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Abstract.  Pneumatic actuate of multi-segment soft robotic arm is a significant structure and has extensive 
applications. However, the study of the optimal structure and size of multi-segment soft robotic arm has not 
been achieved. In this study, the finite element method is used to optimized the structure and size of soft 
robotic arm. We report that the two-segment structure of soft robotic arm has better performance for the 
general manipulator operation task through evaluating bending angles with different structures and 
parameters. The optimal ratio of the total length of non-cavity section to the total length of the soft robotic 
arm with two-segment is 0.21. And soft robotic arm performs better when the length of the fixed first 
section, the linkage section between two cavity sections and the end section are equal. Two cavities in each 
segment has more advantages in tasks of plane bending, while three cavities structure has better adaptability 
when the task need bend in the space. These results in this study provide a reference and simplify the 
process for the structure and size design of the multi-segment soft robotic arm in the future.  

1 Introduction  

The soft robotic arm is inspired by creatures including 
elephant trunk and octopus tentacles [1-2]. Soft robotic 
arms are characterized by low stiffness, high compliant, 
multiple degrees of freedom [3-5] and improved safety 
in human interaction compared with rigid mechanical 
arms. It has extensive applications in various fields [6, 7]. 
Pneumatic actuate of soft robotic arms is a common 
structure in design which can produce large deformation 
of bending and simply to control and achieve.  

Pneumatic actuate of soft robotic arm has various 
structure [8-11]. One single-cavity structure can bend to 
a fixed direction after the cavity is filled with certain air 
pressure and only suit for the task requirements of 
bending in fixed direction [12, 13], such as wearable 
gloves [14-16]. For meeting more work requirements 
and accomplishing bend in multiple directions, two-
cavity structure [17] and three-cavity structure [18-20] of 
soft robotic arms appeared. Soft robotic arms with these 
structures can bend in different directions by controlling 
pressure to one or more cavities to produce the desired 
bending effect. Yahya Elsayed [21] optimized the 
structure and cavity size with the finite element method 
for three-cavity soft robotic arms, but this was only the 
design optimized for single-segment robotic arms. The 
appearance of a soft robotic arm with multi-segments 
further expand the application scenarios of soft robotic 
arms and meet more complex working requirements [22, 
23]. Each segment also has multiple cavities, which can 
bend in different directions. A soft robotic arm with this 
structure can achieve complex bending shapes including 

hook-shaped bending and S-shaped bending by 
controlling pressurizing of different segments and 
cavities [24]. The radial expansion was limited and the 
deformation was mainly reflected in the axial direction 
through wrapping the fiber on the outer surface of the 
soft robotic arm [25].  

Modelling of soft robotic arms have always been a 
tough problem and there has been no accurate method. 
Most of researches simplified modelling process with the 
assumption of piecewise constant curvature [9] and 
accomplished modelling process using the coordinate 
transformation method of rigid mechanical arms [26]. 
There are inevitable errors in this modelling method. 
Furthermore, the specific way and results of modelling 
are different for various structures and sizes of soft 
robotic arms. Thus, there is no unified approach to 
modelling soft robotic arms. The optimal structure and 
size of soft robotic arms cannot be obtained by 
theoretical analysis because of these problems. A new 
method is desired to optimize the design process of soft 
robotic arms. The design method of finite element 
analysis has been applied in various fields. This method 
can handle the problem of complicated situations and 
optimize design stage. This method is more convenient 
and advantageous.  
In this study we first optimize the number of segments of 
soft robotic arms based on multi-cavity and multi-
segment structure by finite element analysis. Moreover, 
we continue optimize the ratio of the total length of non-
cavity section to the total length of the soft robotic arm, 
the length of the linkage section between cavity sections, 
and the length of the fixed first and end section. Finally, 
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we compare the performance of the two-cavity and three cavity structure of soft robotic arm.  

 
Figure 1. Schematic diagram of soft robotic arm with three cavities in each segment. (a) two-segment structure soft robotic arm 

including fixed first section, linkage section, end section and two cavity sections. (b) the cross section of soft robotic arm with three 
cavities. 

 

2 Materials and Methods  

2.1 Design of soft robotic arm 

The soft robotic arm was designed as three types 
including two-segment, three-segment, and four-segment 
structure. The total length was L  consisted of the fixed 
first section with length 1L , the linkage section (one or 

more, a single length 2L ) between two cavity sections, 

and the end section ( 3L ) were shown in Figure 1. The 

structure with three cavities in a cavity section was 
optimized for design. According to the results of [17], 
the radius of soft robotic arm was 10R mm , and the 
radius of the sector cavity was 1 8r mm and 2 =4r mm  

respectively. The angle of each sector was 90 , so the 

interval between each sector was 30 . The origin of 
coordinates was defined as the center of the fixed first 
section circle. The axis along the soft robotic arm was X 
axis, the right was Z axis, and the upward was Y axis.  
 
 

2.2 Finite element method 

The following three processes were included by the 
design of finite element method.  

Firstly, the CATPart format model in CATIA was 
imported into ABAQUS and the material property was 
set as superelastomer. Two radial constraint rope Parts 
were established in ABAQUS, one was clockwise 
winding and another was anticlockwise winding. The 
material property was rigid. The three Parts were 
assembled and the interaction between the two radial 
constraint ropes and the soft robotic arm were set as 
embedding. The direction of gravity was positive along 
the Z axis, and the magnitude of gravitational 
acceleration is 29.8 /m s . The soft robotic arm can 
produce an arc-shaped bending by pressuring cavitiy-1 
of each segment.  

Secondly, the bending angle (0~180°) of the end 
section plane to the fixed first section plane, that is, the 
coordinate plane YZ was measured.  
Thirdly, the design parameters were changed, and a 
series of bending angles were obtained. The optimal 
value was to maximize the bending angle.  
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2.3 Parameters and materials properties 

The parameters to be optimized included the number of 
segments (two segments, three segments and four 
segments), the ratio of the total length of non-cavity 
section to the total length of the soft robotic arm, defined 

as 1 2 31
L L L

ratio
L

 
 , the length of the linkage section 

between cavity sections, and the length of the fixed first 
and end section.  

The material of the soft robotic arm was Elastomer 
M4601 (Wacker Inc.) with a density of 31.2 /g cm  [19]. 

Yeoh second-order model of the superelastomer 
constitutive model was adopted and material was 
isotropic with the model function of 

   1 2

10 1 20 13 3iw C I C I    .   (1)

The strain invariant 10 =0.11C Mpa , 20 0.02C Mpa . 

The radial winding ropes was made of polyethylene with 
a density of 37.83 /g cm , Young's modulus of 

31067Mpa, and Poisson's ratio of 0.36[19].  
The actuators were meshed in C3D8R elements and 

the element of the polyethylene was set to be T3D2. The 
elements number of two-segment soft robotic arm was 
731 and the number of nodes was 1104, while the three-
segment was 1078 and 1584 and four-segment was 743 
and 1080.The elements number of radial constraint rope 
was always 242.  

3 Results 

The sort robotic arm occurred axial elongation and radial 
expansion when the cavity was pressurized. Wingding 
the rigid constraint rope limited radial expansion so that 
the main deformation was in the axial direction [27, 28]. 
Then the soft robotic arm generated bending. Nine points 
were selected on the end surface after deformation, 
including a centre point, four inner circle points and four 
outer circle points as shown in Figure 2. The end surface 
plane was fitted by these nine points and the relative 

position of the end surface in the coordinate system of 
the fixed plane was determined. A series of bending 
angle values were obtained after changing the 
parameters that to be optimized. Compared the angles 
values to obtained the optimal parameters. The 
simulation time was set 1s.  

 
Figure 2. Schematic diagram of nine points on the end surface. 

3.1 Optimize the number of segments 

The soft robotic arm was designed into two-segment, 
three-segment and four-segment structure. Each cavity 
section consisted of three cavities. The total length of 
soft robotic arm was same, =200L mm . The ratio1 varied 
from 0.06 to 0.24 with an interval of 0.03. Two-segment, 
three-segment and four-segment structure contained 
three, four and five non-cavity sections respectively and 
the length of each non-cavity section was equal. The soft 
robotic arm can produce an arc-shaped bending by 
pressuring cavities with 0.1Mpa and 0.2Mpa at same 
location of each segment. The bending angles were 
obtained through measured the position of the end 
section surface in the coordinate system. A series of 
angle values were drawn in Figure 3. When the pressure 
was 0.1Mpa, the soft robotic arm with four-segment 
structure cannot bending resisting gravity, the “four-
segment, 0.1Mpa” was missed in the Figure3.  

 

 
Figure 3. The bending angles of multi-segment soft robotic arm with different ratio1 under 0.1Mpa and 0.2Mpa. Ratio1 is the total 

length of non-cavity section to the total length of the soft robotic arm (200mm). 
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Figure 4. The mass of soft robotic arm under different ratio1. The two-segment, three-segment and four-segment structure of soft 

robotic had same mass under the same ratio1. 
 

The soft robotic arm with two-segment structure 
performed lager bending angle than three-segment and 
four-segment structure regardless of 0.1Mpa and 0.2Mpa. 
The mass of soft robotic arm linearly increased with the 
ratio1 increased as shown in Figure 4. Figure 3 shown 
when pressure was 0.1Mpa, the bending angle decreased 
with the increase of ratio1 because of the increasing 
mass. When pressure was 0.2Mpa, the bending angle of 
two-segment and three-segment structure increased with 
the ratio1 increased. The comparison of these two results 
shows that the two-segment and three-segment structure 
of soft robotic arm performed better under high pressure.  

The two-segment structure of soft robotic arm can 
produce arc-shaped bending, hook-shaped bending, and 
S-shaped bending [12], which was enough for 
requirements of most tasks. The two-segment soft arm 
needs to control six cavities, while the three-segment and 
four-segment structure need control nine and twelve 
cavities, respectively. More cavities are more difficult 
for manufacturing and control system. Therefore, the 
two-segment structure is sufficient for the general 
manipulator operation task. The three-segment and four-
segment structure of soft robotic arm would suit for 

specific task. The two-segment structure of soft robotic 
arm is optimized in following part.  

3. 2 Optimize the total length of non-cavity 
section 

The optimal total length of non-cavity section varied 
with different total length of soft robotic arm. Hence, the 
ratio of the total length of non-cavity section to the total 
length of the soft robotic arm was chosen as the 
objective of design, that is ratio1. And the length of each 
non-cavity section was designed equal.  

The two-segment structure of soft robotic arm with 
more extensive application was selected and the total 
length soft arm, L, was changed to 300mm. The ratio1 
varied from 0.06 to 0.24 with an interval of 0.03. The 
bending angles under pressure of 0.1Mpa and 0.2Mpa 
were measured. Figure 5(a) presented the bending angles 
at different ratios when the total length of the soft robotic 
arm was 200mm and 300mm. The soft robotic arm of 
300mm under 0.1Mpa also cannot bend resisting gravity. 
Hence, the “L=300mm, 0.1mpa” was missed.  
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Figure 5. (a) The bending angles at different ratios when the total length of the soft robotic arm was 200mm. Ratio1 is the total 
length of non-cavity section to the total length of the soft robotic arm. (b) The lateral deviation error of 200mm soft robotic arms 

under pressure conditions of 0.1Mpa and 0.2Mpa. (c) The tuning of the length of linkage section under 0.1Mpa and 0.2Mpa. Ratio2 
is the length of linkage section to the total length of non-cavity section. (d) The tuning of the length of fixed first section under 

0.1Mpa and 0.2Mpa. Ratio3 is the length of the fixed first section to the sum length of the fixed first section and the end section. 
 

When the pressure was 0.1Mpa, the bending angle 
decreased with the increase of ratio1 because of the 
increasing mass. When the pressure was 0.2Mpa, the 
bending angle was larger under ratio1 was 0.18, 0.21 and 
0.24. The soft robotic arm with total length 200mm 
performance better than 300mm because the mass would 
significantly increase with the total length increase.  

Figure 5(b) presented the lateral deviation error of 
200mm and 300mm soft robotic arms under pressure 
conditions of 0.2Mpa. The lateral deviation error was the 
difference between the angle between the end surface 
and XZ and 90 degrees. It was obvious that the deviation 
error of the 200mm soft robotic arm less than that of the 
300mm soft robotic arm. Therefore, the deviation error 
should be considered when designing the longer two-
segment soft robotic arm.  

The bending performance, the lateral deviation error 
and the mass of soft robotic arm were taken into account, 
the optimal ratio1 was chosen 0.21. And the total length 
of soft robotic arm was chosen 200mm in following 
parts. Therefore, the total length of non-cavity section 
was 42mm.  

 

3. 3 Optimize the length of linkage section 

The total length of non-cavity section was 42mm when 
the length of the two-segment soft robotic arm was 
200mm and the ratio1 was 0.21. The ratio of the length 
of linkage section to the total length of non-cavity 

section, defined as 2

1 2 3

2
L

ratio
L L L


 

, varied 

according to 0.1190, 0.1905, 0.2619, 0.3333, 0.4048, 
0.4762, 0.5476 and the length of the fixed first section 
and the end section was equal. The bending angles of 
two-segment soft robotic arm were measured under 
0.1Mpa and 0.2Mpa.  

Figure 5(c) presented that when the pressure was 
0.1Mpa, the bending angle increased with the ratio2 
increased and when the pressure was 0.2Mpa, the 
bending angle decreased with the ratio2 increased. The 
soft robotic arm should have better working performance 
under high pressure(0.2Mpa) and low pressure(0.1Mpa), 
the optimal ratio2 was chosen 0.3333. The length of 
linkage section was 14mm.  
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3.4 Optimize the length of fixed first section 

The length of two-segment soft robotic arm was 200mm. 
The ratio1 was 0.21and the ratio2 was 0.3333. Therefore, 
the sum of the length of the fixed first section and the 
end section was 28mm. The ratio of the length of the 
fixed first section to the sum length of the fixed first 

section and the end section, defined as 1

1 3

3
L

ratio
L L




, 

varied according 0.1786, 0.2857, 0.3929, 0.5000, 0.6071, 
0.7143, 0.8214. The bending angles of two-segment soft 
robotic arm were measured under 0.1Mpa and 0.2Mpa.  

Figure 5(d) presented the variation trend of bending 
angle was increase first and then decrease with the 
increase of the ratio3. The angle of soft robotic arm was 
largest when the ratio3 was 0.5000. At this ratio, the 
length of the fixed first section of 200mm soft robotic 
arm was 14mm.  

3. 5 Optimize selection of cavity structure 

Each segment included two cavities or three cavities. 
Two cavities soft robotic arm can only bend in the plane, 
while three cavities can bend in space. The two-segment 
soft robotic arm of two different number of cavities 
generated S-shaped bending under pressure conditions of 
0.1Mpa and 0.15Mpa as shown in Figure 6. Each cavity 
of the two structures were of equal volume. Red was the 
two cavities structure, in which the opposite cavity of 
two segments were pressurized. Blue was the three 
cavities structure, in which one cavity of a segment and 
two cavities of another segment were pressurized.  

Figure 6 presented the effect and angle of bending of 
two cavities structure soft robotic arm were better than 
three cavities under the same pressure. Therefore, the 
two cavities structure had greater advantages and was 
relatively simple to actuate and control when the task 
can be completed only by plane bending. The three 
cavities structure had better adaptability when the task 
need bend in the space.  

 
Figure 6. The effect and angle of bending of soft robotic arm 
under 0.1Mpa and 0.15Mpa. Red is the two cavities structure 

and blue are the three cavities structure. 

4 Discussion 

In this study, the structure and size of multi-segment soft 
robotic arm are optimized with finite element analysis. 
The position of end plane was fitted by nine points 
which were selected on the end surface after deformation. 
The relative position of the end surface in the coordinate 
system of the fixed plane was determined and then the 
bending angles were obtained. The soft robotic arm can 
produce an arc-shaped bending by pressuring cavitiy-1 
of each segment. The performance of the soft robotic 
arm was evaluated by comparing the bending angles.  

The two-segment structure of soft robotic arm with 
the total length of 200mm performances 39.0539°, 
106.0135° of bending angle respectively under 0.1Mpa 
and 0.2Mpa pressurized when each section is optimal as 
shown in Figure 7. The optimal size is the length of the 
fixed first section, the linkage section between two 
cavity sections and the end section equal to 14mm. 
Under this condition, the maximum mises stress of soft 
robotic arm is 0.5918Mpa and the maximum principal 
strain is 0.5004mm. The result is far less than the tensile 
strength of the material.  

The soft robotic arm with the total length of 200mm 
in [24] produce 47.2052°, 97.9023° respectively under 
0.1Mpa and 0.2Mpa pressurized. The mass of soft 
robotic arm in [24] is 65. 8g while the mass in this paper 
with the optimal structure is 68.8g. The soft robotic arm 
performance of this paper results is significantly better 
under high pressure (0.2Mpa).  

Soft materials are characterized by low stiffness and 
light weight and soft robotic arms have multiple degrees 
of freedom of movement and high compliance. So soft 
robotic arms are generally used in special environment in 
which rigid manipulator not suitable, such as unknown 
environment exploration, medical diagnosis and 
treatment. In these application scenarios, the low load is 
bear for soft robotic arm. When the load is 0.4N (center 
point of the end surface, along Z axis) and the pressure is 
0.3Mpa, the bending angle generated by the soft robotic 
arm in reference [20] is 93.2645°, less than 111.2430° 
generated by the soft robotic arm in my manuscript. 
Therefore, the results of this paper have meaningfully 
importance for maximizing the performance of the soft 
robotic arm.  

Figure 7. The deformation of the soft robotic arm with optimal 
structure under 0.1Mpa and 0.2Mpa. 

5 Conclusions 

We draw conclusions through simulating in ABAQUS 
and comparing the bending angles. The two-segment 
structure of soft robotic arm has better performance than 
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three-segment and four-segment structure for the general 
manipulator operation task. The optimal ratio of the total 
length of non-cavity section to the total length of the soft 
robotic arm with two-segment is 0.21. The two-segment 
soft robotic arm performs better when the length of the 
fixed first section, the linkage section between two 
cavity sections and the end section are equal. The soft 
robotic arm with two cavities in each segment has more 
advantages in tasks of plane bending, while three 
cavities structure has better adaptability when the task 
need bend in the space. This study presents the design 
method in dimension of each section for multi-segment 
soft robotic arm. These conclusions in this study 
provides a reference for the structure and size design of 
the multi-segment soft robotic arm, so that the soft 
robotic arm can produce better performance to the 
requirements of complex tasks. The optimal structure of 
soft robotic arm can be chosen in different conditions of 
working environment.  

The deviation error was showed as in the angle 
between the end surface and XZ plane. In future work, 
the error can also be showed as displacement in Y or 
several ways together to express error. And the variation 
of deviation error can be researched with different 
parameters and structure of soft robotic arm. The 
deviation error should be considered in evaluating the 
bending performance in the future.  
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