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Abstract: This paper proposes a multifunctional soft robotic gripper for a Dobot robot to handle sensitive 
products. The gripper is based on pneumatic network (PneuNet) bending actuators. In this work, two different 
models of PneuNet actuators have been studied, designed, simulated, experimentally tested, and validated 
using two different techniques (3D printing and molding) and three different materials: FilaFlex (3D printed), 
Elastosil M4601 and Dragonskin Fast 10 silicones (with molds). A new soft gripper design for the Dobot robot 
is presented, and a new design/production approach with molds is proposed to obtain the gripper's PneuNet 
multifunctional actuators. It also describes a new control approach that is used to control the PneuNet actuators 
and gripper function, using compressed air generated by a small compressor/air pump, a pressure sensor, a 
mini valve, etc., and executing on a low-cost controller board – Arduino UNO. This paper presents the main 
simulation and experimental results of this research work. 

Keywords: soft robotics; multifunctional soft PneuNet actuators; soft robotic gripper; hyperelastic models; 
Dobot robot.  

 

1. Introduction 

This work aimed to develop and control a soft inflatable actuator meant for a pneumatically 
actuated soft robotic grip for a robot arm, namely a Dobot robot [1]. 

The performance of the soft robotic arm grip is dependent on the inflatable actuator therefore a 
set of design requirements were formulated to guide the design process: large range of motion, 
actuation under small amounts of pressure, and, finally, simple and fast manufacturing. So, the 
actuator must be highly compliant and manufactured with molds or additive fabrication methods 
[2–4]. 

Digital prototyping changes the paradigm of soft actuators development. Soft actuators with a 
series of elastic actuators can be built with rigid materials [5] or with variable stiffness [6–8]. 

Although the mechanical design plays a fundamental part in soft inflatable actuators, the set of 
available design parameters is large: geometry, elastic material properties, actuated medium (air or 
water, for example), methods of fabrication (inducing specific required deformations or opposing 
design requirements), actuation modes, positive or negative pressure, and the list continues. Here, it 
is expected to rely on natural designs [9,10] for inspiration and to reduce the parameter value space. 

Various geometries of linear bellow-type actuators are possible [2,4,11] and analytical models 
describing the stiffness of the actuators of different geometries are given [12]. Although the models 
presented in [13] are still designs, their geometries can be extrapolated to soft material actuators [14]. 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
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Extensive literature review seems to show that no all-size-fit-all design exists. This work restricts 
the design to an elastic inflatable actuator under positive pressure, namely, PneuNet soft actuators 
[7]. PneuNet (pneumatic networks) consists of a series of channels and chambers inside an elastomer. 
These channels inflate when pressurized, expanding in the most compliant regions and, therefore, 
motion. The behavior of PneuNet actuators can be customized by modifying the geometry of their 
chambers and the materials' properties. PneuNet for soft robotic actuators combines high actuation 
rates with high actuator reliability [2,7,12]. 

PneuNet actuators are characterized by their inherent softness and compliance, making them 
ideal for scenarios where rigid actuators are unsuitable. They are also lightweight, which benefits 
systems where weight is a critical factor. These two advantages were significant in deciding which 
approach to take for the Dobot gripper. Additionally, their softness ensures safer interactions, 
particularly in human-robot interfaces or for gripping touch-sensitive materials. However, designing 
PneuNet actuators to achieve specific behaviors requires meticulous planning, design and 
optimization, and time. The performance of a PneuNet actuator is also influenced by changes in 
pressure, tending to have slower response times compared to other types of actuators. Considering 
some of these advantages and disadvantages, this paper presents the development of PneuNet-type 
actuators for a Dobot robot gripper. 

This paper is divided into the following sections: Section 2 presents the materials and methods 
used in this work; Section 3 presents the simulation and experimental results obtained and their 
discussion and Section 4 presents the conclusions. 

2. Materials and Methods 

2.1. Modelling Bending Behavior of PneuNet Actuators 

Modeling PneuNet actuators analytically remains complex due to their construction using 
entirely flexible, hyperelastic materials. Their inherent bending curvature and stiffness change with 
varying input pressure [15]. This section aims to summarize the mathematical modeling that 
establishes the relationship between the curvature/ bending angle of the actuator and the input 
pressure. Later in this work, the simulation and experimental results for these two variables are 
presented for the actuators developed. 

Majidi et al. [16] established a mathematical correlation between the input pressure and the 
bending curvature of a PneuNet actuator with a fixed chamber height (Figure 1 and Equation 1). This 
model, based on the principle of minimum potential energy, shows that the actuator's curvature kp 
is directly proportional to the input pressure (P) as follows: 

𝑘௉ =  
6𝐻ଶ𝑐

𝐸𝑡ଷ𝑥
𝑃 = 𝐷𝑃     𝑤ℎ𝑒𝑟𝑒 𝐷 =

6𝐻ଶ𝑐

𝐸𝑡ଷ𝑥
𝑖𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (1)

The chamber geometry and the material's properties influence the constant (D). It is assumed that the 
modulus of elasticity (E) remains constant, simplifying the model for hyperelastic materials, and the 
impact of gravity is disregarded. Another significant contribution in this area is the bending angle 
model introduced by Alici et al. in their work [17]. They formulated a method to predict the bending 
angle of a PneuNet actuator with a fixed chamber height based on input pressure, considering the 
actuator as a cantilever beam (equation 2). 
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. 

Figure 1. PneuNet chamber (a) before and (b) after inflation (adapted from [16]). 

By applying Euler–Bernoulli beam theory and assuming that the actuator bends into a uniform 
curvature, they derived the following steady-state relationship: 

𝜃(𝑃) =  
𝐿௜𝐴ଶ𝑒

𝐴௪𝐸ଶ𝐼ᇣᇤᇥ
஼

𝑃ଶ +
𝐿௜𝐴𝑒

𝐸𝐼ถ
஽

𝑃 = C𝑃ଶ + 𝐷𝑃 (2)

 

Constants (C) and (D) are influenced by the geometry of the chambers and the material 
properties, where A and Aw are the cross-sectional areas of the chamber, I is the area moment of 
inertia, e is the offset between the center of pressure and the neutral axis of the chamber. This model 
considers the chamber and gap between two chambers as a single unit with a length of 𝐿𝑖. In this 
context, the bending angle changes nonlinearly with input pressure, making it a potentially better 
model for PneuNet constructed with hyperelastic materials, as constant (C) is inversely related to the 
square of (E). Assuming a constant curvature, if a PneuNet actuator is anchored at one end and is 
free to bend at the other, the bending moment (M) generated by the pressure force and the internal 
area of the pneumatic chambers will move the actuator from its initial to its final position [15]. 

2.2. Modeling of the actuators and gripper 

Two different models of PneuNet actuators have been 3D modeled in Solidworks Student® and 
fabricated with fast prototyping methods: type 1 (Figure 2(a)), inspired by Yap et al. [18] and type 2 
(Figure 2(b)) that was inspired by Patel et al. [19]. 

Two different production methods were used: (1) 3D printing by Fused Deposition Modelling 
(FDM), where Filaflex filament was used, and (2) Fabricated molds, where two distinct silicones were 
used: DragonSkin Fast 10 and Elastosil M4601 A/B. FilaFlex 60A was used because, among the several 
types of this filament, it had lower Shore hardness and higher elongation. 

 

Figure 2. PneuNet actuators modeled (a) Type 1 - Inspired by [18] and made with Elastosil and 
DragonSkin Fast 10 (using molds) and with Filaflex filament by FDM; (b) Type 2 - Inspired by [19], 
made with Filaflex filament by FDM. 
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In Figure 3, PneuNet actuators of type 1, fabricated with FDM printed molds, using the two 
silicones can be seen: Figure 3(a) DragonSkin Fast 10 and Figure 3(b) Elastosil M4601 A/B. 

   
(a)       (b) 

Figure 3. PneuNet actuators of type 1 fabricated with molds (a) made with DragonSkin Fast 10 silicone 
(b) made with Elastosil M4601 A/B silicone. 

 Tables 1, 2, and 3 show the properties of the two silicones and Filaflex 60 filament used in this work: 

Table 1. DragonSkin Fast10 silicone material properties [20], except where indicated. 
DragonSkin Fast10 Value Unit 

Component A B  
Mixing ratio in weight 50 50 % 

Density at 23°C 1.07 g/cm3 
Cure time 75 minutes 

Viscosity a 23ºC 23000 MPa.s 
Hardness  10 Shore A 

Young Modulus 0.13 MPa [21] 
Tensile strength 3.3 MPa 

 

Table 2. Elastosil M4601 A/B silicone material properties were obtained from [22], except where 
indicated. 

Elastosil M4601 A/B Value Unit 
Component A B  

Density at 23°C 1.14 1.01 g/cm3 
Cure time 12 H 

Viscosity at 23°C 10000 MPa.s 
Mixing ratio in weight 90 10 % 

Hardness  28 Shore A 
Young Modulus 0.4835 MPa [23] 
Poisson's Ratio 0.499 [23] 
Tensile strength 6.5 MPa 

Tear strength >30 N/mm 
Elongation at tear 700 % 

 

Table 3. Filaflex 60A material properties obtained from [24]. 
Filaflex 60A Value Unit 

Density at 23°C 1.07 g/cm3 
Hardness  63 Shore A 

Young Modulus (100%) 2.5 MPa 
Tensile strength 26 MPa 

Tear strength 40 N/mm 
 
Both mold halves can be seen in Figures 4(a) and (b). To obtain the interior cavity of the PneuNet 

actuator a third component, acting as a core mold part, had to be assembled beforehand (see Figure 
4(c) depicting both mold halves and the central core). The uncured silicone was put in both halves of 
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the mold, one containing the rigid core, held in place due to its L shape at one end. The two mold 
halves were closed, centered by the six centering pins (Figure 4), smashing the silicone against the 
core and mold walls up to the complete closing of the mold. The excess air and liquid silicone material 
could be extracted from the mold holes and parting line. 

After the silicone curing, that plastic core could be extracted from the PneuNet actuator by 
pulling it with pointed pliers or other tool from the orifice where the air enters the actuator. The 
molds and inner core were made from Polylactic Acid (PLA). Different solutions were tested, e.g. 
having a core made of Polyvinyl Alcohol (PVA) to be dissolved with water, but this proved 
unsuccessful due to the water reacting with silicone. 

 

(a) (b) (c) 

Figure 4. FDM printed mold for PneuNet actuators of type 1. (a) half of the mold and (b) Top half of 
the mold along with the PneuNet actuator molded with DragonSkin Fast 10 and inner core; (c) 3D 
model of the mold and inner core. 

The type 1 PneuNet actuator was also fabricated with FDM 3D printing with Filaflex 60A 
filament (Figure 5).  

  
(a)       (b) 

Figure 5. PneuNet actuators fabricated (a) Type 1 - Inspired by [18] and (b) Type 2 - Inspired by [19]. 
Both actuators were 3D printed with FilaFlex 60A filament by FDM. 

In Figure 6, the PneuNet actuators, obtained by FDM (Figure 6(a)) and molds (Figure 6(b)), can 
be seen mounted in the Dobot gripper (it uses three actuators). The three actuators fit into the 
coupling base (Figure 6(c)) of the gripper which was FDM printed with PLA material. 

 
(a)       (b) 
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(c)       (d) 

Figure 6. PneuNet actuators of type 1 mounted on the PLA FDM printed coupling base. (a) fabricated 
with FDM using Filaflex filament and (b) made with DragonSkin Fast 10 silicone by molding, (c) 
gripper coupling base, (d) Dobot robot with soft gripper installed. 

2.3. Control of the Soft Gripper 

To demonstrate a use-case application of the proposed soft actuators, a robotic gripper with 
three soft actuators was integrated into the pick and place operations of a Dobot robot (Figure 6(d)). 
This section describes the control system used to drive the gripper's grab/release cycles in the context 
of these tasks. 

2.3.1. Pneumatic and electronic circuits 

The pneumatic circuit that was devised to supply pressurized air into the soft actuators consists 
of (1) a mini diaphragm air pump, (2) a 2-way, 2 position solenoid valve, (3) a throttle valve and (4) 
a pressure sensor, connected as depicted in Figure 7. 

. 

Figure 7. Pneumatic circuit that regulates air flow in/out of the soft gripper. 

 
Figure 8. Electronic circuit of the control system that drives gripper actions. 
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The control logic is run on an Arduino board, which receives the analog reading from the 
pressure sensor and outputs two control signals that regulate the current through the solenoid valve 
and the pump via two power transistors, as shown in Figure 8. The goal of the control system is to 
drive simple grab/release cycles of the gripper thus, the pressure in the actuators should follow a 
waveform that goes from atmospheric pressure (release) to a reference pressure (grab) and back to 
atmospheric pressure (release). Here, pressure is the single controlled variable, and a desired 
curvature (kp) of the actuators is achieved by selecting the corresponding pressure, as given by the 
pressure-curvature relation described in section 2.1. An alternative to this approach would be to 
embed strain sensors into the soft actuator [25,26] and implement a control loop that directly targets 
curvature. 

In the present work pressure is mainly controlled by modulating the speed of the pump. This is 
in strong contrast to the most common approach, which involves using a constant source of 
pressurized air combined with two on/off solenoid valves that regulate the flow in and out of the 
actuator [26–29]. In that approach pressure is controlled by switching the valves at a high frequency, 
thereby regulating the airflow into and out of the actuator. To achieve this, the valves are driven by 
PWM signals, which duty cycles take the role of the control action, i.e., they are continuously adjusted 
to achieve the desired pressure. Differently, in the currently proposed approach, the valve is 
commanded by a digital signal that occasionally changes state, whereas a PWM signal drives the 
pump. 

It follows that a pressure increase is achieved by closing the valve and powering the pump 
through a suitable control law while pressure reduction is attained by turning off the pump and 
opening the valve. Now, while the PWM signal can continuously modulate the pressure rise, pressure 
reduces abruptly when the valve is opened. To avoid sudden falls of pressure due to the on-off nature 
of the valve, a throttle valve is connected to the valve exit. In this way, the pressure falls more slowly, 
resulting in a slightly slower opening of the gripper, which, on the other hand, reduces oscillations. 
But most important is the effect of the throttle valve when the transient response of the system is 
oscillatory. In this case, a fast decrease in pressure, associated with the inherent delays of the 
pneumatic system, gives rise to oscillations. This can be attenuated with the introduction of a throttle 
valve, which contributes to an amount of damping that can be adjusted to mitigate that behavior. The 
addition of damping through a pneumatic component was used previously in [28,29], where the 
authors resorted to a tube fitted with a porous plug which acts as a pneumatic low pass filter. 

Past research on soft actuator control has led to sliding mode controllers [30–32], model reference 
adaptive controllers [33] and robust adaptive controllers [26,27], among others. The use of advanced 
controllers such as these is justified by the inherent challenges in soft actuator systems, in particular, 
the non-linearities due to the hyperelasticity of the material and the PneuNet geometry, the nonlinear 
behavior of pneumatic components and the delays in air distribution [27]. Still, situations exist where 
simpler controllers, such as PIDs, can be used, with the benefit of a more straightforward 
implementation and ease of reconfiguration, possibly at the cost of lower performance. In this regard, 
when selecting a controller for soft actuators, it should be remembered that an intrinsic advantage of 
these actuators is their compliance, increasing tolerance to errors. Given the simplicity of the task of 
opening/closing the soft gripper, and the acceptable tolerance to actuator position errors, two simple 
strategies, proportional-integral (PI) and On-Off, are considered in this work. The resulting control 
systems are nonlinear since, as mentioned before, different rules concerning the pump and valve are 
defined for positive (pressure rise) and negative (pressure reduction) control actions. Also, the valve 
behavior is non-linear by nature. In the first control strategy, henceforth denoted as nonlinear PI, the 
pump's duty cycle is determined from the pressure error and accumulation of error. The second is an 
On-Off controller, where both the valve and the pump have binary states. 

2.3.2. Nonlinear PI control 

The PI control action is computed by combining a term proportional to the error and a second 
term proportional to the integral of the error [34]. This is used to calculate the duty cycle of the pump. 
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However, when the control action is negative, the pump must be stopped, and the valve actuated 
instead. This mechanism can be implemented through algorithm 1. 

Algorithm 1 Non-linear PI Controller  

1: integral = 0  
2: repeat:  
3: error = reference  pressure  
4: integral = integral + error  dt  
5: uPI = Kp  error + Ki  integral  
6: if uPI  0 then  
7: upump = uPI  
8: uvalve = closed  
9: else   

10: uvalve = open  
11: upump = 0  

In the above algorithm the following symbols are used: 
reference – desired pressure 
pressure – actual pressure 
dt – sample time 
uPI – proportional-integral control action 
Kp – proportional gain 
Ki – integral gain 
upump – duty cycle of the pump 
uvalve – valve state 

2.3.3. On-Off controller 

In a typical On-Off controller, there is an actuator with two possible states, On and Off [34], and 
state changes occur when the control error exceeds a specific interval set around zero. This typically 
leads to oscillating behavior with switching times that depend on the gap between the interval limits. 

In this case, there are two actuators, the pump and the valve, and an On-Off rule can be set for 
each, which offers more flexibility in designing the controller behavior. Essentially, the pump should 
be switched On when the error is positive and exceeds the positive threshold. The valve should be 
opened when the error is negative and falls below the negative threshold. In addition, each actuator 
should be switched Off when the error crosses zero. Accordingly, the proposed on-off controller can 
be described by algorithm 2: 

Algorithm 2 On-Off Controller  

1: upump =0  
2: uvalve = closed  
3: repeat:  
4: if e > threshold then  
5: upump = PWMON  
6: if upump > 0 and e < 0 then  
7: upump = 0  
8: if e < threshold then   
9: uvalve = open  

10: if uvalve = open and e > 0 then   
11: uvalve = closed  

 
Where PWMOn is a constant duty cycle selected for the On state of the pump and threshold is 

the maximum allowed error above which a control action is triggered. 
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3. Simulation and experimental results 

3.1. Introduction to simulation results 

This section explains the numerical simulation of the PneuNet actuators, fabricated with the 
three different materials (two silicones with molds and Filaflex by FDM), and compares it with the 
experimental behavior for several input pressure values. The numerical simulation was made using 
the Finite Element Method (FEM) with the student version of software ANSYS Workbench®. 

The Finite Element used was a 10-node quadratic tetrahedral solid element. The actuators were 
fixed at the supporting area, and pressure was applied at the inner walls. Self-contact and gravity 
acceleration were also included in the analysis. Only static studies were made. 

Since elastomeric rubbers do not behave linear elastically over deformation and have an 
enormous elastic extension, they should be modeled as hyperelastic material in FEM software. The 
hyperelastic material models used were the second-order Mooney-Rivlin and the third-order Yeoh. 

As Yap et al. [18] noted, the 3D printed elastomer can have an anisotropic behavior. In the 
present work it was assumed that its behavior was isotropic. 

 Hyperelastic material models 
Both silicones were studied successfully by other authors using the 3rd order Yeoh hyperelastic 

model: [35] studied DragonSkin Fast 10, and [36] studied Elastosil M4601 A/B. 
The 3rd order (N=3) Yeoh model strain energy potential is given by eq. 1 [37]: 

𝑊 = ∑ 𝐶௜଴(𝐼ଵ̅ − 3)௜ +ே
௜ୀଵ ∑

ଵ

ௗೖ
(𝐽 − 1)ଶ௞ே

௞ୀଵ , (1)

where, 𝐼ଵ̅ is the first deviatoric strain invariant; 
J is the determinant of the elastic deformation gradient; 
N, 𝐶௜଴ and𝑑௞  are material constants. 
 
For the FDM 3D printed material, FilaFlex 60A, the 3rd order Mooney-Rivlin model was applied, 

as also done by [38]. 

The 2nd order (N=2) Mooney-Rivlin model strain energy potential is given by eq. 2 [37]: 

𝑊 = 𝐶ଵ଴(𝐼ଵ̅ − 3) + 𝐶଴ଵ(𝐼ଶ̅ − 3) +
ଵ

ௗ
(𝐽 − 1)ଶ  , (2)

where, 𝐼ଵ̅  and 𝐼ଶ̅  are the first and second deviatoric strain invariants, respectively.𝐶ଵ଴ , 𝐶଴ଵ  are 
material constants, characterizing the deviatoric deformation of the material. d is the material 
incompressibility parameter. Table 4 presents the hyperelastic material properties used in the models: 

Table 4. Hyperelastic material models properties used: Yeoh and Mooney Rivlin. 
Hyperelastic model Parameter Material Material Units 

  
Dragon Skin Fast 

10 [35] 
Elastosil M4601 A/B 

[36] 
 

Yeoh (3rd order) C10 0.036 0.11 MPa 
 C20 2.50e-4 0.02 MPa 
 C30 2.3e-5 0 MPa 
 D1, D2, D3 0 0 (MPa)-1 

  
Filaflex 60A [38] 

 
  

Mooney-Rivlin (2nd order) C10 0.87897  MPa 
 C01 1.634  MPa 
 d 0  (MPa)-1 
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3.1. FEM and Experimental Results Comparison 

In this section FEM and experimental results are shown and analyzed. FEM results of the two 
actuator types and three materials are shown for several input pressures. Then, measured angles, 
both in FEM and experimental, for one extreme situation are compared. 

3.3.1 Type 1 Silicone actuators results 

The PneuNet actuator of type 1 is shown in Figure 9 in a deformed shape.The model mesh was 
generated with 21591 elements and 36565 nodes. In this figure only the effect of gravity is observed, 
as no internal pressure input was applied to the model at this stage. 

 
(a)       (b) 

Figure 9. PneuNet actuators of type 1 FEM deformation results obtained for (a) Elastosil M4601 A/B 
silicone and (b) DragonSkin Fast 10 silicone, for 0 kPa input pressure. 

As explained, simulations were carried out on both silicones’ actuator types using the Yeoh 
hyperelastic model. Given the contrasting properties of the two silicones, different pressure ranges 
were simulated for each. Specifically, for the DragonSkin Fast 10 a pressure range from 0 kPa to 40 
kPa (0.4 bar) was used;and for Elastosil M4601 A/B  the pressure ranged from 0 kPa to 100 kPa (1 
bar).  

In Figure 10, both FEM models can be seen for the pressure of 40 kPa (0.4 bar). 

 
(a)       (b) 

Figure 10. PneuNet actuators of type 1 FEM deformation results were obtained for (a) Elastosil M4601 
A/B silicone and (b) DragonSkin Fast 10 silicone, for 40 kPa (0.4 bar) input pressure. 

In Figure 11, a comparison is made for Elastosil M4601 A/B silicone between the FEM model 
(Figure 11(a)) and the real actuator (Figure 11(b)), both subjected to the maximum pressure of 100 
kPa (1 bar). The experimental model rotation angle was measured with Kinovea software and has the 
value of 115.1°. The FEM model angle was 114.8°, with gives   a very good approximation. 
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(a)       (b) 

Figure 11. PneuNet actuator of type 1 made of Elastosil M4601 A/B silicone comparison for 100 kPa 
(1 bar) input pressure (a) FEM model with measured angle (b) Real actuator screenshot, made with 
Kinovea software, with measured angle. 

In Figure 12, the same type of comparison as Figure 11 is made, but in this case for the Dragon 
Skin Fast 10 material with the maximum pressure of 40 kPa (0.4 bar). The experimental model 
measured rotation angle has the value of 124.9° The FEM model obtained angle was 125.9°, having 1 
degree of difference which gives an excellent approximation. 

 

 
(a)       (b) 

Figure 12. PneuNet actuator of type 1, made of DragonSkin Fast 10 silicone, comparison for 40 kPa 
(0.4 bar) input pressure (a) FEM model with measured angle (b) Real actuator screenshot, made with 
Kinovea software, with measured angle. 

Figures 13 and 14 show the angular behavior curves (bending angle vs pressure), 
obtained experimentally and by FEM simulation of the type 1 actuators and with the two 
types of silicones used. The simulation and experimental bending angle consistently follow 
the non-linear models used in the simulation and prove the non-linear bending angle model 
of equation 2. The experimentally built actuators had a more linear behavior, probably due 
to construction details and real material behavior. To bring the two curves closer together, 
the parameters of the models should be adjusted to the reality obtained experimentally. 
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Figure 13. Bending angle vs pressure for the Dragonskin Fast 10 type 1 actuator. (a) Experimental 
data, (b) simulation results. 

 
Figure 14. Bending angle vs pressure for the Elastosil M6401 A/B type 1 actuator. (a) Experimental 
data, (b) simulation results. 

3.3.2 Type 1 and 2 actuators results with FDM Filaflex60A 

This subsection addresses the simulation and experimental results of the actuators made with 
FDM Filaflex60A.  

Figure 15(a) shows the type 1 model in a deformed shape due to gravity and no pressure being 
applied. The model mesh was generated with 21591 elements and 36565 nodes. Figure 15(b) shows 
the type 2 model, which has 23702 elements and 39896 nodes, under the same conditions. 

In Figure 16, both FEM models can be seen for the pressure of 180 kPa (1.8 bar). It can be seen 
that the type 2 actuator produces a larger bending angle for the same pressure. 

 

 
(a)       (b) 

Figure 15. FEM deformation results of PneuNet actuators obtained for (a) type 1 and (b) type 2, both 
for Filaflex 60A material obtained by FDM, and no input pressure. 
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(a)       (b) 

Figure 16. FEM deformation results of PneuNet actuators obtained for (a) type 1 and (b) type 2, both for Filaflex 
60A material obtained by FDM, and 180 kPa (1.8 bar) input pressure. 

 

In Figure 17, a comparison is made for the type 1 actuator, between the FEM model (Figure 17(a)) 
and the real actuator (Figure 17(b)), both subjected to the maximum pressure of 250 kPa (2.5 bar). The 
experimental model rotation angle was measured with Kinovea software and has the value of 57.5°. 
The FEM model angle was 29.2°, which gives a very bad approximation of the experimental value. 
The FEM model properties, among others, must be investigated. 

 

 
(a)       (b) 

Figure 17. PneuNet actuator of type 1, made of Filaflex 60A FDM filament, comparison for 250 kPa 
(2.5 bar) input pressure (a) FEM model with measured angle (b) Real actuator screenshot, made with 
Kinovea software, with measured angle. 

In Figure 18, the same comparison is made for type 2 actuator. The experimental model rotation 
angle was measured as 59°. The FEM model angle was 43.3°, which gives a better approximation of 
the experimental result than the one obtained for type 1, with Filaflex 60A. 

  
Figure 18. PneuNet actuator of type 2, made of Filaflex 60A FDM filament, comparison for 180 kPa 
(1.8 bar) input pressure (a) FEM model with measured angle (b) Real actuator screenshot, made with 
Kinovea software, with measured angle. 

Figures 19 and 20 show the angular behavior curves (bending angle vs pressure), 
obtained experimentally and by FEM simulation of the type 1 and 2 actuators and with the 
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Filaflex 60A filament. The simulation and experimental bending angle also consistently 
follow the non-linear models used in simulation and support the non-linear bending angle 
model of equation 2. The 3D printed actuators had a more linear behavior, probably due to 
3D printing construction details and intrinsic material behavior. To bring the two curves 
closer together, the parameters of the models should be adjusted to the reality obtained 
experimentally. 

 
Figure 19. Bending angle vs pressure for the Filaflex 60A type 1 actuator. (a) Experimental data, (b) 
simulation results. 

 
Figure 20. Bending angle vs pressure for the Filaflex 60A type 2 actuator. (a) Experimental data, (b) 
simulation results. 

It can be concluded that the use of FEM simulations is a very important tool to predict the natural 
behavior of the PneuNet actuators, enabling the designing and virtual testing of multiple 
configurations and the optimization of parameters such as lengths, thicknesses, materials, pressures, 
etc. to attain the best solutions. 

3.2. Control results 

This section presents results of pressure control experiments that were carried out to validate 
the proposed controllers. The gripper with soft actuators made of DragonSkin Fast 10® silicon was 
chosen for these experiments. Besides the results presented here, a series of experiments were 
performed to empirically adjust several control parameters to improve performance, namely Kp, Ki, 
PWMON, threshold and the throttle valve opening ratio. Although the influence of some of these 
parameters is interdependent (e.g. Kp and Ki), it has proved easy to find acceptable values for them 
through trial and error. This procedure led to the following constants, which were used in the 
experiments reported below. 

Kp = 5000 bar-1 
Ki = 2000 bar-1s-1 
dt = 10 ms 
threshold = 0.01 bar 
throttle valve opening ration = 5% 
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Additionally, readings from the pressure sensor (model NBPDANN150PAUNV [39]) were 
filtered through a low pass filter with a cutoff frequency of 6.8 Hz. 

All experiments consist of system step responses, with the desired pressure being varied from 0 
to a positive pressure and back to zero. This waveform of the desired pressure results in consecutively 
closing and opening the gripper. To test closing the gripper with different soft actuator angles, step 
responses were obtained for goal pressures in the set {0.1, 0.15, 0.2, 0.25} bar. 

 
Figure 21. Results with a PI controller (a) and with an On-Off controller (b). 

Nonlinear PI controller 

Figure 21. a shows the results obtained with the nonlinear PI controller, depicting the pressure 
and the control actions for the different input levels. The figure makes it clear that there are qualitative 
differences in the responses with the variation of the input level, which is a manifestation of the 
nonlinearities of the system and demonstrates the need to consider the range of the desired pressure 
when designing the controller. Most notably, the oscillatory behavior becomes less pronounced as 
the reference pressure increases and disappears entirely at 0.25 bar. 

In two underdamped cases, the overshoot causes the controller to open the valve, which results 
in a pressure drop that is later compensated by the pump action. The throttle valve opening ratio has 
been adjusted so that this pressure drop is smooth enough not to cause further oscillations. This 
results in a longer time for the gripped opening, represented in the figure by the responses to the 
falling step in the reference. The higher reference pressure (0.25 bar), the transition to the ambient 
pressure takes about 0.8 s. 

On-Off controller 

The results obtained with the On-Off controller (Figure 21.b) show some similarities with those 
of the PI controller regarding oscillatory behavior. Note that it was used two values of the duty cycle 
for the On state of the pump: a higher value, 80%, if the error is larger than 5Threshold, and a lower 
value, 60%, for lower errors. In this way, it was possible to obtain a fast response at the beginning of 
the step input, due to the higher duty cycle, and at the same time avoid large overshoots, by using a 
lower duty cycle at lower error values. A comparison of the control actions of the two controllers 
reveals an advantage of the On-Off controller: in most cases, this controller results in the pump being 
switched Off for a large part of the gripper closing action. With the PI controller, on the other hand, 
the control action assumes significant values for the entire duration of the same period. This is due 
to the accumulation of errors and the fact that the pump motor stalls at higher pressures and, 
therefore does not contribute to eliminating the error. This not only leads to a waste of energy, but 
also to a deterioration in the performance of the motor. 

4. Conclusions 

This study presents the design, control, and testing of a multifunctional soft robotic gripper for 
a Dobot robot, based on pneumatic network (PneuNet) bending actuators. Two different models of 
PneuNet actuators were successfully developed using three materials: FilaFlex (3D printed), Elastosil 
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M4601, and Dragonskin Fast 10 silicones (molded). The research demonstrates the viability of both 
3D printing and molding techniques for fabricating soft robotic actuators, with each method offering 
unique advantages in terms of material properties and manufacturing processes. 

Finite Element Method (FEM) simulations proved to be a valuable tool in predicting the behavior 
of PneuNet actuators. The simulations, using hyperelastic material models (Yeoh for silicones and 
Mooney-Rivlin for FilaFlex), showed good correlation with experimental results for the silicone-
based actuators. However, significant discrepancies were observed in the FDM-printed FilaFlex 
actuators, where the predicted bending angle was consistently much lower than the experimentally 
measured angle. This suggests that the hyperelastic FEM models using the 2nd order Mooney-Rivlin 
model may be overly stiff for these 3D-printed materials, highlighting the need for further refinement 
of simulation parameters to accurately represent the behavior of 3D-printed soft actuators. 

A key finding of this study is that the type 2 actuator, inspired by Patel et al. [19], demonstrates 
a greater bending angle than the type 1 actuator, inspired by Yap et al., for the same applied pressure. 
This result has important implications for design optimization in soft robotic applications. 
Additionally, it was observed that FDM Elastosil actuators require significantly higher pressures to 
achieve the necessary curvatures for object grasping. While this higher-pressure requirement 
increases the operational costs due to compressor usage and elevates the risk of sudden rupture, the 
FDM printing method offers unparalleled freedom and speed in prototyping and producing new 
designs. This trade-off between performance, cost, and manufacturing flexibility presents an 
important consideration for future soft robotic gripper designs. 

The results of this study lead to a crucial conclusion regarding material properties: actuators 
with a greater elastic component (lower Young's Modulus) yield more flexible results, achieving a 
greater range of movement with lower input pressures. This finding underscores the importance of 
material selection in soft robotic design, particularly when the goal is to maximize flexibility and 
minimize operational pressures. It suggests that softer, more elastic materials may be preferable for 
applications requiring large deformations at low pressures, while stiffer materials might be better 
suited for applications requiring higher force output or precision. 

The implementation of both nonlinear PI and On-Off controllers for the pneumatic system 
demonstrated effective pressure control in the soft actuators. The controllers were able to manage the 
inherent nonlinearities and delays in the pneumatic system, with the On-Off controller showing 
potential energy efficiency advantages. The addition of a throttle valve proved crucial in mitigating 
oscillatory behavior, especially at lower pressures. These control strategies offer a balance between 
performance and simplicity, making them suitable for practical applications of soft robotic grippers. 

Future work should focus on refining the FEM models, particularly for 3D-printed materials, to 
better predict their behavior under various operating conditions. Exploration of advanced control 
algorithms to further improve performance and energy efficiency is also warranted. Additionally, 
investigating the long-term durability of the soft actuators under repeated use, especially for the 
higher-pressure FDM actuators, will be crucial for practical applications. The integration of 
embedded sensors for closed-loop control and the exploration of more complex gripper designs could 
enhance the versatility and precision of the soft robotic system. Further research into the relationship 
between material properties, particularly elasticity, and actuator performance could lead to the 
development of new materials specifically tailored for soft robotic applications. This research 
contributes to the growing field of soft robotics, offering insights into the design, fabrication, and 
control of compliant grippers for sensitive object manipulation, while highlighting the complex trade-
offs between manufacturing methods, material properties, and actuator performance. 
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