

A. D. I.. With the exception of Soft Nobiltone`which is based on poly 

(methyl methacrylate) the basic polymer used is poly (ethyl methacrylate) 

but the materials differ in both the monomer and plasticiser used and 

in the percentage of plasticiser present in the processed material. 

It is also likely that the molecular weight of the poly (ethyl 

methacrylate) differs between materials, but this was not investigated. 

The monomers used are methyl methacrylate in Coe Super-Soft and Soft 

Nobiltone, methyl methacrylate plus ethyl acetate in Virina, ethyl 

methacrylate in Verno Soft, n-butyl methacrylate in Palasiv 62 and 

2-ethoxy-ethyl methacrylate in A. D. I.. The plasticisers used are 

butyl phthalyl butyl glycollate in Coe Super-Soft, Palasiv 62 and 

Soft Nobiltone, di-n-butyl phthalate in Virina and A. D. I., and 

2-ethyl-hexyl di-phenyl phosphate in Verno Soft. The quantity of 

plasticiser necessary to reduce the glass-transition temperatures of 

these polymers to below room temperature is related to the glass- 

transition temperatures of the basic polymer, thus those materials 

using 2-ethoxy-ethyl methacrylate and n-butyl methacrylate, which have 

lower glass-transition temperatures than methyl or ethyl methacrylate, 

need less plasticiser. 

The water absorption and solubility behaviour of these materials 

is complex being a combination of absorption of water and loss of 

plasticiser. Of the three plasticisers used butyl phthalyl butyl 

glycollate is the easiest, di-n-butyl phthalate less easy and 

2-ethyl-hexyl di-phenyl phosphate very resistant to diffusion out of 

the soft lining material into the water. In all cases however, the 

weight changes were significantly higher than those quoted for poly 

(methyl methacrylate) and could be expected to have a significant 

effect upon the dimensional stability and the mechanical properties 

of the materials. 
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The compliance of these materials is in most cases similar to 

all the proprietary soft lining materials. Verno Soft is, however, 

significantly less compliant which may indicate that 2-ethyl-hexyl 

di-phenyl phosphate is a less effective plasticier while the A. D. I. 

material as presently formulated is so hard as not to be suitable as 

a soft lining material. The lack of compliance of this latter material 

has not been satisfactorily explained but may be related to the 

powder/liquid ratio used. Certainly modification of the powder/liquid 

ratio in all these materials will affect their compliance. All soft 

acrylic materials are less resilient than the silicone rubber materials 

demonstrating a slow response to deforming loads and a slow recovery 

to their original dimensions. Most of the cross-linked acrylic resin 

soft elastomers demonstrate significantly better rupture properties 

than the silicone rubber or tissue conditioner materials but the highly 

plasticised poly (methyl methacrylate), Soft Nobiltone, has a tear 

strength similar to those for the silicone rubber materials. The 

figures were not so impressive, however, when the materials were tested 

at 4000 (approximately mouth temperature) but immersion in water for 

six months tended to increase their strength. For materials such as 

these, where the glass-transition temperature is not greatly below 

room temperature, all of the mechanical properties are. likely to be 

significantly affected by the change of temperature from room 

temperature to mouth temperature. The effect of such a change on the 

compliance and resilience of these materials has not been evaluated 

but with the exception of A. D. I. these materials should have a satisfact- 

ory compliance for their intended use as 'permanent' soft lining materials. 
The adhesion of acrylic resin soft lining materials to poly 

(methyl methacrylate) is generally satisfactory since the materials are 

chemically similar. Somewhat surprisingly immersion in water for six 

months caused some of the Coe Super-Soft/poly (methyl methacrylate) 

samples to show partial adhesive failure and this may be related to the 

dimensional changes occurring in the Coe Super-Soft during immersion in 

water. None of the other' materials in this group have been tested in 

this way but it does appear that the bond between this type of material 

and poly (methyl methacrylate) may not be as effective as at first 

supposed. 

Most of these materials exhibited similar wettability character- 
istics to poly (methyl methacrylate) only Palasiv 62 being significantly 
less wettable both 'as processed' and after immersion in water for 

six months. This could only be attributed to the higher methacrylate 
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monomer used in thsi material. Conversely Soft Nobiltone and Verna Soft 

became more wettable than poly (methyl methacrylate) after immersion in 

water for six months. 

None of these materials had any effect on the growth. of 

Candida albicans in vitro. However, the plasticisers are leached out 

of the materials into an aqueous environment such as the mouth and 

concern has been expressed as to their possible toxic effects when 

ingested. However, they have never been shown to have any adverse 

effects in human beings. 

In conclusion, although the initial properties of the conventional 

acrylic resin soft lining materials are satisfactory the significant 

changes that occur in their dimensions and mechanical properties in 

an aqueous environment put their long-term use in question. These 

materials cannot therefore be considered satisfactory as 'permanent' 

soft lining materials for acrylic dentures. 

8.3.3. Modified acrylic resin soft lining materials 

One of the experimental soft lining materials investigated, Cole, 

while having the same basic polymer, poly (ethyl methacrylate), as 

most of the acrylic resin materials and the same monomer, 

2-ethoxy-ethyl methacrylate, as A. D. I. utilises a totally different 

plasticiser system. It has therefore been considered separately. 

The plasticiser is a polymerisable unsaturated diester, 

di-2-ethyl-hexyl maleate, which by polymerising during the processing 

cycle is supposed not to leach out of the material in an aqueous 

environment, thus stabilising the properties of the material. 

The water absorption and solubility characteristics of this 

material show that this is not the complete answer. Despite the 

special nature of the plasticiser, because it is difficult to 

polymerise completely, the loss of soluble material. is greater than 

that found for Verno Soft and Virina and not much less than that found 

for Palasiv 62. The total weight gain for this material is, however, 

less than for any of the other acrylic resin materials and this may 

relate-to the material being composed entirely of polymerised 

constituents. Although this material did not reach an equilibrium 

state the period of the study was sufficient to suggest that the 

changes in dimensions and mechanical properties of this material 

would not significantly affect its use. 
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The compliance of this material as presently formulated is 

probably not sufficient for its intended use as a soft lining material 

although the material has not been tested at 37°C when it is likely 

to be more compliant, nor has the exact level of compliance necessary 

been determined. Its resilience is comparable to the conventional 

acrylic resin soft lining materials, as are its rupture properties 

which may be considered adequate. 

The adhesion of this material to poly (methyl methacrylate) may 

also be considered satisfactory for although there was some evidence 

of adhesive failure of the specimens when tested 'as processed' at 

room temperature the forces involved would be unlikely to be 

encountered clinically. The adhesion has not, however, been tested 

following immersion in an aqueous environment. 

There was no significant difference in wettability between this 

material and poly (methyl methacrylate) when tested both 'as processed' 

and following immersion in water for six months. 

The material has no effect upon the growth of Candida albicans. 

However, it has been shown that the plasticiser does leach out of 

the material and while there is no indication that this plasticiser 

could act as an irritant it would be advisable to test its tissue 

compatibility prior to marketing such a material. 

In conclusion, the present formulation of the Cole material may 

not be sufficiently compliant to be an effective soft lining material. 

However, its other properties are generally satisfactory and therefore 

modification of the formulation could be attempted to improve the 

compliance. Such a modification may also affect the other properties 

of the material and it would therefore be necessary to repeat many of 

the investigations reported here. Satisfactory, 'permanent' soft 

lining materials are so difficult to find this must be a worthwhile 

exercise. 

8.3.4. Hydrophilic acrylic resin soft lining materials 

Hydron is a material of this type and consists of poly 

(hydroxyethyl methacrylate). The basic polymer is hard but on 

exposure to moisture it absorbs large amounts of water to become soft 

and suitable for consideration as a soft lining material. 

Unfortunately the water absorption which is necessary to prdduce 

the material's compliance is also its greatest disadvantage. Despite 

the loss of 25 per cent of soluble material the material increased 
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in weight by 20 per cent upon immersion in water. Such large changes 

must have inevitable consequences for the dimensional stability and 

mechanical properties of the material. In addition the high diffusion 

coefficients found for this material mean that changes occur rapidly 

on insertion and removal from an aqueous environment. 

In the hydrated state Hydron is among the most compliant of 

all the soft lining materials and it is highly resilient. Unfortunately 

insufficient material was available to carry out the complete range of 

tests on this material but the indications are that its rupture 

properties are poor. 

The material when tested 'as processed' (dry) was significantly 

less wettable than poly (methyl methacrylate) but after immersion in. 

water (hydrated) it became significantly more wettable. There is no 

evidence, however, that this increased wettability confers any 

advantages upon this material. 

Hydron has no effect upon the growth of Candida albicans. 

In conclusion, the water absorption and solubility characteristics 

of this material are such that it cannot be considered satisfactory as 

a 'permanent' soft lining material for acrylic dentures. 

8.4. Natural Rubber soft lining materials 

One of the experimental materials investigated was a soft natural 

rubber material with a zinc dimethyl dithiocarbamate - sulphur curing 

system supplied by The Malaysian Rubber Producers Research Association. 

This material demonstrated a large'increase in weight when 

immersed in water and this would probably be unacceptable in terms of 

dimensional stability. 

The compliance of this material was similar to most proprietary 

soft lining materials and it was slightly more resilient than the 

silicone rubber materials-. Its rupture properties were also more than 

satisfactory. 

Since the material has no natural adhesion to poly (methyl 

methacrylate) a rubber-poly (methyl methacrylate) graft polymer 

adhesive was used. Unfortunately this proved quite ineffective and 

the adhesion to poly (methyl methacrylate) was completely inadequate. 

The materiel was significantly less wettable than poly (methyl 

methacrylate) both in the 'as processed' state. and following immersion 

in water for six months. 
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The zinc dimethyl dithiocarbamate used as an accelerator in 

curing this material is also used as a fungicide for agricultural use. 

It was not surprising therefore that this material significantly 

inhibited the growth of Candida albicans. The fact that this chemical 

can be diffused from the cured soft lining material to have this 

inhibitory effect means that is will be diffused into the oral 

environment and subsequently ingested. There have been suggestions 

that this chemical may have carcinogenic or mutagenic effects and thus 

it cannot be recommended for use in this situation. 

In conclusion this Natural Rubber material is not suitable as 

a soft lining material. Its water absorption is high which will lead 

to poor dimensional stability, the adhesion to poly (methyl methacrylate) 

is poor, the wettability is low and most significant of all, one of 

its constituents may be carcinogenic. 

8.5. Effect of bonding soft lining materials to poly (methyl 

methacrylate) 

In general terms the compliance of the soft lining materials 

investigated (with the possible exceptions of Cole and A. D. I. ) was 

satisfactory. However, in clinical use the material is also bonded 

to a poly (methyl methacrylate) superstructure and the influence of this 

on the measured compliance must also be considered. Tests carried 

out on such composite structures show that the compliance of the soft 

lining material when bonded to a poly (methyl methacrylate) denture 

base is significantly affected by its thickness. The indications are 

that a reduction in the thickness of the soft lining layer below two 

millimeters would result in a rapid loss of compliance. A thickness 

of two to three millimeters of soft lining material would therefore 

seem most appropriate but this would be significantly influenced both 

by the compliance necessary to be effective and by the real elastic 

modulus of the material. 

8.6. Possible future studies 

Of the materials investigated most can be excluded on the basis of 

the work already completed. Only Molloplast-b, Per-Fit and the Cole 

material would seem worthy'of further investigation. Nevertheless, 

Molloplast-b and Per-Fit are representative of a'type of material of 

which there may be other proprietary brands. In addition it may not be 

reasonable to exclude all heat-cured acrylic resin materials on the 
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basis of the five proprietary materials and one experimental material 
investigated although materials that are chemically similar will 

probably exhibit similar properties. Some general points relating to 

future investigations of soft lining materials are therefore also 

relevant. 

8.6.1. Constituents and composition of soft lining materials 

The properties of the silicone rubber materials would seem to be 

related in some respects to the inorganic filler used in their 

composition. Further analysis of these fillers is therefore indicated 

both in terms of the actual filler used, their particle size and the 

bonding of the fill_Eic to the silicone rubber. In addition both for 

these materials and the acrylic resin soft lining materials the 

molecular weight of the polymer and the degree of cross-linking of the 

cured material would seem to be relevant and this merits further 

investigation. Further, the powder/liquid ratio of the acrylic resin 

materials will inevitably affect their properties and this could be 

investigated. In particular alteration of this ratio for the Cole 

material could increase its compliance but this may also affect its 

o'ther properties. 

8.6.2. Water absorption and water solubility of soft lining materials 

Certain assumptions have been made in this investigation as to 

the relationship between the water absorption and water solubility of 

the materials and their dimensional stability. Confirmation of this 

relationship by direct measurement would be valuable particularly with 

respect to the effect of the'bonding of the soft lining material to 

the rigid poly (methyl methacrylate) denture base on these dimensional 

changes. 

Further, since in clinical use soft lining materials are actually 

immersed for part of their life in saliva, part in water and part in 

solutions of denture cleansers the effect of these various aqueous 

solutions upon the soft lining materials would be interesting. 

8.6.3. Mechanical properties of soft lining materials 

The compliance necessary-for a soft lining material to be effective 

in clinical use has not been established. Neither is it clear how 

resilient the ideal soft lining material should be. In practice this 

probably depends to a large degree on the particular clinical situation 
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and 3 range of both compliance and resilience may prove to be satisfact- 

ory. Only clinical trials may provide an answer to this question. 

One particular defect of this investigation is the failure to 

test the compliance and resilience of these materials at mouth 

temperature which is obviously of greater relevance than tests at 

room temperature. 

In addition further investigation of the effect of water 

absorption and water solubility on the compliance and resilience of 

these materials would be valuable. 

8.6.4. Adhesion of soft lining materials to poly (methyl methacrylate) 

The different methods of constructing the join between the soft 

lining material and poly (methyl methacrylate) have not been fully 

investigated. This would be particularly relevant in respect of 

Molloplast-b because the method used in this investigation resulted in 

an unreliable bond between the two materials. Curing the two materials 

at the same time may prove more successful. 

In addition before the adhesion between the Cole material and 

poly (methyl methacrylate) is considered satisfactory the effect of water 

absorption and water solubility on this adhesion must be evaluated. 

Tests could also be carried out at mouth temperature as opposed 

to room temperature and at different rates of separation as this may be 

found to affect the strength of adhesion. 

8.6.5. Wettability of soft lining materials 

The large variation found in the contact angles formed between 

water and soft lining materials indicate that a greater number of 

recordings for each material would be desirable to confirm the results 

presented in this investigation. In particular, confirmation of the.. 

insignificant difference in wettability between Per-Fit and poly 

(methyl methacrylate) following immersion in water for six months 

would be useful. In addition, time related investigations would show 

how long the material needs to be immersed in water to reduce the 

initial low wettability of the material to a satisfactory level. 

In clinical use saliva is the relevant liquid and therefore 

investigation of the contact angles between saliva and the various 

materials would be intersting. Further, the effect of contamination 

of the materials by skin and food oils in normal use and conversely 

the effect of denture cleansers should also be investigated. 
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8.6.6. The growth of Candida albicans in association with soft 
lining materials 

It has been suggested that the most satisfactory method of 

prevention of contamination of soft lining materials by Candida albicans 

or other organisms is the use of extrinsic denture cleansing methods. 
The effectiveness of such methods needs further evaluation and it must 
be demonstrated that such methods do not have any adverse effects 

upon the soft lining material or the poly (methyl methacrylate) denture 

base. 

8.6.7. Tissue compatibility of soft lining materials 

Soft lining materials and their constituents sould be compatible 

with the body tissues in all respects. Investigations of existing 

materials would be valuable although previous clinical use of these 

materials may make this unnecessary. However, all new materials 

should be properly evaluated in this respect prior to their introduction 

for general clinical use. 

8.6.8. Clinical studies 

It is probably impossible to completely simulate clinical 

conditions in the laboratory. For this reason the final evaluation of 

a soft lining material must be carried out in the clinical situation. 

However, not only is it unreasonable to utilise materials clinically 

unless confidence can be expressed in the properties of the material, 

but the variables in such a trial are considerable. Consequently large 

numbers of individuals must be utilised in such studies and therefore 

laboratory based studies are essential to identify those materials which 

are worth clinical evaluation. Of the seventeen materials investigated 

only three may merit such further. study and it is suggested that the 

development of entirely new types of soft lining materials is still 

strongly indicated. 
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Soft lining materials: their status and 
prospects* 
P. S. Wright, BDS, FDS RCS(Eng) 
Department of Prosthetic Dentistry, Dental School, The London Hospital Medical College 

ABSTRACT Grant when they wrote: `Resilient lining 
Although soft lining materials are inadequate to materials are intended to be permanently 
their requirements, their use is widespread. This attached to dentures. In fact, their properties 
paper comprises a preliminary report of a com- are often so deficient, that they may best be con- 
prehensive study of these materials, which has sidered only semi-permanent'. 
been undertaken in an attempt to determine It is the inadequacy of the available materials 
which are the better materials, how best to use that is the reason for soft lining materials being 
them and how they may be improved. In addi- used only as a last resort and has stimulated the 
tion, some new materials have become available comprehensive study of these materials now which may have advantages over existing being undertaken. This paper comprises a pre- materials. 

Fifteen materials are under investigation. These liminary report of the work done so far. 

have been analysed, their water absorption, water 
solubility and visco-elastic properties studied and MATERIALS the effect of bonding these soft lining materials 
to polymethyl methacrylate determined. The lack of a good soft lining material is con- 

The study is continuing as there are many firmed by the number of materials available. A 
aspects of these materials which remain to be search of the literature revealed references to 
investigated. twenty-nine different proprietary materials, of 

INTRODUCTION which twelve were chosen to give a representa- 
tive picture. lining materials are most commonly used for . These can be conveniently divided 
into silicone rubber and soft acrylic compounds. 

patients who are unable to tolerate the pressures In addition, three experimental materials of 
transmitted by a prosthesis to the mucosa cover- differing types to those generally available ing the edentulous ridge. In 1958 Lammie and were also studied (Table 1). Only selected charac- Storer wrote: `It has only been the lack of a 
suitable material that has prevented the exten- 

teristics of these materials which are relevant to 
the later discussion will be presented. sive use of resilient denture base materials in 

complete denture prosthetics'. Much more Silicone rubber materials 
recently, in 1973, the same sentiment was 
expressed in a different way by Combe and 

These are well established as soft lining materials. 
In all cases they are heavily filled, most com- 

*Presented at the Annual Conference of the monly with an inorganic silicate. The content of 
British Society for the Study of Prosthetic Den- this filler was determined gravimetrically and was 
tistry in March 1976 and awarded the Reckitt found to comprise between 10 and 35 per cent 
Prize. of the total weight (Table 11). 
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Table /. -Materials and manufacturers 

Material 

Silicone rubber materials 
Flexibase 
Simpa 
Cardex-Stabon 
Per-Fit 
Molloplast B 

Soft acrylic materials 
Coe-soft 
Soft Oryl 
Coe Super-soft 
Palasiv 62 
Soft Nobiltone 
Virina 
Verno Soft 

Experimental materials 
Hydrocryl's Soft Liner 
Cole Polymers 
Natural rubber 

Manufacturer 

Flexico Developments Ltd, London 
A. Kettenbach, West Germany 
Cardex, Austria 
Dental Products Unlimited, Idaho 
Kostner and Co., Germany 

Coe Laboratories Inc., Illinois 
The William Getz Corp., Illinois 
Coe Laboratories Inc., Illinois 
Kulzer and Co., Germany 
Nobilium Products Inc., Illinois 
Virina Dental Products Ltd, Canada 
Vernon-Benshoff Co. Inc., New York 

Journal of Dentistry, Vol. 4/No. 6 

Hydron Dental Products Inc., New Jersey 
R. H. Cole and Co. Ltd, London 
The Malaysian Rubber Producers' Research 

Assoc. 

Because silicone rubbers have no natural 
adhesion to polymethyl methacrylate, an adhe- 
sive, comprising a silicone polymer in a volatile 
solvent, is used. The polymer molecules pene- 
trate the polymethyl methacrylate and become 

anchored following evaporation of the solvent. 
The curing soft lining material will then adhere 
to the denture base by cross-linkage with the 

silicone polymer. 

Table l/. -Percentage of inorganic 
filler in silicone rubber soft lining 

materials 

Material % of filler (by weight) 

Flexibase 
Simpa 
Per-Fit 
Molloplast B 

34.2 
15.7 
10.1 
21.5 

Soft acrylic materials 
Cold-curing type 
This tvDe usually transpires to be a `tissue condi- 

(Soft Oryl and Coe-soft). These are in quite a 
different physical class to cross-linked elasto- 
mers, and have therefore been excluded from the 
remainder of this report. 

Heat-curing type 
Most of these are designed to suit the `dough 
technique' of dental technology. The polymer 
powder is usually polyethyl methacrylate and 
the monomer is often a higher methacrylate such 
as the N-butyl ester together with a plasticizer. 
The exception is Soft Nobiltone which is a 
heavily plasticized polymethyl methacrylate. 

The plasticizer is responsible for the softness 
of these materials and also their eventual harden- 
ing as it leaches into the oral fluids. In all cases 
this was a phthallate, possibly of the butyl 
phthalyl butyl glycolate type. The total content 
of plasticizer is important and as yet uncom- 
pleted work has shown that this comprises as 
much as 30 per cent of the cured soft acrylic 
material. 

tioner', i. e. a polymer powder consisting of Experimental materials 

polyethyl methacrylate and a liquid containing 1. The Hydron Corporation has produced an 
a mixture of an aromatic ester and an alcohol experimental material which is basically an 
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acrylic polymer with hydrophilic groups (poly- 
hydroxyethyl methacrylate). It is supplied as a 
gel which, when polymerized, forms a hard 
brittle polymer. On exposure to water the 
polymer is converted to a soft state, the absorbed 
water acting as a plasticizer in this case. 

2. The Cole Polymers material, although 
similar in its main constituents to the other heat- 

curing soft acrylics, has a different type of plasti- 
cizer system. The plasticizer is polymerizable, 
hence not leaching into the oral fluids. The 

patent states this plasticizer to be di-2-ethyl 
hexyl maleate (Litchfield and Wood, 1965). 

3. The Malaysian Rubber Producers' Research 
Association have produced a natural rubber com- 
pound with a zinc dimethyl dithiocarbonate- 

sulphur curing system which will cure at 100 °C. 
Adhesion to the denture base is obtained using a 
rubber-polymethyl methacrylate graft polymer 
solution. 

WATER ABSORPTION AND WATER 
SOLUBILITY 
In the clinical situation there are two processes 
taking place simultaneously. Water or saliva can 
be absorbed into the material and plasticizer or 
other constituents of the soft lining material can 
be leached out. Both processes are important. To 

predict the clinical behaviour, both the amount 
of water absorbed and the amount of soluble 
material lost must be measured over a period, 
which is comparable with the proposed period of 
use in the oral environment. 

Method of testing 
The samples are immersed in distilled water at 
37 °C and weighed to ±0.0001 g at intervals 
until equilibrium is reached. Since the change in 
weight plotted against time gives a curve which is 
a combination of water absorption and water 
solubility, neither can be calculated. Therefore, 
the sample is subsequently dried in an oven at 
37 °C containing a desiccant, the weighings being 

continued, then reimmersed in water and these 
processes continued until all soluble material has 
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been extracted. Ultimately, these measurements 
give the equilibrium water uptake, the amount 
of soluble material present and the diffusion 
coefficients in absorption and desorption. Many 
soft lining materials take a long time to reach 
equilibrium and some samples have been under- 
going the first absorption cycle for over 18 
months. 

Results and discussion 
The results are shown as percentage change on 
the original sample weight plotted against a 
logarithmic time scale. Only in two materials, 
Molloplast B and Hydrocryl's Soft Liner, has the 
work progressed far enough to calculate the 
diffusion coefficient and the amount of water- 
soluble material in the polymerized liner. 

Silicone rubber materials (Fig. 1) 
Pure silicone rubber is highly permeable to water. 
Water will pass through silicone rubber approxi- 
mately ten thousand times as fast as through 
acrylic, but high permeability does not mean 
high absorption and the water absorption of pure 
silicone rubber is low. However, as shown earlier, 
silicone rubber soft lining materials contain an 
inorganic filler and it is this which determines the 

water absorption characteristics. Molloplast B 

and Per-Fit have low water absorption and reach 
equilibrium relatively quickly. The other 
materials, however, show high levels of water 
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Fig. 1. -Absorption cycles of silicone rubber 
materials in water. 
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absorption. The tiller content does it cýýrrrlatc 

well with the water uptake, and it seems prob- 

able that the type of filler influences the water 

absorption. Flexibase is of particular interest as 

it shows delayed high levels of water absorption 
followed at a later stage by a loss of material 
in excess of the water uptake. I his may be 

accounted for by a change in the p11 of the dis- 

tilled water in which the sample was immersed. 

This was measured at the time the loss of weight 

started to occur and found to be alkaline (pit 

7.6), and it is known that silicone rubber will 
break down in alkaline conditions. Presumably 

the filler is responsible for this change in pi I. the 

volume change of the sample of Flexibase was 

approximately 69 per cent, which is in agreement 
with the 65 per cent change in weight (Fig. 2). 
This vole ne change might contribute to the typi- 
cal breakdown of the bond between a silicone 
rubber soft lining and an acrylic denture. How- 

ever, such breakdown also occurs with materials 
with much smaller water uptake and hence 
smaller volumetric changes. This may he 

accounted for by the high permeability of sili- 
cone rubber to water. The rapid transference of 
water to the bond site will lead to a breakdown 
of the bond by hydrolysis of the cross-linkages. 

Since Molloplast B reaches equilibrium rapidly 
it has been possible to complete several absorp- 
tion/desorption cycles and all soluble material 

Fig. 2. Comparison of the size of a sample of 
Flexibase before and after immersion in water. 

,--.. !, I - 'vu,. 4. No. 6 

li. i, : vi i, i. "!. the diffusion coefficient in 
water ahx)I )t1I i has been calculated to be 945 
XI (T9 cn12 sect , which is lower than the usual 
diffusion coefficient quoted for silicone rubbers. 
This is because in these materials diffusion is 

concentration-dependent, i. e. the diffusion rate 
slows down as water concentration builds up in 
the material. 

Heat-curing soft acrylic materials (Fig. 3) 

The behaviour of these material, i, dependent on 
the balance between loss of plasticizer by solu- 
tion and the absorption of water. Both of the 
materials that showed an initial loss of water, 
i. e. Cue Super-soft and Soft Nobiltone, had a 
higher than average plasticizer content. The 
nature of Soft Nobiltone is such that large 

amounts 
penud,. 

of plasticizer are being lost over long 

i 
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Experimental materials 
I lydrocryl's Soft Liner (hig. 4), as expected, 

absorbed a large amount of water and reached 

equilibrium quickly. The first absorption cycle 

showed an increase of weight by IS per cent, 

while the first desorption cycle showed a loss of 
41 per cent, which implies the presence of _' per 

cent of water-soluble material. hliment et al. 
( I968) suggested polymenialion of a material 
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of this type in the presence of a solvent, in their 

case a mixture of diacetins, i. e. esters of glycerol 
with acetic acid, which are water-soluble. A sol- 
vent similar to this may have been used in 
Hydrocryl's Soft Liner, which would account 
for the loss of material. 
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Fig. 4. -Absorption/desorption cycles of Hydro- 
cryl's Soft Liner in water. 

Subsequent absorption and desorption cycles 
showed uptake and loss of water of 41 and 42 
per cent by weight respectively, thus the water- 
soluble material is lost completely by this stage. 
A major disadvantage of such large amounts of 
water uptake is the volumetric change of the soft 
liner. The addition of a solvent is supposed to 
compensate for this, but was obviously not suffi- 
cient in this material. In addition, loss and gain 
of water are so rapid that if the lining was 
removed from the mouth for only 10 minutes, 6 
per cent by weight of water evaporated from the 
lining. Assuming volumetric changes are similar 
quantitatively, this may lead to distortion of the 
fitting surface. 

The diffusion coefficient in water absorption 
for this material has been calculated to be 1.30 
X 10-' cm2 secs, which is approximately thir- 
teen times that of Molloplast B. 

The Cole Polymers material (Fig. 5) showed 
small weight changes on immersion in water, and 
despite the polymerizable plasticizer, loss of 
material did occur. This is asumed to be due to 
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loss of unpolymerized di-2-ethyl hexyl maleate 
plasticizer, which is known to be difficult to 
polymerize completely. 

The Natural Rubber material (Fig. S) is show- 
ing a fairly high water absorption. In the past 
when Velum rubber was used as a soft lining 

material, its high water absorption caused it to 
become foul and ill-fitting in use. It remains to 
be seen whether this level of water absorption 
will cause the same effects in this natural rubber 
material, but preliminary clinical trials are 
promising. 

10 

0 

5 

First 

-5 
10 ion is io. N is 

t (mm) 

Fig. 5. -Absorption/desorption cycles of Cole 
Polymers and natural rubber materials in water. 

Bates and Smith (1965) have suggested that 
the rate of diffusion and total water absorption 
of soft lining materials should be similar to poly- 
methyl methacrylate (approximately 2.2 per 

cent). This presumably would reduce the chance 
of breakdown of the bond to the denture base 

and also keep volumetric changes at the fit sur- 
face to a reasonable level. The only materials 
that have values for water absorption similar to 
this are: Molloplast B, Per-Fit, Coe Super-soft 

and the Cole Polymers material. In addition, loss 

of plasticizer from the acrylic materials, although 
replaced by water, will lead to the material 
becoming hard and unsuitable for the purpose it 

was intended. The conventional heat-curing 

acrylic material, Coe Super-soft, has become hard 
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Desorpc, on 

Second 



252 

over the 18-month period of the test. The sili- 
cone rubbers, Molloplast B and Per-Fit, seem to 
be ideal in having very low water absorption and 
lasting softness. However, their rapid water diffu- 

sion as opposed to water absorption leads to fre- 

quent breakdown of the bond between liner and 
denture base. At the present time the Cole Poly. 

mers material seems to offer most promise, for 
despite the loss of some unpolymerized plasti- 
cizer it has remained reasonably soft, its water 
absorption is reasonably low and, being an acry- 
lic material, it should bond well to conventional 
polymethyl methacrylate. 

VISCO-ELASTIC PROPERTIES OF 
SOFT LINING MATERIALS 
Since soft lining materials are designed to protect 
the underlying ridge from the force applied to 
the denture during mastication, it is important to 
know how easily the material can be deformed 

and the rate of response of the material to 
deforming forces. Braden and Clarke (1972) 
described a method for studying these properties 
by applying to the materials, cyclic (sinusoidal) 
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forces which are similar in nature to the forces 

applied during mastication. They investigated, 

among others, five of the materials currently 
under study and their results are presented 
together with those from this study on the 
remaining eight materials. 

Method 
The specimens were subjected to free sinusoidal 
oscillations using a torsional pendulum (Braden 
and Stafford, 1968). Measurements were carried 
out in the frequency range 0.05-0.5 Hz at room 
temperature. This apparatus subjects the material 
to simple shear deformation, and since, in this 
situation, elastomeric materials usually behave 
linearly, the following physical properties can be 
determined: 

1. The shear modulus, which for a typically 
elastic material should be directly related to the 
Young's modulus. 

2. The dissipative modulus, which measures 
the non elastic component of the modulus. 

3. The mechanical loss tangent, which is the 
dissipative modulus divided by the shear modulus 

Table ///. -Viscoelastic properties of soft lining materials at room temperature 

Material Shear modulus 
(Nhn' ) 

Dissipative 
modulus 
(N/, n2 ) 

Ten 6 

Silicone rubber materials 
Flexibase' 1.01 X 10' 1-00 X 10' 0.099 
Simpa 3.64 X 10' 1-16X 10' 0.032 
Cardex-Stabon 4.17 X 10' 6-07 X 10' 0.146 
Per-Fit 3.45 X 10' 4.70 X 10' 0.136 
Molloplast B' 568 X 10' 3-53 X 10' 0-062 

Soft acrylic materials 
Coe Super-soft' 7.58 X 10' 7-71 X los 1.030 
Palasiv 62' 4-25 X 10' 2-75 X 10' 0.648 
Soft Nobiltone 2-14 X 10' 7.24 X 10' 0.338 
Virina 4.97 X 10' 1.72 X 10' 0.346 
Verno Soft 1.94 X 10' 2.28 X 10' 1-176 

Experimental materials 
Hydrocryl's Soft Liner (Hydrated) 3-27 X 10' 1-21 X 10' 0.037 
Cole Polymers 1-06 X 10' 1.10 X 10' 1-030 
Natural Rubber' 1.15 X 10' 190 X 10' 0-017 
Polymethyl methacrylatet 1-18 x 10' 7-73 X 10' 0.065 

'See Braden and Clarke (1972). 
tSee Barsby (1976). 
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and is a measure of the fractional energy loss of 
the material on deformation. 

Results 

In all instances the properties varied only slightly 
with frequency in the range studied. Hence, all 
the results are quoted for approximately 0.25 Iiz 

at room temperature (Table III). The values for 
Stellon heat-curing polymethyl methacrylate are 
also quoted for comparison (Barsby, 1976). 

Proprietary soft lining materials cover a wide 
range of shear modulus (almost 10-1). The dissi- 
pative modulus and the mechanical loss tangent 
show that, in general, soft acrylic materials are 
less resilient than silicone rubber materials, 
Flexibase being the least resilient of the silicone 
rubber materials and Soft Nobiltone the most 
resilient of the soft acrylic materials. 

Discussion 

In the clinical situation a material that responds 
quickly, i. e. low mechanical loss tangent such as 
Simpa or Molloplast B, would seem preferable 
to a material that is sluggish in response, for 
example, Coe Super-soft or Verno Soft. In prac- 
tice, both types are effective and more work is 
required to establish clinical requirements for 
the visco-elastic properties of these materials. 

The experimental materials tended to lie at 
the extremes of the range. Hydrocryl's Soft 
Liner, when hydrated, as it would be in use, has 
a low shear modulus and very low dissipative 
modulus and mechanical loss tangent. It is there- 
fore a weak material, with a high resilience and 
rapid response to load. Natural rubber has a 
similar resilience and response rate but has the 
advantage of a high shear modulus and thus is 
much less likely to mechanical damage in use. 
The Cole Polymers material has very high values 
for both shear and dissipative modulus and a 
mechanical loss tangent similar to that of Coe 
Super-soft and Verno Soft. Comparison with 
Stellon heat-curing polymethyl methacrylate 
is interesting. The Cole Polymers material is 
approximately one hundred times softer than 
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polymethyl methacrylate and is therefore rela- 
tively hard compared with more conventional 
soft acrylic materials which are approximately 
one thousand times softer than polymethyl 
methacrylate. This material is similar to other 
plasticized acrylic materials in having a very slow 
response to load. 

EFFECT OF BONDING SOFT 
LINING MATERIALS TO 
POLYMETHYL METHACRYLATE 
It has been shown that soft lining materials differ 

widely in their softness and resilience. In addi- 
tion to this, the cushioning effect of a soft lining 

material is critically dependent on the thickness 
of the material between the oral mucosa and the 
hard denture base. Thus, different thicknesses 

may be indicated for different materials. The 

softness of the material is also affected by the 

adhesive or polymeric bond between the hard 
denture base and the soft lining material. 

In 1959 Gent and Lindley developed a theo- 

retical formula for relating the apparent Young's 

modulus to the real Young's modulus of a cylin- 
drical disc of rubber compressed between two 

parallel rigid plates to which it adheres: 

EA =E(1 +2S2), 

where EA = apparent Young's modulus of the 
rubber, E= real Young's modulus of the rubber 
and S= shape factor. 

Thus, the stiffness of bonded rubber materials 
under compression depends upon the shape 
factor which is the ratio of one loaded area to 
the force-free area. As the soft lining is bonded 

on only one surface and lubricated on the other 
compressing surface, i. e. the mucosa covered 
with saliva, the shape factor is half of that when 
both surfaces are bonded. This theoretical 
relationship has been tested experimentally. 

Method 

Discs of polymethyl methacrylate 5 cm in dia- 
meter and 4 mm thick were processed. To these 
were bonded thicknesses of soft lining materials 
in the range 0.5-4.0 mm so as to include the 
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thicknesses most commonly used cluuudly (/ e. 

6). Three materials, natural rubber, F lexibase and 
Per-Fit, were tested. The specimens were com- 

pressed between two parallel steel plates, the one 
facing the soft lining being Iubricated in a Ilouns- 

field tensometer (Fig. 7). The compression of the 

soft lining was measured using a dial gauge and 

stress plotted against strain to give the apparent 
Young's modulus of the bonded material. 

01"l ol -it 

polymethyl rnethacrylate. 

., rnal of Dentistry, Vol. 4/No. 6 

Results 

I lir, c air pie, cnte, i in 7ahle ll'. Ilie real Young's 

modulus of the soft lining materials was deter- 

mined by conventional means and is quoted for 

Comparison. 

Discussion 

The tea ter the tIti ki e., It the soft lining 

ntatetial, the I, ýe; wo (actm and the 

. IIICdsLire 

the ., ph. irent 1 modulus of sott lining 

materials honded to poll methyl methacrylate. 

Table /V. -Apparent Young's modulus of soft lining materials bonded to poly methyl methacryIate 

Bonded sample thickness 
(cm) Shape factor 

Flexibase (real Young's modulus 1.11 x 106 N/m' ) 
0.090 
0.131 
0.160 
0.181 
0.197 
0.293 

Natural rubber (real Young's modulus 1.91 x 10` 
0.088 
0.120 
0.157 
0.250 
0.367 

6.95 
4.77 
3.91 
3.45 
3.18 
2.14 

N/m'I 
7.10 
521 
3 "98 
2.50 
1-70 

Apparent Young's 
modulus 
(N/m' ) 

4.13 x 10' 
3-97 x 10' 
367 x 10' 
3"01 x 10' 
3.35 x 10' 
263 x 10' 

932 x 10' 
826X 10' 
569 x 10' 
2.87 x 10' 
2-18 X 10' 

Per-Fit (real Young's modulus 6.98 X 10' N/m2 ) 
0.103 6.07 2.34 x 10' 
0.125 5.00 1 94 x 10' 
0.168 3.72 1.65 x 10' 
0.210 2-98 1.09 x 10' 
0-295 2.12 6 -04 x 10' 
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nearer the apparent Young's modulus approxi- 
mates to the real Young's modulus. 

A theoretical line of the ratio between the 
apparent and real Young's modulus can be 
plotted against the shape factor (Fig. 8). If the 
experimental results are also plotted it will be 
seen that they are in good agreement with the 
theoretical line for low shape factors. For high 
shape factors the apparent Young's modulus is 
not as high as might be expected, but this may be 
explained by deformation of the acrylic to which 
the soft lining is bonded and which is assumed to 
be rigid for the theoretical calculations. 

2 6 34 
Shape factor (S) 

S 

Fig. 8. -Relationship of the ratio of the appar- 
ent and real Young's modulus of the soft lining 
material to the shape factor. 

The curve of the graph is such that a large 
benefit in softness of the bonded soft lining is 
obtained if the thickness is increased from I to 2 
mm, the ratio of the real to apparent Young's 
modulus changing from 1: 80 to 1: 20. A smaller 
benefit is obtained in increasing the thickness 
further to 3 mm, from 1: 20 to 1: 10, and a still 
smaller benefit in increasing the thickness further 
to 5 mm from 1: 10 to 1: 4. This confirms what 
is already suggested from clinical experience: 
that a thickness of soft lining of 2-3 mm is most 
appropriate. 

CONCLUSIONS 
Although soft lining materials do not fulfil their 
requirements, they are widely used. The Dental 
Estimates Board statistics for 1974 showed that 
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over 5000 soft linings were used in England and 
Wales during that year. 

The results of this study so far have not pro- 
duced the ideal material but may have given 
some pointers as to which are the better 
materials, how best to use them and how they 
may be improved. Clearly, the thickness of soft 
lining used is critical. The effect of bonding a 
soft lining to an acrylic denture base is such that 
a 3-mm thickness of soft lining is eight times 
softer than a 1-mm thickness. 

It is still not clear in terms of visco-elastic 
properties what type of material is most suitable 
for clinical use-whether a highly resilient and 
soft material such as the silicone rubbers and 
natural rubber, or a less resilient material with 
the same degree of softness such as the plasti- 
cized acrylic materials should be used. Silicone 

rubber materials have the undoubted advantage 
of maintaining their softness over long periods of 
use, but the high water diffusion renders all 
attempts at permanent bonding to the denture 
base doomed to failure. Conversely, heat-curing 

soft acrylic materials, whilst having excellent 
bonding properties, lose their softness over a 
relatively short period of time. The Cole Poly- 

mers material, with its polymerizable plasticizer, 
seems to offer promise, but at present the formu- 
lation produces a material that may not be soft 
enough to act effectively to reduce the load on 
the underlying mucosa. Similarly, natural rubber 
will certainly maintain its softness over long 

periods of time, but it remains to be seen what 
the effect of the relatively high water absorption 
will be. 

Obviously, what is required is a material with 
the permanent compliance and resilence of a sili- 
cone rubber together with the bond strength of a 
soft acrylic. A new type of soft acrylic has been 
developed and will be investigated. 
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Characterization of the Rupture Properties of Denture 
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Rupture properties of soft lining materials are 
characterized by their resistance to tearing. The 
energy necessary for their rupture depends upon 
rate of deformation, temperature, and conditions 
of storage or use. After storage in water for six 
months, some silicone rubber materials are no 
stronger than irreversible hydrocolloid materials. 
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Introduction. 

this method in the dental field, using it 
to characterize the rupture properties of 
impression materials. Its application to 
extensible materials of dental interest 
was further investigated by Webber and 
Ryge. 6 More recently, this method has 
been used in investigating the tear strength 
of maxillo-facial prosthetic materials7'8 and 
elastomeric impression materials. 9 

-_ As part of a comprehensive study of soft 
lining materials, the characteristic surface 

A soft lining material is used to replace 
the fit surface, peripheries, and part of the 
flanges of an otherwise hard poly (methyl 
methacrylate) denture. The ability of the 
material to resist rupture during normal 
use, which includes cleaning procedures, 
is obviously of practical importance. 

A useful method to determine the act- 
ual rupture energy of highly-extensible 
materials, such as rubbers, was developed 
by Rivlin and Thomasl following the 
principles of rupture processes established 
by Griffith. 2 The method was based on the 
observation that rupture of amorphous 
solids involved the propagation of a crack 
and the creation of new or cleavage surfaces. 
Griffith proposed that the physical property 
relevant to this process was the energy- 
per-unit area which is required to produce 
these cleavage surfaces. In a normal tensile 
strength test, the energy expended comprises 
that which is required to deform the test 
specimen as a whole, as well as the actual 
rupture energy; in such a test it is usually 
impossible to separate the two components. 
Rivlin and Thomas devised a test specimen 
which allowed the characteristic surface 
energy for rupture to be directly obtained 
from the experimentally-determined rupture 
force, and this method was subsequently used 
in characterizing the rupture properties of 
rubber vulcanites 3'4 Braden5 first applied 
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energy-per-unit area for rupture has been 
investigated for a representative sample 
of commercially-available materials and an 
experimental material as a function of 
the rate of rupture and temperature. 
Materials were tested both in the "as pro- 
cessed" state and after immersion in dis- 
tilled water. 

Materials and methods. 
Soft lining materials may be conven- 

iently divided into silicone rubber and soft 
acrylic compounds (Table 1). 

Silicone rubber materials. - All the 

silicone rubber soft lining materials are 
filled usually with an inorganic silicate. 10 

The polymer in every material is an 
a-w-hydroxy terminated polydimethyl silox- 
ane. The method of cross-linking is 
relevant to the rupture characteristics 
of these materials. Materials A, B, and C are 
room temperature vulcanizing materials and 
are presented as a base-paste and either one 
or two liquid catalysts. These catalysts 
vary slightly in their specific constituents, 
but all three contain a tetra-alkyl silicate/ 
organo-tin compound system of cross- 
linking. 11 

Material D is a one-pack product and 
utilizes a system of cross-linking that is 
effective at room temperature. Atmospheric 
moisture acts on the material as packed, 
to give condensation of silanols and ace- 
toxy groups with the liberation of acetic 
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TABLE 1 
MATERIALS AND MANUFACTURERS 

Proprietary 
Material Name 

Silicone Rubber Materials 

A Flexibase 
B Simpa 
C Cardex Stabon 
D Per-Fit 
E Molloplast-b 

Soft Acrylic Materials 

F Coe-soft 
G Coe Super-soft 

H Soft Oryl 
I Palasiv 62 
J Soft Nobiltone 
K Virina 
L Verno Soft 
M Cole Polymers 

acid. 12 The cross-linking is accelerated 
by the application of heat. 

Material E, which is also a one-pack 
system, is cross-linked by the application 
of heat, but the method of cross-linking 
does not conform to any of the above con- 
ventional systems and is still uncertain. 

Soft acrylic materials - cold curing 
type (so-called). - Materials F and H are 
both of this type and are really "Tissue 
Conditioner" types of materials, i. e., a 
polymer powder consisting of poly (ethyl 

methacrylate) and a liquid containing a 
mixture of an aromatic ester and an 
alcohol. 13 These, therefore, are in quite a 
different physical class from cross-linked 
elastomers. 

Heat curing type. - Most of these are 
designed to suit the "dough technique" 
of dental technology. The polymer powder 
is usually poly(ethyl methacrylate) or 
a related co-polymer. The monomer is often 
a higher methacrylate, such as the n-butyl 
ester, together with a phthallate plasticizer. 
The exception to this is material J, which is 
heavily-plasticized poly (methyl methacry- 
late). The plasticizer is responsible for the 
softness of these materials and also their 
eventual hardening as it leaches into the oral 
fluids. 

The experimental material, M, is similar 
in its main constituents to the other heat- 
cured soft acrylics, i. e., poly(ethyl meth- 
acrylate) powder and 2-ethoxy ethyl meth- 
acrylate monomer, but has a different 

Manufacturer 

615 

Flexico Developments, Limited, London 
A. Kettenbach, West Germany 
Cardex, Austria 
Dental Products Unlimited, California 
Kostner and Company, Germany 

Coe Laboratories, Inc., Illinois 

The William Getz Corp., Illinois 
Kulzer and Company, Germany 
Nobilium Products, Inc., Illinois 
Virina Dental Products, Ltd., Canada 
Vernon-Benshoff Co., Inc., New York 
R. H. Cole and Co., Ltd., London 

plasticizer system. The plasticizer is poly- 
merizable (not leaching out into the oral 
fluids), thus maintaining the softness of 
the polymer over long periods. 14 The 
patent quotes a typical plasticizer to be 
di-2-ethyl hexyl maleate. 

Materials and methods. 

The materials were prepared according 
to manufacturers' instructions into flat 
sheets of between 0.04 and 0.13 cms thick- 
ness. These were cut into strips of material 
approximately 1.0 cm wide and 5.0 cm long, 
and then partly divided along the center 
of the long axis to form what is colloquially 
described as a "trouser leg" specimen 
(Fig. 1). This specimen was suspended from 
one "leg" on a small retort stand which 
could easily be accommodated in an oven 
(with a suitable window) for measurements 
above room temperature. A variable load is 
applied to the end of the other "leg, " thus 
tearing the specimen. The tear always 
grows into an unstrained region; hence, 
for a given applied force the tear grows 
at a constant rate. The test specimen was 
marked with a series of parallel lines, 0.5 
cms apart as shown in Fig. 1, and the pro- 
gress of the tear along the grid was timed 
with a stop-watch. Since the tear propaga- 
tion distance varies linearly with time, the 
slope of the line gives the tearing rate for a 
given applied force. Fig. 2 shows a typical 
propagation plot. 
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Fig. 1- Diagram of test specimen. AB, line of 
tearing. 

For a thin trouser-shaped specimen, pro- 
vided that the "legs" are long in comparison 
to their width, 3 a region exists in each 
"leg" which is in a state of simple extension 
when a load is applied. 

Under these conditions, the probable 
range of characteristic surface energy-per- 
unit area or tearing energy (T) is given by 
the equations: 

T= 2F (1) 
d 

T=F (X + 1) (2) 
d 
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Fig. 2- Typical tear propagation plot (mater- 

ial I). 

where F= the force required to tear the 
material, d= the specimen thickness and 
X= the observed extension ratio, i. e., the 
ratio of stretched "leg" length to unstretched 
"leg" length. 

The correction applied in equation (2) 
becomes important when the extension of 
the "legs" is large at the force required to 
tear the material. Webber and Ryge6 have 
demonstrated that equation (2) produces 
less error in the calculation of tear energy 
values for extensible dental materials. 
However, Bradens considers equation (1) 
to be sufficiently accurate, and, in this com- 
parative investigation, the errors involved in 
neglecting the extension of the "legs" 
should not significantly affect the results. 

From such measurements, graphs of tear- 
ing energy (J. m-2) as a function of tearing 
rate (m. sec. -1) may be constructed. This 
was carried out for all materials at room 
temperature, for selected materials at 40°C, 
and for most materials following immersion 
in distilled water at 37°C ± 1°C for six 
months. 

Results. 

Rupture properties of soft lining 
materials at room temperature (20-28°C). - 
The energy required to rupture these 
materials increases with the rate of tearing 
in all cases, i. e., "strength" increases with 
rate of deformation. 

Examples of typical silicone rubber 
and soft acrylic compounds are shown 

I. to II 
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5 10 
Tearing Energy (k1. m-=) 

Fig. 3- Tearing behavior at room temperature. 
(X material E; 0 material I). 

in Fig. 3. It is clear from this example 
that even at a given temperature there is 
no unique strength criterion, the degree 
to which Material I is `stronger' than 
Material E depending on the rate of tear- 
ing. However, to simplify the comparison 
of a large number of materials, a given rate 
of tearing has been selected, and the char- 
acteristic surface energy-per-unit area re- 
quired to produce rupture of the material 
compared (Table II). This is a reasonable 
comparison, as the variation of tearing 
energy with rate of tearing is similar in 
all materials studied (Fig. 4). 

Effects of Temperature on the Rupture 
Properties of Soft Lining Materials. - In all 
those materials tested, the energy required 
to produce rupture at 40°C ± 2°C was 
less than at room temperature (Table II). 

Effects of Immersion of Materials in Dis- 
tilled Water at 37°C ±1 °C for Six Months. - The effects of immersion in distilled water 
on the rupture properties of the materials 
vary, depending on the individual com- 
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Fig. 4- Tearing behavior at room temperature 
of all materials. Identification of individual mater- 
ials is not possible because of the large number of 
materials and proximity of some plots. 
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position of the material (Table II). The 
materials were tested at room temperature 
immediately following removal from the 
water bath. 

Discussion. 
Proprietary soft lining materials cover 

a wide range of tear strength at room tem- 
perature (over 60: 1). In general terms, 
silicone rubber materials are weaker than 
soft acrylic materials, but the two tissue 
conditioning materials, materials F and 
H, and the heavily plasticized poly (methyl 
methacrylate) (material J), fall within the 
silicone rubber range. The remainder of the 
soft acrylic materials, including the ex- 
perimental material M, which are all of the 
poly(ethyl methacrylate) type, fall into 
a relatively higher range of values. Craig 
and Gibbons, 15 investigating ten mostly 
different proprietary materials, found a 
similar relationship between the silicone 
rubber and soft acrylic materials. 

The effect of increasing the tempera- 
ture to 40°C is obviously relevant in the 
clinical situation, where these materials 
function at mouth temperature. In all 
cases, there is a reduced tear strength at 
40°C, and the reduction is significant 
in all the soft acrylic materials and one 
of the silicone rubber materials (material 
A) tested. In the case of the other silicone 
rubber (material E), the decrease is relatively 
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TABLE 2 
COMPARISON OF RUPTURE PROPERTIES 
OF SOFT LINING MATERIALS AT A RATE 

OF TEARING OF 3.0 x 104 m. sec: 1 

Material Tearing Energy (kJ. m. 2) 

Room After 
Temperature 40°C ± 2°C Immersion 

(20-28°C) in H2O 
at 37 C 

Silicone 
Rubber 
Materials 

A 2.4 0.8 0.1 
B 0.3 0.1 
C 2.1 0.7 
D 4.2 3.9 
E 1.4 1.0 2.4 

Soft 
Acrylic 
Materials 
F 1.6 
G 7.8 
H 1.7 
I 5.5 
J 2.3 
K 6.6 
L 18.5 
M 10.9 

tion in tear strength of material A at 40°C 
is, therefore, surprising, but it may be re- 
lated to the relatively high filler content 
of the material (34% by weight). 10 For 
those soft lining materials showing a signif- 
icantly reduced tear strength at higher 
temperatures, finishing procedures during 
fabrication and general cleaning procedures, 
where the risk of rupture would be highest, 
are best carried out at room temperature. 

Soft lining materials have to function in 
a fluid environment and it is, therefore, 
important to know how this will affect 
the properties of the materials. Water 
absorption and water solubility depend 
markedly on the composition of the 
materials, 10 and this is reflected in the 
variable effect of immersion of these 
materials in water for six months. Of the sili- 
cone rubber materials, materials A, B, and C 
showed a marked reduction in tear strength, 
which may be related to the large amount 
of water which is absorbed by these 
materials. Material D showed a small re- 
duction in tear strength and material E 
showed an increased tear strength. These 
two materials showed low levels of water ab- 
sorption and were heat-cured. In the case of 
material D, the polymerization was initiated 

small and could be accounted for by experi- 
mental error. It is not surprising that the soft 
acrylic materials show many changes in pro- 
perties with temperature variations since 
they all have a rubber glass-to-glass transition 
temperature just below that of room temper- 
ature. It is well known that the physical 
properties of rubbery materials are very 
sensitive to temperature in the proximity 
of the transition temperature. The con- 
version of a hard polymer poly(ethyl meth- 
acrylate) to a rubbery material, i. e., the 
lowering of the transition temperature, is 
achieved by adding a plasticizer. Since 
this has the undesirable effect of mak- 
ing the material unstable in an aqueous 
environment, due to the leaching of the 
plasticizer out of the material, this addition 
is kept to a minimum, resulting in the 
transition temperature of the soft lining 
being near room temperature. 

Silicone rubbers, on the other hand, 
have very low transition temperatures, so 
they should not be so sensitive to changes 
in temperatures. The demonstrated reduc- 

3.0 17.0 

2.8 5.0 
1.1 3.1 
5.4 5.8 
7.0 21.1 
7.5 3.2 

by moisture. It is possible that these materials 
underwent further polymerization under 
these conditions of storage, which partly 
counteracted the effect of the absorbed 
water. The soft acrylic materials did not show 
any recognizable pattern in the effect on the 
tear strength of immersion in water. Materials 
J, G, and L showed an increase in tear 
strength; materials I and K showed a small 
decrease, and material M, a more marked de- 
crease in tear strength. Since these are all 
heat-curing materials, it is possible that fur- 
ther polymerization takes place under the 
conditions of storage. In addition, the loss 
of plasticizer and absorption of water 
are variable factors which are bound to have 
a variable effect on the tear strength of 
these materials. Interestingly, the three 
soft acrylic materials which showed an 
increase in tear strength all contained a large 
amount of plasticizer, indicating that the 
loss of plasticizer probably led to increased 
strength, while the absorption of water may 
have counterbalanced this by acting as a 
plasticizer and decreasing tear strength. This 
is confirmed by the results for the experi- 
mental material (M) which contained a sim- 


