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Abstract—A soft pneumatic actuator is a soft robotics part 

that significantly increases ability of a robotic arm to grasp 

an object in the automatic production line. To grip an object 

of various sizes and shapes, the bending angle of the 

actuator is a parameter that affects the grasping area and 

positioning of a robotic arm while applying air pressure. In 

this study, the actuator models with small and large cross-

section ratios are compared by simulation using the finite 

element method. The simulation results show that increasing 

of the model cross-section ratio provides the wider bending 

angle than the reduced cross-section ratio model or the basic 

configuration model at the same input pressure. The 

proposed model still maintains the air surface area inside 

the actuator. Furthermore, it was found that the reduced 

cross-section ratio model has the most significant influence 

on the bending angle than the other models. Thus, the model 

comparison in term of the cross-section ratio is helpful to 

design the most effective gripper. 

 

Index Terms—soft pneumatic actuator, soft robotic gripper, 

mathematical modeling, soft robotics 

 

I. INTRODUCTION 

Soft robot research has become increasingly popular in 

the robotic field. One of the main reasons is that soft 

robots can perform unique actions such as grasping 

objects of various sizes and shapes safely, deliver high 

power and safely interact with human operators. 

Additionally, the technology is usually lightweight and 

cheap. In contrast, conventional robots have stiff designs.  

[1]. Therefore, soft actuators, which can execute fast, 

precise and strong operations, have been extensively used 

in automation, locomotion, and rehabilitation. 

Accordingly, soft actuators have evolved to behave like 

natural muscles [2]. 

Soft actuators that operate with air pressure are called 

soft pneumatic actuators (SPAs). Some use shape-

memory alloy [3], [4] or hydraulics [5] to drive the 

peripheral components. SPAs are applied via a pneumatic 

network to generate bending action and movement that 

are inspired by animals; for example, a soft gripper like a 

human finger can play a digital keyboard [6]. A multi-

gait quadruped is inspired by an octopus and can produce 

complex motions [7]. The simple structure of a SPA 

combines a hollow shape with a thin membrane made of 
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silicone. This special polymer is flexible enough to be 

stretched while air pressure is being applied [8]-[11]. 

Polyether ketones and PVC coating films are used when 

the actuators require complex structures like zigzag 

origami [12], which is currently a trend in the robotic 

field. Furthermore, several fabrication techniques are 

used to produce SPAs using two-step molding technique 

[13], silicone 3D printer [14] or dissolvable core 

technique. 

The chamber geometry is a significant design 

parameter which affects the bending performance. Hu et 

al. [15] introduced an optimization approach that selected 

optimal parameters like the bottom layer thickness, gap 

size between adjacent chambers, wall thickness, and 

chamber cross section. The work also illustrated how the 

finite element method (FEM) is useful to optimize 

geometric variables and validated the findings via 

experimental methods. This work investigates cross-

section ratios and parameters that influence bending 

performance. The optimized parameter in this study is the 

ratio between the size of the first and last chamber. The 

ratio is optimized by finite element analysis. 

This paper is organized in the following way. In 

Section II, the basic SPA configuration and the SPA 

designs are introduced and compared. Section III 

describes how FEM is used to simulate the models by 

comparing in terms of bending analysis. The simulation 

results of each model are shown in Section IV. Finally, 

Section V concludes this work. 

II. SPA DESIGN AND CONFIGURATION 

A. Basic Configuration of a SPA 

 

Figure 1. The basic configuration of a SPA. (a) basic model; (b) cross-

sectional view; and (c) bending effect. 

The basic configuration of a SPA as shown in Fig. 1(a) 

composes of an upper layer and base layer. The 

configuration reveals of air chambers and air channels as 

shown in Fig. 1(b). The SPA actuation depends on 
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applied pneumatic pressure to the air chambers. The SPA 

is made of a hyper-elastic material. Thus, the chamber 

walls are flexible enough to stretch during operation. 

Fig. 1(c) shows the SPA deformation caused by the 

pressurized air in the chambers, which generates stresses 

on the walls in the x- and y-axes. However, if the stress in 

the x-axis is greater than the stress in the y-axis, then the 

chamber is stretched horizontally according to the SPA 

bending requirements. This actuation effect can be used 

to enact a grasping motion which can pick up and move 

objects of various sizes and shapes. 

 

Figure 2. Dimension of the basic SPA design (a) front view and (b) 
right view. 

The basic SPA design includes 10 air chambers for a 

model with the length of 100 mm and the cross-sectional 

area of 20x20 mm
2
, as shown in Fig. 2. It can be 

compressed by 20 mm (i.e., to the length of 80 mm) so 

that the actuator can grasp objects like a human finger. 

The chambers gap size is 1.5 mm to enable the stretching 

action between the chambers. The chamber has the width 

and wall thickness of 6.5 mm and 1.5 mm, respectively. 

Consequently, the SPA lower layer has the thickness of 

4.5 mm and 3x1.5 mm
2
 air channel bored through the last 

chamber equalizing the air pressure. The dimensions of 

the wall thickness, gap and the bottom layer have been 

optimized as in Hu et al. [15]. Hence, this basic SPA 

configuration is used to compare the bending efficiency 

with the other proposed. 

B. Comparative Design of the SPA 

In this work, there are 6 different SPA designs with 
cross-sectional areas as shown in Fig. 3. Those designs are 
separated by angle, obliquely up and down, as illustrated 
in Models 1-3 and Models 4-6, respectively. The surface 
area, gap and thickness of the chamber are identical in 

dimension as of the basic SPA configuration. However, to 
compare the bending performance among the models, the 
surface area of the air chamber has to be the same as the 
basic SPA model surface area (8,217 mm

2
). Therefore, 

the height of the model is varied in terms of the surface 
area, with the deviation of the surface area less than 5% 
compared with the basic model, as shown in Table I. 

 

Model 1 (ratio 5:4)

Model 2 (ratio 2:1)

Model 3 (ratio 3:1)

Model 4 (ratio 5:6)

Model 5 (ratio 2:3)

Model 6 (ratio 3:5)
unit: mm

 

Figure 3. The proposed SPA model variation. 

TABLE I.  SURFACE AREA OF AIR CHAMBERS WITH DIFFERENT 

HEIGHT 

SPA design Surface area 

(mm2) 

Area 

deviation 

(%) 

Height 

(mm) 

Model 1 8222.7 -0.07 22.1 

Model 2 8227.1 -0.12 26.3 

Model 3 8218.9 -0.02 29.4 

Model 4 8229.4 -0.15 18.3 

Model 5 8211.8 0.06 16.2 

Model 6 8242.3 -0.31 15.4 

III. FEM ANALYSIS METHOD 

FEM is a powerful tool that is extensively used to 

optimize and predict effects of innovative designs before 

manufacturing the product. In this work, the static 

structure analysis was conducted to validate the model 

parameters, which focuses on the deformation 

characteristics of the SPA models under air pressurized 

loading. The boundary conditions include a fixed 

displacement on the left side floor and wall. The air 

pressure is applied to the inside of each chamber as 

shown in Fig. 4. 

 

 

Figure 4. Boundary conditions of the SPA model. 
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The pneumatic pressure varies from 1 kPa to 20 kPa to 

investigate the actuator deformation. The finite element 

model is fine-meshed due to the large deformation effect 

of a nonlinear material in the element. Additionally, the 

applied pressure was initially set over 500 substeps. 

These fine steps give smooth transition of the 

computational results. Then, the FEM results are used to 

optimize the cross-section ratio of the models by 

comparison the and later being validate by the 

experimental testing. 

A. Material Selection 

Silicone rubber is selected for modelling because it 

supports soft robot behavior. That is the silicone model 

facilitates high bending angle while applying the air 

pressure. This material has many advantages in terms of 

its flexibility, inexpensive cost and malleability. In this 

research, normal grade silicon rubber (with shore A 25-45) 

is used because it is generally available in the market. 

The silicone rubber properties are shown in Table II. 

Silicon rubber is a hyper-elastic material, so a third-

order Mooney-Rivlin property is needed to define the 

stress-strain property effectively. This property was tested 

using a tensile strength tester under the ASTM D412 test 

method. 

TABLE II.  THE MATERIAL PROPERTIES OF THE SILICON RUBBER. 

Properties Value 

Hardness Shore A 30 

Poisson ration 0.49 

Elongation at break 460% 

Mix ratio 1:1 

Density 1.208 g/cm3 

 

B. Bending Angle Analysis 

 

 

Figure 5. Bending angle reference and parameters. 

As the pressurized air flows into the SPA chambers, 

the actuator is stretched with various bending angles 

depending on air pressure. To define the bending 

performance of the SPA, the bending angle θ, as shown in 

Fig. 5, is calculated by using the measured point P2 and 

P3 with the reference point P1. The center of the arc C is 

determined as follows: 

 

2 2 2 2
2 1 2 1 2 2 1 1

2 2 2 2
3 1 3 1 3 3 1 1

2( ) 2( )

2( ) 2( )

x

y

cx x y y x y x y

cx x y y x y x y

        
    

         
 (1) 

where the point P2 and P3 are in the end and middle 

position of an actuator, respectively. The center of the arc 

can be used to calculate the radius R as 

  
2 2

1 1( )x yR x c y c     (2) 

The circular chord Cr is defined by  

  
2 2

1 3 1 3( )Cr x x y y     (3) 

Thus, the bending angle can be expressed as 

 12sin
2

Cr

R
   
  

 
 (4) 

The bending angle is helpful to design the SPA model 

that matches the grasping action requirement in the soft 

robotic gripper. 

IV. FEM RESULTS OF THE COMPARATIVE MODELS 

 

 

Figure 6. Deformation of the basic SPA model (a) the effect of the 

bending angle at different air pressures, (b) the motion path of the end 

and middle positions of the actuator, and (c) the relationship between 

the bending angle and air pressure. 

The deformation of the SPA is affected by the bending 

angle which is related to the air pressure. Fig. 6(a) show 

various bending angles of the basic SPA configuration at 

different air pressure levels. To determine the bending 

angle, the position of the reference point P1 is (20,0), and 

the point P2 and P3 in (1) can be determined. The motion 

path of points P2 and P3 are shown in Fig. 6(b) while 

compressing air into the actuator. The relationship 

between the air pressure and the bending angle is 

illustrated in Fig. 6(c), which is approximately linear 

when the air pressure is varied from 1 kPa to 20 kPa. This 

result can be used to approximate the operating pressure 

for the soft robot gripper according to the user 

requirements. 
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Figure 7. Bending angle and air pressure relationship. 

This work simulates various SPA models, described in 

Section II (B), using the FEM to observe the bending 

angle effect. The bending angle can be influenced by the 

cross-section ratio of the chamber as shown in Fig. 7. 

Models 1, 2 and 3 have small cross-section ratios; this is 

accomplished by increasing the height of the models to 

keep air surface area in the chamber as the same for all 

models. The bending angle of the small cross-section 

ratio models (Models 1-3) have trend lines below the 

bending angle of the basic SPA model. This is because 

the air pressure acts stretching the chamber on the 

horizontal axis rather than the vertical axis. This increases 

the air flow’s surface area as well as the height of the 

chamber. By investigating relationship between the 

bending angle and cross-section ratio. It is found that the 

bending angle reduces as cross-section ratio decreases for 

Models 1, 2 and 3. This effect is dominant in Model 3, 

which has the smallest cross-section ratio (3:1) and yields 

a bending angle 120 degrees lower than that of the basic 

model at the maximum air pressure supply. 

On the other hand, Models 4, 5 and 6 have the higher 

cross-section ratios, which decreases the height of the 

chamber to maintain the air flow surface area to be the 

same as the basic model. The trend line of Models 4, 5 

and 6 are similar to each other, the results show that the 

bending angle is higher than that of the basic model. The 

bending angle trend line of Model 4 is higher than that of 

Models 5 and 6 under the same pneumatic pressure. 

However, the gap between those trends has a minor 

difference. On the other hand, the models with the 

reduced cross-section ratios have large difference 

bending angle change among the three models. Therefore, 

the cross-section ratio has a significant impact on the 

bending angle. The higher the cross-section ratio, the 

larger the bending angle trend line. Furthermore, these 

simulation results provide a guide line for users to 

customize the SPA model suiting their applications. 

V. CONCLUSIONS 

This paper compares various design of the SPA models 

by using finite element analysis to observe the 

relationship between the bending angle and surface area 

ratio. This is helpful in the design process of the SPA and 

especially useful for gripper applications. The models are 

compared in terms of the cross-section ratio (from low to 

high). Each simulated model has the same material 

properties and boundary conditions. The simulated 

material is silicone rubber and the investigated conditions 

is under the same chamber area with the same input 

pressure range, which is introduced into non-linear FEM 

modeling program to monitor the SPA bending effect. It 

is found that the lower cross-section ratio resulting in 

significant reducing bending angle. The higher cross-

section ratio has increased the bending angle. However, 

the higher cross-section ratio has significantly 

deformation effect greater than the lower cross-section 

ratio. Thus, if some applications need additional 

curvature to grasp objects, then the cross-section ratio of 

the actuator should be high. On the other hand, if other 

applications require less bending, then the cross-section 

ratio of the actuator should be reduced. Furthermore, the 

simulation results can be used to design and fabricate the 

soft pneumatic gripper that suit any specific application, 

and this will be investigated in the future work. 
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