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Abstract 

This study proposes a forward kinematic model for soft actuators that utilize pneumatic control to predict their 

bending motion, which is simulated using Ansys software. Firstly, a bending motion test is conducted with a 2-air 

chamber actuator to derive an equation that establishes the relationship between the bending angle and input pressure. 

Next, a serial model for the overall soft actuator is developed using forward kinematics with the DH method. The 

angle variables in the soft actuator are then replaced with an equation that relates the deformed angle and compressed 

air. Finally, the proposed serial model is used to predict the bending motion of 4-air and 6-air chamber actuators, 

and the results are compared to simulations and real experiments. The comparison shows that the proposed model 

could accurately predict the bending motion of the real actuators within an acceptable tolerance of 10%. 
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1. Introduction 

Recent years have seen a growing interest among researchers in soft robotics due to its wide-ranging potential 

applications [1]. Soft robotics technology has the potential to revolutionize how we design and control robots, particularly 

regarding safety mechanisms for human interaction. However, significant challenges must be addressed to fully utilize this 

technology’s potential. These challenges include further research, improved designs and models, and more sophisticated 

control mechanisms for these remarkable machines [2]. Soft actuators can be easily fabricated using casting or 3D printing 

techniques [3-4]. Despite their softness, they can generate high forces, making them suitable for various applications [5]. 

The soft robot possesses a pliable structure and limitless degrees of freedom, making it capable of simultaneously bending 

and stretching in various directions. 

Furthermore, it is well-suited for performing in intricate work environments [6]. Currently, there are several research 

fields in the area of soft robotics. These include the development of a flexible robotic arm [7], the design of an assisted robot 

for rehabilitation that employs soft pneumatic actuators [3], the creation of a dual-mode soft gripper using silicone material 

[8], and the use of soft robotics in surgical applications [9]. Various methods have been developed to solve the displacement 

of a soft actuator, including the derivation of Lagrangian dynamic equations. Wang and Hirai [10] experimented with fluidic 

elastomer actuators fabricated using 3D printing. They observed the bending angles of a single actuator under various pressures 

to demonstrate the repeatability of the actuation process. They then proposed a dynamic model that accurately replicated the 

deformation motion of the fluidic elastomer actuator. 
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Al-Fahaam et al. [11] proposed a geometry-based approach for computing the motion of soft robots using an optimization 

problem to determine the controller and actuator as geometrical elements. Their framework efficiently computes soft 

manipulators’ forward and inverse kinematics with low computational costs, even for components with multiple materials. 

Luo et al. [12] and Salem et al. [13] presented spline-based models and control frameworks for soft robotics, utilizing 

heterogeneous rational B-splines to capture material and physical properties while preserving the dynamics with environmental 

interactions. The dynamic model based on non-uniform rational B-spline (NURBS) allows for optimal control design using 

predictive control with a finite number of control points, reducing the motion control of the infinite-dimensional soft body. 

The study of forward kinematics (FK) is a crucial topic covered in many educational resources. One widely used approach 

for describing the kinematic relationships between the links in a chain of rigid rods connected by lower pair joints with one 

degree of freedom (such as rotational and prismatic joints) is the Denavit-Hartenberg (DH) convention [14]. This convention 

provides a concise and consistent representation of the robot’s kinematic structure and is widely used in the field. It offers a 

minimal description and a straightforward solution for parameter verification. Additionally, the DH convention relies on linear 

algebra, which allows for efficient matrix computations [15]. 

 

Fig. 1 DH parameters [14] 

This study presents the use of FK to model the movement of a soft pneumatic actuator with two contiguous air chambers. 

The experiments are conducted on a 2-air chamber actuator, and the FK is then utilized to predict the bending motion of the 

soft pneumatic actuators with different numbers of air chambers. The DH parameters are used to calculate the transformation 

matrices, as illustrated in Fig. 1. Since the soft pneumatic actuators rotate only around and do not have any movements along 

the z-axis, it is straightforward to obtain the transformation matrices. 

2. The Conceptual Design and Fabrication Process 

 

Fig. 2 The dimension of the soft pneumatic finger (mm)  
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The pneumatic networks (PneuNets) bending actuator is used as the design of the soft pneumatic actuator of this study. 

It consists of two air chambers with identical dimensions, an air chamber layer, and a bottom layer. The air chamber has a wall 

thickness of 1.5 mm, and a long inlet hole is created to fit the air-supplied tube and prevent leakage of compressed air from 

the actuator. The 2D design is sketched in Inventor software and presented in Fig. 2. 

Furthermore, the fabrication process is illustrated in Fig. 3 and consists of three steps. Firstly, the molds for the actuator 

are designed using the actuator geometry and created with a 3D printing machine. Secondly, the platinum silicone is poured 

into the mold, cured for the required time, and then separated and glued together. Additionally, an M3 screw is utilized to 

create the inlet hole inside the actuator. Two molds are assembled for each layer as the actuator has two parts with different 

layers. Platinum silicone is used as the material for the actuator, which requires 8-10 hours to solidify. 

  
Fig. 3 The fabrication process of a 2-air chamber pneumatic actuator Finite Element Analysis 

The addition of silicone diluent oil to the liquid is recommended to reduce the occurrence of bubbles during the filling 

process of the molds. However, in case of the appearance of bubbles, a needle can be used to prick them manually on the top 

and inside of the mold. It is worth noting that using the liquid does not alter the material properties, such as Young’s modulus 

and hardness. Alternatively, a vacuum pump can also be used to remove the bubbles without affecting any material properties. 

3. Finite Element Analysis (FEA) 

The bending angles of the 4-air and 6-air chamber actuators are first compared through simulations. Afterward, the 

experiment, simulation, and prediction results of these actuators are compared. To simulate the behavior of a soft pneumatic 

actuator, its mechanical properties need to be verified, such as its elasticity characterized by Young’s modulus. The material 

datasheet shows that the silicone platinum used to make soft actuators has a Shore hardness of 30, which can be converted to 

Young’s modulus. During the tensile testing and Shore, a scale hardness measurements of the dental elastomers, Young’s 

modulus was determined using the Gent equation [16] based on the directly obtained hardness values: 

( )
( )

( )

0.0981 5 7.66
E MPa

0.137505 254 2.54

× + ×
=

× − ×

s

s
 (1) 

where s is the Shore hardness (s = 30), Young’s modulus of E = 1.16 MPa, and Poisson’s ratio = 0.49. 

Eq. (1) is used to convert the hardness unit from Shore A to MPa because the input data for the analysis is Young’s 

modulus, which is typically expressed in MPa. Converting the hardness values to MPa through Eq. (1) allows for a more 

straightforward comparison of the mechanical properties of different materials, as they are now in the same unit of measure. 

In this study, the FEA method is employed to evaluate the design of the actuator structure. Due to the complexity of the soft 

actuator’s structure, a computational model is utilized instead of a complex theoretical model. Ansys software is utilized to 

perform the simulations, which allowed for the determination of the bending motion of actuators before fabrication. The angles 

of each joint are measured, and their average values are calculated to compare them with the 2-air chamber actuator. The 

obtained results are illustrated in Figs. 4-5. 
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(a) 10 KPa (b) 20 KPa (c) 30 KPa (d) 40 KPa 

    

(e) 50 KPa (f) 60 KPa (g) 70 KPa (h) 80 KPa 

Fig. 4 FEA of the 4-air chamber actuator 

 

    

(a) 10 KPa (b) 20 KPa (c) 30 KPa (d) 40 KPa 

    

(e) 50 KPa (f) 60 KPa (g) 70 KPa (h) 80 KPa 

Fig. 5 FEA of the 6-air chamber actuator 

4. Bending Angle Measurement 

The bending angle experiment is conducted to determine the bending angle of a two-air chamber actuator and to derive 

an equation that expresses the relationship between the input air pressure and bending motion. The resulting equation is then 

used to predict the bending motion of the actuator with different numbers of air chambers. 

4.1.   2-air chamber 

This experiment measures the bending angle between two air chambers in the soft robot. To achieve this, a pressure gauge 

is utilized to measure compressed air, while a pair of flow control valves are used to adjust the air pressure supplied to the soft 
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actuators. The experimental setup diagram is shown in Fig. 6, where the soft robot is attached to a 3D-printed connector 

mounted in a shaft. The first flow control valve is used to supply input pressure, while the second valve is used to release the 

supplied pressure. By combining these two valves, the air pressure for the actuator can be controlled manually. 

 

Fig. 6 The experimental setup diagram 

This experiment does not utilize any integrated sensor within the actuator to determine its bending motion. Instead, a 

camera is employed to capture multiple images while adjusting the air pressure supplied to the soft actuators. Subsequently, 

the AutoCAD software is used to draw two lines and a rotational joint that overrides the curve of the bottom cover of the 2-air 

chamber actuator, as illustrated in Fig. 7. The bending angle is then measured directly from the images, along with the 

corresponding air pressure values. Since the actuator comprises two air chambers, it has two rigid links and a rotational joint. 

Therefore, the first link, represented by the first line, is from the reference point to the mid of the two air chambers, while the 

second link is from the midpoint of the two air chambers to the final point. Furthermore, the angle experiments are conducted 

five times and the mean value is computed from the five trials to obtain more accurate results. 

   

(a) 0 KPa (b) 10 KPa (c) 20 KPa 

   

(d) 30 KPa (e) 40 KPa (f) 50 KPa 

   

(g) 60 KPa (h) 70 KPa (i) 80 KPa 

Fig. 7 Measuring the bending motion of a 2-air chamber actuator 
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The test results shown in Fig. 8 demonstrate that as the pressure supplied by the soft actuator increases, the actuator’s 

deformed angle also increases. The experiment is repeated five times to obtain more accurate results, and the mean value is 

calculated. The collected data are graphed to display the experimental bending angle. A mathematical model is then used to 

interpolate the experimental data and determine the relationship between the bending angle and the compressed air pressure: 

( ) ( )2_ 0.0036 0.6916= − × + ×Bending angle degree Pressure Pressure KPa  (2) 

The bending motion of the actuator appears to be non-linear when compressed air is supplied between 0 KPa to 80 KPa. 

Therefore, a quadratic equation is used for polynomial interpolation to obtain the relationship between the bending angle and 

compressed air, as expressed in Eq. (2). This equation can be used to predict the motion of a PneuNets actuator with two air 

chambers. In the subsequent part of the study, the estimated bending angle values of the PneuNets actuator with different air 

chamber quantities will be obtained by Eq. (2). The range of air pressure used for experimentation is between 0 KPa to 80 KPa 

since the air pump motor can supply compressed air up to 80 KPa. 

 

Fig. 8 The experimental result of the 2-air chamber actuator 

4.2.   4-air and 6-air chambers 

The experiments shown in Figs. 9-10 were carried out using a similar setup to the previous test, with five trial tests 

conducted. The average angle values of each joint were measured and calculated, and compared with those of the 2-air, 4-air, 

and 6-air chamber actuators, as well as the motion prediction. These data were used to evaluate the efficiency of the predicted 

formula and to compare the bending motion of the simulation, experimental tests, and prediction. 

    

(a) 10 KPa (b) 20 KPa (c) 30 KPa (d) 40 KPa 

    

(e) 50 KPa (f) 60 KPa (g) 70 KPa (h) 80 KPa 

Fig. 9 The 4-air chamber actuator bending angle experiment  
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(a) 10 KPa (b) 20 KPa (c) 30 KPa (d) 40 KPa 

    

(e) 50 KPa (f) 60 KPa (g) 70 KPa (h) 80 KPa 

Fig. 10 The 6-air chamber actuator bending angle experiment 

5. Actuator Modelling 

When compressed air is supplied to the soft actuator, the air chambers will inflate and create a bending motion at the 

middle point of the two air chambers. The number of revolute joints in the model is equal to the number of air chambers minus 

one, as illustrated in Fig. 11. 

 

Fig. 11 2-air chamber actuator model  

The end-effector of the actuator is defined by two simple geometric equations to calculate x and y displacements: 

1
X2=L1+L2 cosθ×  (3) 

1
Y2=L2 sinθ×  (4) 

Eqs. (3)-(4) are straightforward to derive because this soft actuator has only two air chambers with one angle variable. However, 

when the number of serial links and joints in a robot increases, the task of solving the kinematics problem becomes increasingly 

complex due to a large number of joint variables. The DH method is widely used in robotics to describe the geometry of a 

serial-link mechanism. This provides a foundation for roboticists to apply algorithmic methods and obtain solutions for 

kinematic problems [17]. Therefore, the DH method is utilized to determine the motion of the robot. A soft robot model with 

serial links and finite joints is presented in Fig. 12. 
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By following these steps, the motion of a soft robot can be accurately described: 

(1) Identify the number of joints in the robot. This will help in determining the number of joint variables required to describe 

the robot’s motion: Depending on the air chamber quantities (n) in the robot, it has (n-1) revolute joints rotating around 

the z-axis, which are connected to (n) links. 

(2) Determine the 4 DH parameters (θ, α, r, d) for each frame. 

(3) Find the homogeneous transformation matrix of each frame using the DH parameters. 

(4) Derive the transformation matrix for each frame by multiplying the corresponding matrices from frame 0 to frame n. 

(5) Substitute the bending angle from the experimental data into the displacement vectors (X and Y) in the Hn-1
n matrices (n 

≥ 1) to determine the position of each frame. 

 

Fig. 12 The soft actuator model with serial links and rotational joints 

The homogeneous transformation matrix for the nth frame can be expressed as: 

n n n n n n n

n n n n n n nn

n 1

n n n

cos sin cos sin sin r cos

sin cos cos cos sin r sin
H

0 sin cos d

0 0 0 1

−

θ − θ α θ α θ

θ θ α − θ α θ
=

α α
 (5) 

where θ = bending angle of Xn and Xn+1, α = bending angle of Zn and Zn+1, r = distance from Xn and Xn+1, measure along Xn+1, 

and d = distance from Zn and Zn+1, measure along Zn. 

Table 1 DH parameters 

Joint θ α r d 

1 θ1 0 L2 0 

2 θ2 0 L3 0 

⋮ 

n θn 0 Ln+1 0 

Then, DH parameters in Table 1 are substituted into Eq. (5), which determines the displacements and orientations of each 

frame. After determining all the DH parameters, the DH matrices of all joints are multiplied by each other to obtain the overall 

homogeneous transformation matrix. It can be expressed as follows: 

1 1 1 2 1 n n n n+1 n

1 1 2 1 n n n +1 nn

0

cos sin 0 L L cos cos sin 0 L L cos

sin cos 0 L sin sin cos 0 L sin
H

0 0 1 0 0 0 1 0

0 0 0 1 0 0 0 1

θ − θ + × θ θ − θ + × θ

θ θ × θ θ θ × θ
= ⋯  (6) 
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Eq. (6) provides the mathematical representation of the spatial relationship between the nth frame and the reference frame 

(frame 0) in terms of position and orientation. However, when a robot has numerous joints and links, resulting in a greater 

number of joint variables, the process of deriving the homogeneous transformation matrix for each frame becomes more 

complex. Consequently, for robots with more than two joint variables, the joint angle variables are represented by a single 

angle variable, with all angle variables assumed to be equal. 

The uniform geometry of the robot air chambers results in a similar bending angle of two consecutive links. This assertion 

is supported by the experimental data gathered from the 4-air chamber and 6-air chamber actuators, which measured the 

bending angle of each joint. The bending motion of a soft actuator with n joints (i.e., n+1 air chambers) is then derived as: 

n 1 2 3 4 n n-1 n 1 n
X L L cos L cos 2 L cos3 L cos L cos

+
= + × θ + × θ + × θ +…+ × θ + × θ  (7) 

n 2 3 4 n n-1 n 1 n
Y L sin L sin 2 L sin 3 L sin L sin

+
= × θ + × θ + × θ +…+ × θ + × θ  (8) 

In Eqs. (7)-(8), the variables Xn and Yn represent the displacements of the nth frame with respect to the x and y displacements 

in the planar space. In the transformation matrix H0
n, Xn, and Yn correspond to the displacements of the nth frame with respect 

to the x and y displacements in the planar space. Specifically, Xn is in the first row and fourth column of the matrix, while Yn 

is in the second row and fourth column. 

The relationship between bending angle and air pressure can be expressed by:  

( )2
0.0036 P 0.6916 P

180

− × + × × π
ϕ =  (9) 

where ϕ denotes the bending angle (Radian) and P is the air pressure (KPa). 

As shown in Fig. 13 and expressed in Eq. (9), polynomial interpolation is utilized in this study to predict the bending 

motion of various air chamber actuators. The compressed air variable substitutes the angle variable in the displacement 

matrices H�
��, where n is the ordinal of the rotational joint, to determine the position of the soft actuator. The transformation 

matrix is then utilized to visualize the motion of the soft actuator with the corresponding pressure values. Furthermore, Python 

programming language is used to plot and save the plot pictures with different pressure values automatically. 

  

(a) 10 KPa (b) 20 KPa (c) 30 KPa (d) 40 KPa 

  

(e) 50 KPa (f) 60 KPa (g) 70 KPa (h) 80 KPa 

Fig. 13 The soft actuator graph of Eqs. (3)-(4), and (9) 
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6. Results and Discussion 

According to Fig. 14, the predicted bending angle of the soft actuator with various air chambers is approximately the 

same as that of the 2-air chamber actuator, which is interpolated from the experimental data. Furthermore, it is observed that 

as the number of air chambers increases, the bending angle of each joint may decrease within the pressure range of 10-80 KPa. 

However, the accuracy of the prediction may be affected by Earth’s gravitational force as the weight of the actuator increases 

with the addition of more air chambers. The approach to address this issue and improve the accuracy of the prediction will be 

presented in future work. The average bending angle is expressed as: 

1 2_ _ _
_

n

+ + +
=

… n

n

Bending angle Bending angle Bending angle
Bending angle  (10) 

where n is the ordinal bending angle (n ≥ 2). If the actuator has n + 1 air chambers (links), it will have n bending angle (joints). 

Eq. (10) is utilized to compute the bending angle of the soft pneumatic actuator with various number of air chambers. It 

expresses the orientation between two adjacent air chambers. 

 

Fig. 14 Bending angle of the soft actuators 

 

   

(a) 10 KPa (b) 20 KPa (c) 30 KPa (d) 40 KPa 

(e) 50 KPa (f) 60 KPa (g) 70 KPa (h) 80 KPa 

Fig. 15 Forward kinematics model of 4-air chamber actuator 
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Python was utilized to generate line graphs that simulate the position of the simulation, experiment, and predicted bending 

angle of the 4-air (Fig. 15) and 6-air (Fig. 16) chamber soft actuators. The experimental results indicate that the prediction 

using the 4-air chamber actuator is nearly identical to the experiment and simulation in the pressure range of 0 KPa to 70 KPa. 

However, with the 6-air chamber actuator, there is a slight difference between the prediction and the experimental test. The 

experiment sections of the 4-air and 6-air chamber actuators were compared. It was observed that as the number of air chambers 

increases, the bending angle decreases. This decrease in the bending angle is due to the increase in mass of the soft actuator as 

the number of air chambers increases, which partially reduces the strain angle. 

    

(a) 10 KPa (b) 20 KPa (c) 30 KPa (d) 40 KPa 

    

(e) 50 KPa (f) 60 KPa (g) 70 KPa (h) 80 KPa 

Fig. 16 Forward kinematics model of 6-air chamber actuator 

7. Conclusions 

The paper presented the design, simulation, and fabrication processes, as well as the FK model of soft pneumatic actuators 

with different numbers of air chambers. The actuators and the molds were fabricated by using casting with silicone rubber and 

3D printing technology, respectively. The investigation involves 2-air, 4-air, and 6-air chamber soft pneumatic actuators, and 

an experiment was conducted to measure the bending angle of these actuators. Before making the actuators, a simulation of 

the stress-strain behavior of the soft robot was executed to optimize the design using Ansys software. The FK model of the 4-

air and 6-air chamber actuators is developed based on the angle data of the 2-air chamber actuator. 

The results show that acceptable bending angles are within a 5% tolerance. By using the experimental data of the 2-air 

chamber actuator combined with the FK model, the bending motion of the 4-air and 6-air chamber actuators can be predicted 

accurately with an acceptable error rate under 10% for the simulation, experiment, and FK model. However, an actuator with 

a greater number of air chambers can cause an error in the prediction due to its heavier weight. A constant need to be added 

after the equation of bending angle and pressure, and it will take a lot of experiments with various actuators to determine the 

constant. In future work, how to determine the constant caused by the weight of the actuators will be investigated. 
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