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Abstract - Magnetic resonance imaging (MRI) has been 
widely used in the diagnostics and treatment of soft tissues due 
to its ability to acquire high-resolution images with outstanding 
contrast. Therefore, magnetic resonance (MR)-guided therapy 
and its supporting equipment, including MR-conditional 
sensors and actuators, have been developed rapidly. In this 
study, a non-magnetic pneumatic stepper motor was developed. 
The working principle was analyzed, and the theoretical static 
output torque was expressed mathematically. The driven part 
of the proposed design is a polygon rotor derived from the 
Wankel Engine. Besides, the outline of the inner wall of the 
housing was investigated. Experiments were conducted with 
the motor functioning at different speeds under different air 
pressures, by controlling the air in each chamber sequentially, 
the rotor can rotate continuously in dual directions with a 
torque of up to 38 mN·m and a maximum speed of 400 rpm. 
The MR test showed that no image artifact was found. 
 
Keywords — Image-guided therapy, Magnetic resonance imaging 
(MRI), Pneumatic stepper motor. 

I. INTRODUCTION 

ith the magnetic field, MRI can image the nucleus in 
hydrogen since hydrogen has a high gyromagnetic ratio 

that produces a strong signal. Because soft tissues contain 
hydrogen-rich water and fat, MRI is capable of mapping the 
locations of soft tissues [1]. Compared with other imaging 
modalities, MRI can provide a higher tissue resolution and 
clearer images [2]. Unlike X-ray, computerized tomography 
(CT), ionizing radiation is not needed for its working [3], 
saving both patients and radiological staff from potential 
damage. As a result, MRI has been widely used in MR-guided 
treatments for cardiac electrophysiology (EP) therapy [4], [5], 
breast biopsy [6], and prostate interventions [7], [8]. Thus, 
interventional MRI has become an advanced technique for 
radiologists to guide medical instruments to diseased organs for 
diagnosis and treatment, which normally require the use of 
image-guided devices. 

However, as MR generates a strong magnetic field, using 
ferromagnetic materials in and around the scanners can pose a 
risk to the device. Plus, the magnetic flux produced by 
paramagnetic materials placed inside the scanner can distort the 
magnetic field, lowering the image quality. For these reasons, 
medical devices that work under MRI must be MR-safe or MR-
conditional [9], meaning that their design must be non-
magnetic with minimal conductive components if any. As a 

result, motors driven by electromagnetic forces are not allowed 
to be used.  

Various kinds of MR-conditional actuators have been 
developed, including piezoelectric [10, 11], hydraulic [12], and 
pneumatic actuators [13-15]. Although there is no magnetic 
material in a piezoelectric actuator, the electric current 
generated can emit electromagnetic interferences (EMI), which 
can significantly reduce the signal-to-noise ratio (SNR) [16], 
thereby deteriorating the image quality. Thus, radiofrequency 
(RF) shielding is needed in an MRI environment which would 
complicate the system. The work of hydraulic motors does not 
generate EMI, but the liquid leakage is unacceptable in clinical 
environments. 

Unlike piezoelectric actuators, pneumatic actuators do not 
emit EMI during operation, so produce little SNR reduction 
under the MRI environment [17]. Additionally, Compressed air 
is available in MR rooms, and there is no risk of air leakage in 
the clinical environment [18]. Hence, pneumatic actuators have 
become an excellent choice for robots working under MRI. 

For pneumatic motors driven by continuous airflow, control 
strategies for robotic systems are required for precise position 
and speed control [19-21]. Plus, components like sensors, 
encoders, and optical connectors are required for a closed 
control loop. All of these complicate the connection of the 
manipulator to the controller. In contrast, stepper motors can be 
controlled step by step using air sequences without 
incorporating any position feedback, thus significantly 
reducing the possibility of image deterioration. 

Some stepper motors use cylinders to transfer the linear 
motion of pistons into linear or rotatory output [22], [23]. 
Secoli et al. designed a pneumatic stepper motor that is driven 
by three cylinders, in which trapezoidal thread was used to 
achieve linear movement [23]. But the configuration of three 
cylinders and lengthy thread make its volumetric dimension too 
large (250 mm × 250 mm × 50 mm), limiting its applications 
where a compact size is required. Although it can achieve an 
output torque of 400 N·mm at a relatively low speed of 10.8 
rpm, the complex design complicates its fabrication and 
assembly. Another option is to use teeth as the driving parts 
which can produce great output power. The stepper motors 
designed by Groenhuis et al. can generate great output force 
and torque (330 N and 3700 mN·m) [24], which are the greatest 
among the presented designs. Sajima et al. designed an actuator 
through controlling the engagement of multiple face gears [15]. 
It has a high resolution of 4.29° and can generate a decent 
torque of 150 mN·m under 0.6 MPa, reducing the need for a 
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gearbox for high-resolution applications, but its maximum 
speed of around 48 rpm is low for many robots. All the listed 
designs are assembled with many components, therefore, it is 
desired to have a motor that uses fewer parts. This work 
introduces a motor with fewer fabricated components, making 
it one of the simplest designs. Besides, the use of seals can 
increase its output torque to 38 mN·m, and the use of a gearbox 
can increase its torque to fit most applications. Liang et al. 
recently proposed a cycloidal motor that has a simple design in 
which a maximum speed of 2000 rpm was achieved [25], which 
is the maximum among the listed designs. But it can generate a 
maximum output torque of 11 mN·m due to the air leakage. As 
a result, sealing the gaps between the moving parts is critical to 
enlarge the torque. However, different edges on the outer ring 
of the rotor are constantly in contact with the inner wall of the 
housing, making it difficult to seal the whole surface. In 
comparison, this motor has only four edges in contact with the 
inner wall of the housing, so it is much easier to seal the gaps. 
Furthermore, unlike the lens-shaped rotor, fabrication and 
accuracy control are much simpler with a square-shaped rotor. 
Last, a way to reduce the step size is proposed by attaching the 
output on the rotor, to obtain a higher resolution and better 
output performance.  

According to the reported cycloidal motor, a type of 
pneumatic stepper motor is proposed, in which a ring gear 
rotates around a spur gear. A quadrangle rotor with four lateral 
edges is created, and the edges of the rotor can be sealed easily. 
As a result, the output torque is much larger than the cycloidal 
motor with a similar size. The contributions of this work are as 
follows: 1) simple mechanism structure with only four 
fabricated parts, low fabrication cost, and ease to assemble, 2) 
compact size of 64 mm × 70 mm × 22 mm, ease to get fitted 
with various robots, and 3) maximum output speed of 400 rpm, 
suitable for most applications in surgical robots. All the 
components used are non-metallic and non-conductive, making 
the motor MR-safe. The working principle and kinematics 
model are discussed, and the experiment shows that the output 
torque can reach 38 mN·m with a resolution of 120°. 

II. METHODS AND MATERIALS 

Fig. 1 depicts the design of the pneumatic stepper motor, the 
number of moving parts is reduced to two (the rotor and shaft). 
The materials used are non-magnetic to meet the requirements 
of MR safety. To provide a clear view of the movement inside, 
the cover is made of transparent polymethyl methacrylate 
(PMMA) using laser cutting, which has a high resolution and a 
good surface finish. The three other fabricated parts are made 
of resin using 3D printing (Formlabs 3+), which has good 
precision and air tightness. All the standard bearings are made 
of polyamide and glass. Fig. 1a shows the photo of the motor, 
and Fig. 1b depicts a section view, showing that the stepper 
motor is composed of only seven parts, including three 
bearings. 

The inner side of the housing is separated into three 
chambers by the rotor placed inside, and the volume of each 
chamber changes along with the rotation of the rotor. Three air 
holes are located at the same surface considering the ease of 

hose arrangement, and the channel routes are shown in Fig. 1c. 
Two airflow channels go around the housing wall to let the 
three inlets locate with a circumference difference of 120º (in 
red lines), then the compressed air is distributed into different 
chambers. Considering the long hoses (over 1 m), the influence 
of the hose length difference (5 cm) between different airflow 
channels is relatively low and can be neglected. 
(a) 

 

(c) 
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Fig. 1. (a) Photo of the stepper motor. (b) Section view of the 
motor. (c) 3D view of the motor and the airflow channels inside 
the housing.  

 
The compressed air in the chambers drives the rotor to work, 

there are some gaps between the rotor and cover, rotor and 
housing. Therefore, it is important to minimize the gaps in the 
chambers to generate the full output force. Silicone strips were 
applied to the edges of the rotor, to create the closed chambers, 
and silicone oil was used to reduce the friction. Three 3/2-way 
pneumatic valves (Hoerbiger PS13950-636A) were applied to 
control the flow of compressed air in and out of three chambers. 

A. Working Principle 

c c = 0
(a) (b)
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Fig. 2. (a) Start position of one step. (b) End position. 

 
Fig. 2 shows the operation of compressed air in one chamber 

with the rotation of the rotor. The housing is separated into 
three chambers, Chamber A, B, and C. The rotor is in the shape 
of a quadrangle, and its rotation is guided by a pair of gears. 
The inner gear is mounted on the housing, and the ring gear on 
the rotor is engaged with and rotates around the inner gear. At 
the start position of one step (in Fig. 2a), the compressed air 
(shown as the red line) enters Chamber A and creates a force to 
drive the rotor to move. The blue dashed lines show the air 
exhaust from the other two channels, and the blue arrows 

Shaft 

Housing 

Rotor 

Cover 

Bearings  



represent the force generated by the air applying to the rotor. 
As the rotor center is eccentric to the output shaft center at the 
start position, the air creates a torque to drive the rotor to rotate, 
and the moment arm at this point is denoted as c. Along with 
the rotation of the rotor, the moment arm and the torque 
decrease until the rotor stops at this position where the moment 
arm reaches zero (in Fig. 2b), at which time the volume of 
Chamber A reaches its maximum. The shaft generates a reverse 
torque in whichever direction it is moving towards, allowing 
the rotor to hold this position. Once this step is completed, the 
inlet of Chamber A becomes an outlet, allowing the air to 
exhaust in the next step. In this position, the adjacent surface of 
the rotor is just at the start position of Chamber B, where the 
moment arm is the greatest for the next step. Then, air entering 
Chamber B can drive the rotor to move to the next phase. 
Similarly, in the next phase of motion, the air in Chamber C 
drives the rotor to rotate by another 30°. In summary, air fills 
in and exhausts from three chambers in turn to generate the 
continuous rotation of the rotor and shaft.  

The air pressure difference between the two adjacent 
chambers drives the quadrangle rotor to move toward the lower 
pressure side. Then, the rotation of the rotor can generate an 
output torque on the shaft. It is the eccentric shaft and planetary 
gear system that constrain the rotation of the quadrangle, 
instead of the inner wall of the housing. Therefore, the pressure 
between the housing wall and the rotor edges can be controlled 
by adjusting the compression ratio of the seals, reducing the 
abrasions between them. 

Fig. 3 shows the status of compressed air in three chambers 
during a 12-step movement at a speed of 1 step/s, in which one 
chamber is activated at any given time and the rotation direction 
is controlled by adjusting the air sequence in different 
chambers. 

 
Fig. 3. Pneumatic actuation of three chambers during a 12-step
movement. 
 

Fig. 4 depicts the outline drawing of the rotor and inner wall 
of the housing, in which R is the radius from the rotor center to 
the outline of the housing, c is the eccentricity between the rotor 
center and output center, α is the rotation angle of the shaft, and 
h is the thickness of the rotor. All the parameters of the 
presented motor and their values are shown in Table 1.  

Housing

Rotor

Rotor Center

Housing Center
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Fig. 4. Parameters in the motor. 

 
Table 1. Descriptions of parameters 

Parameter Description Value 

W Width 64 mm 
H Height 22 mm 
i Transmission ratio 1:4 
c Eccentricity 3.2 mm 
R Radius of the rotor 22.4 mm 
h Height of the rotor 16 mm 
ZK Number of teeth of the ring gear 32 
ZI Number of teeth of the inner gear 24 
m Modulus of the gear 0.8 
α Rotation angle of the shaft - 
nH Rotation speed of the inner gear - 
nK Rotation speed of the ring gear - 

B. Theoretical Calculations 

In this design, the rotor fixed with the ring gear K rolls 
around the inner gear I on the housing, which is a planetary 
system. As the inner gear is fixed, the transmission ratio of the 
ring gear and carrier can be expressed as: 

� =  
��

��
=

�� −  ��

��

(1) 

where nH and nK denote the rotation speed of the carrier and 
ring gear, respectively, and ZK and ZI are the teeth numbers of 
the ring gear and inner gear. When  

ZK =32, and ZI = 24, 

the transmission ratio � =  
��

��
=  

�

�
, meaning that one cycle 

rotation of the ring gear results in four cycles of carrier rotation. 
Hence, the rotor rotates around the shaft at a speed of ω with 
an eccentricity of c, and it is also spinning around itself at a 
speed of 1/4·ω. As the rotation speed of the output shaft is four 
times that of the rotor, the rotation angle of the rotor is 1/4·α. 
In each 360° cycle, the rotor rotates by 90°, indicating that there 
are another three points on this outline with a circumference 
degree difference of 90°. Thus, the rotor has a quadrangle 
shape. 

C. Theoretic & Realistic Profile 

While the motor is running, the rotor is moving inside the 
chamber created by the housing and the cover. Due to the 
fabrication error and component deformation, there are some 
gaps between the moving parts, which in turn leads to air 
leakage. This air leakage can decrease the force applied and 
then reduce the output power. To obtain closed chambers, such 
gaps need to be well sealed. In this design, silicone strip seals 
with a diameter of 2 mm are mounted on the grooves of the top 
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and bottom faces of the rotor to seal both gaps (top and bottom 
seals in Fig. 5). Besides, to minimize the air leakage between 
different chambers, the lateral edges of the rotor are fabricated 
in the shape of round grooves to allow the silicone strips to be 
attached. Then, four lateral seals are placed at the four lateral 
edges. 
  

(a) (b) 
Fig. 5. (a) Computer-aided design of the seals attached to the rotor. 
(b) Photo of the rotor with the silicone seals. 

 
The centers of the lateral seals are at the four lateral edges, 

and the theoretic profile is the trajectory of the center point of 
the seal. Because of the four lateral seals, the realistic profile of 
the housing is offset by the theoretical profile. This offset 
equals the difference between the silicone seal radius and the 
seal compression amount.  

In this study, a compression ratio of 15% is applied to the 
lateral seals. The realistic profile is the curve in contact with the 
seals as shown in Fig. 6a, in which o3 is the seal center, �� is 
the rotor center, and P is the tangent point of the two pitch 
circles of the gear set. The angle between ���  and ����  is 
described as a swinging angle Ф.  

The triangle showing the relationship between the swinging 
angle and other parameters is shown in Fig. 6b. Assuming the 

shaft rotates by �, then point o3 on the rotor spins by 
�

�
� around 

the rotor center. As a result, ∠����� is calculated as (π −
�

�
�). 

According to the law of cosines, in △ ����� it can be expressed 
as: 

�
(4�)� = �� + �� − 2�� · cosФ

�� = (4�)� + �� + 2 × 4�� · cos
3

4
�

(2) 

where � is the length of ��� 
According to the law of sines, it can be expressed as: 

4�

sinФ
=

�

sin
3
4

�
(3) 

Based on Eqs. (2) - (3), the swinging angle Ф can be 
calculated as: 

⎩
⎪
⎪
⎨
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⎪
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�
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�

sinФ =
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3
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�

��� + 16�� + 8�� · cos
3
4

�

(4) 

 Assuming the diameter of the seal is �, because of the seal 
compression ratio of 15%, the circle with the center on the 

theoretical profile and edge on the realistic profile has a 

diameter of  
��

��
�. Then, the realistic profile is expressed as: 

�
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 According to Eqs. (4) - (5), the realistic profile of the housing 
is calculated as: 
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Fig. 6. (a) Schematic showing the contact status of the seal with the 
housing. (b) The triangle showing the swinging angle. 

 
The purpose of developing theoretical models is to calculate 

the realistic profile considering the size of seals and their 
compression ratio, which is critical for model design and 
fabrication. In the following section, the theoretical output 
performance is calculated according to the airflow, friction, 
external load, and other factors that would affect the output 
performance. This mathematical model is used to analyze how 
different parameters affect the motor’s performance. 

D. Centripetal Acceleration Analysis 

The sealing performance of the lateral seals is related to the 
force of the seals applied to the inner wall of the housing. This 
force is not only affected by the compression force of the seals 
but also the centrifugal force generated by the rotation of the 
rotor, which is related to the accelerated velocity. In Fig. 7, 
point A is the center of the rotor, and B is the cusp of the rotor. 
The centripetal acceleration of cusp B is a combination of the 
acceleration of A and the acceleration of B relative to A: 

�� = �� + ���
� + ���

� (7) 
where 
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��, �� – centripetal acceleration of points B and A, 
���

�  – tangential acceleration of point B relative to A, and 
���

�  – normal acceleration of point B relative to A. 
 

Then, the maximum and minimum values of ��  happen 
when A, B, and center point o are in the same line, where the 
distances between B and o are the maximum and minimum. As 
the spinning speed of the rotor is one-fourth that of the rotation 
speed of the shaft, the maximum and minimum values of the 
acceleration of point B can be expressed as: 

⎩
⎨

⎧����� =
���

16
+ ��� =

���

16
(� + 16)

����� =
���

16
− ��� =

���

16
(� − 16)

(8) 

where 
����� , �����  – the maximum and minimum values of the 
acceleration of point B, 
� – rotation speed of the shaft, and 
K – the ratio of rotor radius R and eccentricity c. 
 

Because � =  �/� = 7 <  16, the minimum value of the 
accelerated velocity is negative, leading to a centrifugal force 
that takes the seals away from the inner wall of the housing 
which would reduce the sealing performance at these points. 
Therefore, the minimum compression force of the seals should 
be larger than this centrifugal force. Technically, the seal 
compression force is constant. Because of the variation of the 
centrifugal force, the abrasions on the inner wall of the housing 
also vary at different points. The centrifugal force arrives at the 
maximum at the trough points (red points in Fig. 7), then the 
abrasions of the housing inner wall at these points reach the 
greatest. Similarly, due to the negative centrifugal force at the 
crest points (blue points), the abrasions at these points are the 
weakest. 
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Fig. 7. Positions of the trough points and crest points. 

 

E. Dynamic Model 

The air mass flow shows the air consumption of the motor 
under different conditions. The air mass flow rate of the actuated 

and exhaust chambers �̇��, �̇�� can be presented as [26], [27]: 
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where 
�� = 0.8 – discharge coefficient, 
�� = 0.04 –  flow constant coefficient, 
�� – area of the orifice, 
�� – the ratio of chamber air pressure and inlet air pressure, 
�� – inlet air pressure, 
�� = 293 K – inlet air temperature, 
� = 1.4 – specific heat constant,  
���� – atmosphere air pressure, and 
��� – air pressure of the actuated chamber. 
 
and 
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where 
�� – exhaust air pressure,  
��� – air pressure of the exhaust chamber, and 
�� – outlet air temperature. 
 

When neglecting the air leakage, the mass flow rates in the 
compressible system are described as: 
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where 
�� – gas constant, 

�� – supply temperature, 
��� – the volume of the chamber when the air flows in, and 
��� – the volume of the exhaust chamber. 
 

With Eqs. (7) – (9), the pressure changing rates are expressed 
as: 
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 Considering the volume of one chamber, it can be filled in 
within a short time. Hence, the pressure deviation can be 
considered as 0, and the air pressures are expressed as: 
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 The generated torque �  is provided by the difference of 
compressed air in the intake and exhaust ports, and it can be 
calculated as: 

� = ��� ∙ ��� − ��� ∙ ���

= � ∙ �̈ + ���̇ + ��(�̇) + ��� (14) 

where  
� – inertia of the motor, 
�� – damping coefficient, 

��(�̇) – friction torque, and 

��� – external load. 
 
 Then, the dynamic model can be expressed as: 
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(15) 
Next, it can be simplified as: 

�̈(�) = A(�̇) + B(�) + C (16) 
where 
A(�̇) = [−���̇ − ��(�̇)]/�, 

B(�) = �
����

���̇
������� �

���

��
� ∙ ��� +

����

���̇
������� �
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���
� ∙ ���� /�, 

C = −���/�. 
 

Friction in the motor is regarded as LuGre model [28], which 
is the combining effect of static and dynamic friction forces. 
Due to the fabrication and assembly issue, the friction force at 
different positions varies. Besides, it is changing along with the 
sliding velocity of two contacted surfaces. Thus, the friction 
force is with respect to the rotation angle and speed. The 
friction torque ��(�̇) in Eq. (14) is described as: 

�

��(�̇) = ��� + ���̇ + ���̇

�̇ = [1 − �� ∙ � ∙ �(�̇) ∙ sgn(�̇)]�̇

�(�̇) = [�� + (�� − ��)��[|�̇|/��]�
]��

(17) 

where 
σ0, σ1, σ2 – stiffness, micro damping, and viscous damping, 
z – friction dynamic state,  
vs – velocity of the Stribeck friction, 
�� – Coulomb friction, and 
�� – static friction. 
 

The volumes of chambers can be expressed as: 

�
��� = ���,���� + � ���̇ ��

��� = ���,���� + � ���
̇ ��

(18) 

where ���,����, ���,���� are the initial volumes of the chambers. 

In Eq. (16), the volume of each chamber with respect to the 
rotating angle � can be obtained from the 3D model. Fig. 8 
shows the volume change of three chambers in a one-step 
movement when compressed air fills in Chamber A. Due to the 
action of compressed air, the volume of Chamber A increases 

and that of Chamber C decreases until Chamber A arrives at its 
maximum, with an air expansion ratio of 5.328 / 3.072 = 1.73. 
When arriving at 60º, Chamber B reaches its minimum, and the 
volumes of Chamber A and C equal. At the same time, one 
lateral edge of the rotor is just at port B, separating it into two 
chambers. Chamber B is generated with one edge of the rotor 
and the outline of the housing, after passing 60º, the chamber 
connected to port B changes to the one generated by the 
adjacent edge of the rotor and the inner wall of the housing, and 
its volume starts increasing until the end of this step.  

 
Fig. 8. Volume change in different chambers during one-step 
movement. 

 

F. Flange Output 

         
(a) (b) 

Fig. 9. Motor with output flange attached to the rotor. 
 
As the rotation step size of the rotor is 30º, the output can be 

attached to the rotor directly for a higher resolution. As shown 
in Fig. 9, four pins on the rotor are fitted with four sleeves 
which are tangent with the four holes on the output flange, then 
the flange can rotate along with the rotor at a speed that equals 
the spining speed of the rotor, and the spinning speeds of the 
pins relative to the small holes on the flange equal the rotating 
speed of the center shaft. Therefore, the output flange has a 
resolution of 30º rather than 120º of the center shaft. The 
sleeves are employed to decrease the friction between the pins 
and the flange; theoretically, using bearings can have this 
friction reduced even more, but would enlarge the overall size. 
The output torque of the flange is larger than the center shaft 
due to its higher resolution and lower speed. In order to have 
the closed chambers and keep space for the four pins and their 
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rotation, the rotor has a large size with a radius of 34 mm, 
resulting in an overall size of 94 mm × 103 mm × 33 mm. A 
prototype was fabricated using 3D printing (in Fig. 9b), 
showing that this flange has a higher resolution rotation.  

III. RESULTS 

A. Experiment Setup 

 
 
 
 
 

      

  

 
(a) (b) 

Fig. 10. Diagram of the pneumatic system. 

 
Fig. 10a shows the pneumatic valves connected to the motor, 

in which the motor is powered by the compressed air sequence. 
Three valves can generate three air sequences, which can get in 
and out of the relevant chambers in turn to drive the motor to 
rotate. Fig. 10b indicates the air flowing in and out of the motor 
from three valves, where valve A is activated (in amber shading) 
through which the compressed air goes into Chamber A and air 
in the other two chambers escapes from valves B and C (in blue 
shading). These valves do not generate any magnetic field and 
can be placed inside the MRI room.  

In the current design, the flanged motor has a higher 
resolution, but the extra components bring added friction, 
lowering its output performance, so in this experiment, the 
motor was tested without the flange. 

B. Torque Performance 

 
Fig. 11. Experimental set up for torque measurement. 

 
The output torque was tested at different speeds under four 

different pressures. As shown in Fig. 11, a pulley system 
coupled with a shaft capable of lifting the container was used 
to measure the torque. The output torque can be obtained by 
varying the number of weights in the lifting container.  

In the experiment, due to the friction resistance caused by the 
silicone seals, the minimum pressure to set the motor in motion 
was 0.28 MPa. Therefore, the output torque was measured at 
air pressures of over 0.35 MPa. Fig. 12 shows the output torque 

with respect to speed and air pressure. The maximum torque it 
can achieve is 38 mN·m at a speed of 50 rpm and a pressure of 
0.55 MPa. In this study, because the parts are 3D printed and 
the seals are manually attached to the rotor, although the 
chambers are sealed, there are still some air leakages around 
the rotor in different chambers, which lowers its output. 
Additionally, the friction caused by the seals and air exhaustion 
also reduces its output torque. 

It can be observed that when the speed increases, the torque 
drops rapidly. This is because the air driven into the chambers 
and hoses does not fill the whole chamber quickly enough to 
generate full pressure before the next air sequence applied to 
the rotor arrives. The compressed air in the long air hoses 
causes a low-pass filter effect to dampen the pressure waves 
[13], leading to the reduction of the output. 

In this study, silicone is compressed at a rate of 15%, the 
experiment shows that lowering the compression ratio can 
reduce the friction of the rotor and increase its maximum 
working speed. However, the low compression ratio lowers the 
sealing performance, thus reducing the output torque. The 
optimization of the compression ratio is a balance between the 
output torque and the maximum speed. Also, seals made of 
materials with lower hardness and lower friction coefficients 
are worth trying. Various MR-safe materials can be considered, 
such as graphite, polytetrafluoroethylene (PTFE), silicone, 
nitrile rubber, etc. Graphite would generate small particles that 
can go into the valve, which is prohibited in the clinical 
environment. Nitrile rubber, which has a higher hardness, is 
typically used for high-pressure sealing and could generate a 
greater abrasion force with the inner wall of the housing, so it 
is unsuitable for this air-driving motor. PTFE could be 
considered with a high-accuracy fabrication process. Currently, 
considering the air pressure, ease of assembly, and fabrication 
process, silicone seals with a shore hardness of 50A are applied. 

 
Fig. 12. Output torque with respect to rotation speed and air pressure. 

 

C. Step Response 

Step response shows the response time of the motor when 
compressed air is applied to the chamber and generates a force 
on the rotor, and it reveals the activation speed. In this 
experiment, a commercial encoder (LPD3806-600BM-G5-24C, 
Wisamic) coupled with the output shaft was used to measure 
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the rotation angle. The rotating speed was controlled by 
regulating the air sequence applied to different chambers. The 
rotation angle of the output shaft corresponding to time was 
acquired at three different speeds under two air pressures of 
0.28 MPa and 0.55 MPa. 

Fig. 13 shows the step response at three speeds (60 rpm, 100 
rpm, and 200 rpm). Several observations have been found. 
First, the motor has a slower response when running under a 
lower pressure. This is because higher-pressure air fills in the 
chambers more quickly and generates a greater force on the 
rotor, driving it to rotate faster. Second, when compared to 
running at a faster speed (200 rpm), a steady state is found at 
the end of each step. This is due to the compressed air from the 
following chamber coming to activate the rotor before the 
current step is completed when operating at higher speeds, 
resulting in the absence of steady states. In Fig. 13a, the mean 
settling time is measured as 71.6 ms under 0.28 MPa and 47.3 
ms under 0.55 MPa, with calculated bandwidths of 14 Hz and 
21 Hz, respectively, indicating that the maximum speeds the 
motor can achieve under these two pressures are 14 steps/s and 
21 steps/s when neglecting the friction change caused by the 
increased speed. Furthermore, all the step movements are 
shown as an overdamped system, overshoot does not occur 
because the large friction damps its movement. This friction 
force also limits the maximum speed. Finally, positioning 
errors are observed in the steady states, and this will be further 
analyzed in the following section. 

   
(a) (b) (c) 

Fig. 13. Step response of the motor working under two air pressures at
different speeds: (a) 60 rpm, (b) 100 rpm, (c) 200 rpm. 

 

D. Error Analysis 

Each step movement can drive the rotor to rotate by 30º, so 
twelve targeted positions were selected to calculate the 
positioning error with the rotor rotating for one full cycle. The 
error at each point was obtained from the mean value of three 
samples to minimize the influence of manual measurement. 

 Fig. 14 shows the errors of twelve target points under two air 
pressures at a speed of 60 rpm, at which the steady positions 
can be obtained at the end of each step. It is observed that the 
motor has a smaller error when working under a higher air 
pressure. This is because the higher-pressure air drives the rotor 
to overcome the friction force more easily and arrive at a more 
precise position. The torque decreases along with the increase 
of rotation angle until it is lower than the friction force, and the 
lower pressure reduces this torque. A maximum error of -22.6° 
was observed at the sixth step under the pressure of 0.35 MPa. 
This is most likely caused by the fabrication and assembly 

issue, leading to the unexpected friction change at this point. 
Because of the friction force, the rotor stops before reaching the 
target position at low speeds, thus the majority of errors are 
distributed negatively. Moreover, some peak points are found 
in this error pattern, which are significantly greater than the 
average value, indicating that the motor has a greater friction 
force at these points. The maximum error is about 18.8% of one 
step size (120°) and is acceptable for its use in robots. Plus, the 
use of a gearbox can have this error reduced. Another way to 
reduce the error is to use a fabrication method with higher 
accuracy to have the gears engaged better. Furthermore, the 
gaps in the bearings can also affect the trajectories of the rotor 
lateral edges and result in an extra force on the seal. Therefore, 
preloading the bearings helps to improve positioning accuracy. 

Currently, this error pattern is for low speeds only. When 
running at high speeds, the rotor can pass the inlet port of the 
following step more easily to let the compressed air activate the 
rotor due to the inertia of the rotor and load.  

Fig. 14. Error distribution of three targets with respect to different air 
pressures. 

 

E. MR Evaluation 

The materials used in this motor are PMMA and grey resin, 
both are non-magnetic and non-conductive, meaning that this 
motor is intrinsically MR-safe. An MR test was conducted 
under a 3T MR scanner, in which the motor was immersed in a 
water bath. According to ASTM F2119 [29], an image artifact 
is defined with a pixel density variation exceeding 30% when 
the device is placed inside the MR scanner. Fig. 15 shows the 
MR images of the motor at different scan heights, indicating 
that there is no obvious image artifact caused by the motor. 

   

Fig. 15. Images of the motor inside the MR scanner.  
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IV. DISCUSSION 

Compared with the reported designs, the most significant 
benefit of the motor presented in this paper is its simple design, 
which has the fewest fabricated components of four among all 
the designs, significantly simplifying its assembly. Currently, it 
can achieve a decent torque of 38 mN·m which is relatively 
low, but this can be enlarged when coupling with a gearbox. 
Moreover, its maximum speed of 400 rpm is suitable for the 
majority of robot applications. Because of the use of seals, its 
maximum speed is lower than that of the cycloid motor by 
Liang et al [25], but its output torque is much greater, which 
broadens its applications. 

The use of silicone seals can reduce the air leakages between 
different chambers which significantly increases the output 
torque. However, the seals also bring extra friction and lead to 
a significant energy loss although lubrication oil is applied. As 
the fabricated parts are made using 3D printing which has a 
relatively low accuracy, some seals may not be attached to the 
rotor properly, leading to some unexpected air leakages. Using 
components with higher accuracy can have its output improved. 
Another way to enhance the torque is to increase the thickness 
of the motor to enlarge the effective working area on the rotor 
while keeping the flange the same, allowing the flange of the 
gearbox to remain unchanged. 

In the experiment, the air hoses have to be no more than 3 m 
to activate the motor due to the friction. Lowering the 
compression ratio of the seals allows for the use of longer air 
hoses, but the air leakages caused can decrease the torque as 
well. Apex seals and side seals with plastic bearings can be 
considered in the future for better sealing performance [30].  
Finally, optical fibers can be fitted to obtain position feedback 
if a close-loop control is required, which can be used to track 
and compensate for the missing steps [31].  

At present, the designs of the housing inner wall and rotor 
take into account the seals' airtightness, friction, and the highest 
operating speed. Future endeavors will center on refining the 
geometries, drawing from the friction model and centripetal 
acceleration, to minimise seal compression variability and 
realize the motor's peak performance. Additionally, while 
components produced via 3D printing offer limited precision, 
employing a more accurate fabrication technique, like CNC 
machining, could diminish the sealing discrepancies and 
enhance the motor's output efficacy. 

V. CONCLUSION 

This study presents a type of non-magnetic pneumatic motor 
used in an MR environment, and its output performance under 
different air pressures is analyzed. As the driving part is a rotor, 
its working requires few parts, making it easy to fabricate and 
assemble. The experiment shows that it has a maximum output 
torque of 38 mN·m and a maximum speed of 400 rpm, which 
shows the potential for its use in MR-safe robots. Future work 
will focus on optimizing the model and well-sealing the internal 
gaps to achieve higher torques and smoother rotations, and 
research on motors with more than three chambers would be 
worthwhile. 
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