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Abstract. Soft actuators are free from any rigid, bulky, and hard com-
ponents. This is greatly beneficial towards achieving compliant actuation
and safe interactions in robots. Inspired by the eversion principle, we de-
velop a novel soft actuator of the inhomogeneous cross-section that can
linearly extend and achieve a large payload capability. The proposed soft
actuator is a hollow sleeve, made from an airtight fabric, and features a
top part of cylindrical shape and a bottom part of a conical shape. Un-
like conventional eversion robots that extend unilaterally from the tip, in
this proposed actuator the top cylindrical part and the bottom conical
part are partially folded inwards so that the two tips are attached to-
gether. When pneumatic pressure is applied, the cylindrical part everts
increasing in length while the conical section reduces in length folding
inwards. The actuator achieves linear strains of 120% and can generate a
force of 84N at a low pressure of 62kPa. We develop a theoretical model
to describe the force and strain characteristics of the actuator during
eversion from conical shape to cylindrical shape. The results showcase
a step towards large strain, high force actuators for safe and compliant
robots.

Keywords: Eversion actuator - Inflatable structure - Soft actuators -
Design parameters.

1 INTRODUCTION

Soft robotics has gained enormous attention from the researchers resulting in
developments of new kinds of soft actuators and robots in the recent era. These
soft actuators overcome the barriers of their rigid counterparts in aspects such as
safety, adaptability, and low cost. They have made a mark in many application
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areas including grasping of delicate and fragile objects [1], wearable robots [2,3],
and exploration of extreme environments that are not accessible by humans [4-6].

One of the main enablers of soft robots is the linear actuator that can gener-
ate translatory motion. Many linear actuators contract when pressurized by air
such as pouch motors [7], McKibben muscles [8], and bio-inspired actuator [9,10],
or extend in length such as the vine inspired actuator and robots [11,12], bio-
inspired inflatable actuator [13] and fiber reinforced actuator [14]. These actu-
ators generally have a fixed end while the other end translates depending upon
the actuation pressure causing the change in length of the actuator. The most
important considerations of these expanding/contracting linear actuators are the
actuation strain and the payload capability.

Eversion actuators are soft pneumatic actuators that are bio-inspired and
perform linear actuation. They are generally cylindrical shaped and made from
soft materials like plastics and fabrics [11]. The distal part of the cylindrical sock-
like structure is folded inside itself and the proximal opening is connected to a
pneumatic input. When the air is pressurized inside the actuator, the previously
folded part unfolds with the cylindrical structure gradually everting from the tip.
This mechanism has led to achieving unprecedented extension ranges spanning
tens of meters in length. Moreover, the lack of stretching in the material allows
the optimal generation of axial forces due to an applied pressure [15].

(a) Conical shape in the (b) Intermediate state (c¢) Cylindrical shape in
uninflated state the fully inflated state

Fig. 1: Actuation and geometrical changes in the actuator (a) when the actuator
is uninflated, it is conical in shape, (b) when actuated, the cylindrical part everts
and the conical tip draws in towards the centre of the actuator, (c) cylindrical
part is completely everted and the cone is completely inverted.
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In this paper, we propose a new kind of soft pneumatic actuator inspired by
the eversion mechanism (Figure 1). The actuator has an inhomogeneous struc-
ture, the bottom half has a conical shape (Figure 1a) while the top half part of
the actuator has a cylindrical shape (Figure 1c). The actuation mechanism of
the actuator is based on the eversion principle. This design allows the actuator
to achieve stroke length of up to 100% tip displacement which is higher than
the actuation strains in many of the existing pneumatic soft actuators such as
pouch actuators and McKibben’s muscles. Furthermore, there are minimal en-
ergy losses due to stretching of material or due to friction, as the outer segment
of the eversion actuator does not slide against the external environment.

The remainder of this paper is organized as follows: The geometry and fab-
rication of the actuator are discussed in Section 2. In Section 3, we develop an
analytical model that can predict the actuation characteristics. Experimental
results and simulation studies are presented in Section 4, followed by discussion
and future work in Section 5.

2 HARDWARE DESIGN

An actuator that extends its length by everting out its body from the center when
pressurised can be categorised as an eversion actuator [16]. They are made from
soft materials and are lightweight, compliant in nature, and can squeeze through
narrow regions [10]. They also have low energy losses due to the friction and can
grow from a very small size to multiple times of their initial length [12,16].

The traditional eversion-based actuators or robots in the literature have a
uniform cylindrical cross-section with one side connected to the air source for
pressurizing the actuator [12]. In an attempt to develop a fully self-contained
actuator based on the eversion principle, both ends of the cylindrical tube can
be folded inwards and connected at the center. However, in this configuration,
a pressure applied to the inner chamber of the structure will only cause it to
stiffen without producing any displacement. To solve this problem, we create
the actuator from a profile of inhomogeneous cross-section. This will enable the
actuator to produce eversion (unfolding of material) on one end and inversion
(folding of the material) at the other end of the actuator, thereby causing a
displacement and actuation force. The design and the construction of such an
inhomogeneous eversion actuator is presented in this section.

2.1 Design of the actuator

The actuator consists of two different geometrical shapes combined together. The
top part is cylindrical and the bottom part is conical, which makes the whole
structure of the actuator inhomogeneous. For the construction of the actuator,
an airtight fabric sheet (Breathable Coated Microfibre from UKfabrics Online)
is cut in the desired shape (Figure 2). As shown in the figure, the cross-section
of the actuator is made to be inhomogeneous by attaching the top of the cone
to the bottom of the cylindrical shape. The two adjacent longitudinal sides are
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Cylindrical part

Conical part

Fig. 2: Fabrication of the actuator: a flat sheet is cut into the shape shown above
to form a cylindrical and a conical part.

sewn to construct the desired shape of the actuator. To ensure that there is no
air leakage, all the seams and closures are sealed using a cyanoacrylate super
glue. Once the sealing is done, the structure is turned inside out, moving the
created seams to the inside of the actuator.

2.2 Eversion in the proposed inhomogeneous actuator

To complete the fabrication process, the tip of the cone (which is at the bottom)
is folded inward and attached to the closed end of the cylinder (which is at the
top). Once the tip of the cone and the cylinder are joined together and sealed, the
tip is pulled back such that the cylinder now rests inside the conical structure. As
a result, the shape of the visible actuator becomes conical with the cylindrical
part folded inside. When pneumatic pressure is applied during actuation, the
previously folded part moves in the direction away from the bottom (the tip of
the cone), achieving a movement based on the principle of eversion (Figure 1b).

As illustrated in Figure 3, the tip of the cone is attached to the top of the
cylindrical shape. When the previously folded part unfolds while everting from
the top of the cone, the top of the cylinder pulls the tip of the cone. In other
words, when the cylindrical part of the actuator is everting, the conical part
inverts and folds into the actuator. This results in an increase in the length of
one (cylindrical) side and simultaneously, reduction in the length of the other
(conical) side. As a consequence, the total length of the actuator remains fixed,
but the tip of the actuator is displaced across the whole length of the actuator.

3 ANALYTICAL MODEL

We now develop an analytical model to describe the forces and actuation strains
in the actuator when it is actuated by pneumatic pressure. At the initial un-
actuated state (also called the reference state), the geometry of the actuator is
given by dimensions of the cone- radius, r., and height, h.,. At any given state



An Inhomogeneous Structured Eversion Actuator 5
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Fig.3: Geometry of the inhomogeneous eversion actuator in the reference (un-
actuated) state and an actuated state.

h,,
h;,

of the actuator, its geometry can be represented by the everted length, h.,, the
inverted length, h;,, and the radius of the cross-section at the bottom tip in the
conical part, r;, as shown in Figure 3.

The bottom of the actuator is composed of conical shape and when the
actuator is not inflated, the shape of the actuator will be conical, therefore the
volume of the actuator at the beginning can be defined as;

Vi = Teslto, )
3
Where V,, is the volume of the cone, 7., is the radius of the cone, and h,, is
the height of the cone. While on the other hand, when fully-inflated, only the
top part (which is cylindrical in shape) is visible, therefore the volume of the
actuator when it is fully extended can be defined as
Vey = 712, heys (2)

cy

Where V., is the volume of the cylinder, r., is the radius of the cylinder, and h.,
is the height of the cylinder. While the top part is everting, at the same time,
the tip of the cone (bottom of the actuator) starts inverting. The volume of the
cone V;, inverted at any state can be defined as

Vi = Tinhin, 0

3

Where r;,, is the radius of the cone and h;, is the height of the cone folded back
due to the eversion at the top part of the actuator. Since the volume and shape
of the actuator is changing from conical to cylindrical, therefore the volume of
the actuator V, any point of time can be defined as

Va - cho - 2‘/171 + chy (4)
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By substituting the values in above the equation 4, the new equation 5 will
be

v o 72 heo B 2712 Nin
¢ 3 3
The above equation 5 contains 2 types of parameters, constant dimensions

and variable parameters.

+ Wrgyhc (5)

HConstant dimensions|Variable parameters”

Tco Tin
hco hin
Tey ey
Based on the geometry,
Tco =Tcy = Ta, (6)
hcy = hm = h€7 (7)

Where r, is the radius of the actuator and h. is the height of the eversion.
Therefore the proposed actuator has two knowns (fixed) and two unknowns
(variable) parameters.

HFixed parameter|Variable parameters”

Ta Tin

hCD he

From the geometry of the cone, we can also estimate the relationship between
the conical shape of the actuator and the cone which goes inside the actuator
during eversion.

Ze e (5)

With this relationship the equation 5 will become

V, = g(rghw — 22 he + 3r2he) (9)
272
T, 9 Tahehe 2
V, = g(%hco -2 ne + 3rzhe) (10)
72 h3
Va == ?(hco — 2?{%1 + 3he) (11)
2
15 heo he 5 3he
=2 =1 -2 12
Vo= Tk (1 - o) + 3 (12
he 3he
Vo = Veo{l = 2(+5)% + =5} (13)

hCO hCO
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Differentiating equation 13 with respect to h., we get;

dv, (_6th§ 3V,
dhe B3, e

(14)

Due to the conservation of energy, the work done by the actuator by the
virtual displacement of a load is equal to the work done by the air pressure
through a change in volume of the actuator. This relation is given as;

W = —Fdh = Pdv. (15)

So, the actuating force is given by;

F=-P (16)

dhe

Substituting the value of dV, /dh. from equation 14 in above equation 16, we
get:

3PVe,

Ey, = I {1-2(

he
h‘C()

)} (17)

4 RESULTS

We conduct experiments to understand the payload capabilities of the actuator
at different isometric strains. The pressure applied to the actuator is regulated
via an electro-pneumatic regulator (SMC-ITV2050-212BL4). The actuator is in
the state where the top part is folded inside (see Figure la) and attached to
the bottom part (the tip of the cone) as shown in Figure 3. The bottom of the
cone is attached to the Z-axis of the RFT Force Torque sensor (ROBOTOUS
RFT40-SA01-D) to measure the force exerted by the actuator on an object at
zero actuation strain.

An actuator with the following representative dimensions was built. The
conical part has a length of 100mm while having a radius of 37.5mm and the
cylindrical part has the same radius of 37.5mm and the same active length of
100mm.

4.1 Blocked Force Test

In this section, the experiment was conducted to measure the maximum force
generation capability of the actuator. The actuator is attached to a rigid 3d
printed structure which is firmly affixed to a support. The tip of the cone of
the actuator in the reference configuration (figure 1la) is attached to a fixed force
sensor. This configuration also corresponds to the zero strain configuration of the
actuator. Different pneumatic pressures ranging from 0 to 69kPa in increments
of 6.9kPa were applied to the actuator and the forces measured by the FT sensor
are noted. The maximum test pressure is limited to 69kPa to prevent fracture of
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the actuator. When pressure is applied, the cylindrical fabric inside the conical
region tries to evert and applies force on the tip which pulls on the force sensor.
Consequently, a force is recorded by the FT sensor. From figure 4, we see that as
the pressure increases, the force increases almost linearly with pressure showing
a piston type behaviour.

Maximum force at 0 Strain
40 T T T T T

Force (N)

3 N (O8] (O8]
(e W (=] W
T T T T
L 1 L L

—
W
T
1

1 0 1 1 1
0 1 2 3 4 5 6

Pressure (pa) %<10*

Fig. 4: Blocked force test results. Force exerted by the actuator when attached
to a fixed FT (force-torque) sensor

In the proposed model (equation 17), the force has a linear relationship which
agrees well with the experimental measurements for the force generated by the
actuator (Figure 4). Further increase in the pressure can increase the force gen-
erated by the actuator but may cause a fracture when the stresses in the fabric
reach the yield strength of the material. The seams sealed by adhesive are also
prone to leakage at high pressures.

4.2 Actuation force at different strains

Unlike a piston in a cylinder, when the eversion actuator is undergoing actuation,
the effective cross-section area of the everting tip keeps changing due to the
varying cross-section caused by the cylinder in cone design. Hence, the payload
capability of the actuator varies with the actuation strain. To understand this
variation, we conduct experiments to measure the force output of the actuator
under a fixed pressure at varying strains. The frame to which the base of the
actuator (seen as the blue annular frame in Figure 5) is mounted on the Instron
universal testing machine (UTM) fitted with a 2kN load cell as shown in Figure
5. The load cell is attached to the tip of the cone via a fishing line acting as
an inextensible thread. The Instron head is programmed to translate through
100mm stroke length with a speed of 1 mm/s.
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Fig. 5: Inhomogeneous eversion actuator mounted on a universal testing machine
(UTM) for characterizing the generated forces

Three different pressures are applied to the actuator and the pull tests are
conducted. Figure 6a shows that the response of the actuator. When the input
pressure is increased, the magnitude of force generated by the actuator also
increases. At a pressure of 62kPa, force as high as 80N is produced. We can see
that, as the strain increases to the maximum, the force in all three pressure cases
reduces to zero. The scaling of the forces for a given strain is nearly proportional
to the pressure reinforcing observation noted in the analytical model.

4.3 Theoretical Results

We now utilise the model developed in Section 3 to calculate the actuation
force at different strains and compare them to the experimental results. Figure
6b illustrates the force required by the actuator to create a specified strain
for a given input pressure. As the strain increases to the maximum, the force
decreases to zero linearly. This is qualitatively similar to the experimental results
in Figure 6a. The predicted values for the force are higher than the experimental
values due to several reasons. We assume no pressure loss due to leakage while
in the experiments, there is slight leakage from the seams and the actuator is
considered to be made of an ideal cylinder and a cone that may deviate from
the experiments.

In a practical scenario, when the actuator is used as an artificial muscle,
it sometimes needs to pull or push the constant load, for example, lift a mass
suspended from the tip of the actuator. To model this scenario, the effect of the
payload on the actuation strain at a given pressure in the previously discussed
pressure range of 0-69kPa with increments of 6.9kPa, is calculated. Different
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A —6.9Kpa —6.9Kpa
—13.8Kpa 70 —13.8Kpal
60! 20.7Kpal| 20.7Kpa

Force (N)
B

Force (N)
s 2
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Strain (%) Strain (%)
(a) Relationship of pressure against strain (b) Relationship of strain vs force

Fig. 6: Performance of the actuator. (a) Measured force as a function of strain for
different applied pressures.(b) Modelled Force as a function of strain for different
applied pressures.

loads ranging from no load to a load of 30 N with increments of 5N are consid-
ered. Figure 7 shows the strain achieved as a function of pressure with different
constant loads applied at the tip. This is analogous to the practical case in which
a load is attached to the tip of a vertically aligned actuator and pressure is ap-
plied to the actuator to lift the load. We can see that when the load is small, the
actuator can lift the load to its maximum stroke length at a low pressure. How-
ever, when the load is increased it requires higher pneumatic pressure to lift the
load to its maximum strain level. The non-linear nature of the pressure-strain
curve is attributed to the geometry of the actuator and the non-linear nature of
change of the volume of the actuator with the tip displacement.

5 CONCLUSION

The actuator based on the eversion of an inhomogeneous structure is presented
in this paper. The inhomogeneous eversion actuator is capable of displacement
up to 100% of its length from its original position. During the eversion and
displacement of its tip, it can generate a significant payload. The actuator is
constructed from fabric ensuring the actuator remains soft in nature. The inho-
mogeneous structure of the actuator is divided into two sections; the top portion
which is initially folded inside is cylindrical in shape and everts from the bot-
tom part which is conical in shape. Even made from soft material, this eversion
based inhomogeneous actuator can fully actuate for a range of loads. A theoret-
ical model to explain the mechanism of actuation is developed and the results
are qualitatively consistent with the experiments. The actuator achieves a high
force of over 80N at a low pressure of 62kPa. In future work, this actuator will be
integrated into articulated mechanisms to achieve low weight and high payload
compliant robots.
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Fig. 7: Modelling result. Strain as a function of pressure for different applied
constant loads.
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