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ABSTRACT 

Grasping of fragile objects, such agricultural products, is a currently active area of research which is advancing 

continuously throughout the years. Although proven versatility has been achieved through conventional robotic 

gripper, the recent favourable option is to utilized soft robotic grippers to hold various shapes and interacting with 

unstructured environments. The principal concept of soft grippers is to be able to handle or manipulate various fragile 

items without harming the object. This study introduced a structured printable soft vacuum actuator that is covered by 

a commercially available latex balloon as the membrane. These actuators are directly manufactured into segmented 

soft robotic fingers using commercially affordable fused deposition modelling (FDM) 3D printer. Due to its flexible 

structural deformation, the task could be achieved without additional complication like their rigid-bodied counterparts. 

In this study, the behaviour of these actuators is predicted using numerical analysis in finite element modelling. 

Furthermore, several structures have been investigated in order to observe any relation between the stress distributions 

on the material surface, to the actuator shape. Some advantages acquire from this development are its economical 

production cost, vastly available material, straight-forward fabrication, and large payload to weight ratio. While the 

gripper only weighs approximately 63 grams, is capable of lifting to 800 grams load. It is clearly shown from the 

simulated result; those specific configurations could give an optimized design of up to 50% for motion and repetitive 

actuation. 
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1. INTRODUCTION 

Simple tasks in human perspective is exasperatingly 

tricky for robots, especially when it comes to dealing 

with fragile objects [1]–[4]. In soft robotics field, this 

task is fulfilled by replacing the concept of finger 

articulated motion to material deformation. The notion 

of this approach is to shape the soft gripper around the 

object upon contact. At present, excessive usage of 

positive pneumatic pressure as the actuation method in 

soft robotic developments have been reported a number 

of times [5]–[8]. In this study, we introduce a vacuum-

powered soft robotic finger, where the mechanism 

depends on the flexible 3D printed structure. To 

complete the fabrication, the structure is subsequently 

put inside a membrane that acts as a vacuum chamber.  

To demonstrate the capability of the fabricated 

fingers to grasp objects, a three-finger configuration was 

developed. Furthermore, the three-finger gripper was 

tested to grasps and picks up various types of fruits. 

These soft grippers are perfectly applicable in 

agricultural field where picking and moving fruits or 

vegetables is required. Since the actuators are capable to 

adapt to the object geometry, no force sensor is 

necessary as the feedback. The demonstrated used of 

this vacuum actuated gripper is presented in Figure 1. 

In recent soft robotic study [9], [10], the concept of 

vacuum actuated soft finger has taking a lot of attention 

from the researcher. This is particularly correct 

considering its fail-safe operation, by limiting the 

material strain based on its geometric boundary [10]. 

Contrary to the positive pressured actuation method, the 

vacuum actuated finger motion is limited based on the 
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geometry or the structure contact, thus limiting the 

strain applied to the material. 

 

This study aim to develop a novel soft actuated 

finger and characterize its behaviour. The 

characterization was done by considering the structure 

as one actuated soft finger. The modelling and finite 

element analysis was utilized to predict the trajectory of 

motion of the finger. Furthermore, the stress intensity 

factor that are related to performance characterization is 

also being measured in this study. 

 

2. MATERIALS AND METHOD 

2.1 Design and Actuation Concept 

The actuators have been designed in Solidwork 2019 

(Dassault System, USA). In order to keep the system 

from folding in the in-plane direction, the actuators were 

built with multiple vacuum chambers that separated by a 

triangular rigid body. Furthermore, the actuators were 

modelled with a strain limiting layer thickness twice the 

size of the upper shell. The dimension and design of the 

finger structure is presented in Figure 2. Following 

structure design was used to acquire the deviation 

measurement on the 3D printed soft finger structure. 

The dimension given was copied from the report 

prepared by Charbel Tawk, et al [11]. However, some 

modification was done to the reported design to simplify 

the 3D printing process. 

The actuation concept were prepared as presented in 

Figure 2c. To applied vacuum on the printed structure, 

each samples were covered in a flexible membrane. The 

finger is actuated due the applied pressure on the 

structure. This is where the optimized dimension play its 

role especially on the actuation layer part. Therefore, by 

the time the vacuum pressure applied to the diagram, as 

shown in Figure 4c, the finger structure will start to 

bend. 

 

 
(a) 

 
(b)                               (c) 

 

2.2 Trajectory and Stress Intensity Factor 

Analysis 

Finite element analysis was performed in 

Solidworks Simulation feature. A Static Non-linear 

Analysis was performed to simulate the deformation of 

one segment module, as shown in Figure 3, in order to 

minimize computational resources. 

The proposed 3D printed material used, which is 

thermoplastic polyurethane (TPU), is considered as 

Hyperelastic Material. The parameter utilized in the 

modelling is Mooney-Rivlin 5 parameter models [10]. 

Parameter value was set in accordance to curve fitting 

result of the material tensile test. Higher order 

tetrahedral elements were utilized as the mesh to the 

model. Fixed geometry was set to the base of the 

actuator as boundary conditions. Negative pressure 

applied to the outer shells of the structure. The X and Y 

displacement shown in Fig. 1(c), will then be calculated 

further mathematically, using Matlab, by estimating the 

trajectory using forward kinematic analysis [11]. 

Therefore, the positioning on one finger structure could 

be express as a Homogenous Transformation matrix 

shown in equation (1). 

 

                (1) 

Figure 1 The prototype of the soft vacuum finger was 

configured as a three-finger gripper, and further put 

under vacuum pressure condition to actuate the 

gripping state. 

Figure 2 (a) Dimension of one finger structure, the 

fingertip and the base point are designed in such a way, 

for easy insertion of vacuum tube and latex balloon. (b) 

3D printed structure, to apply vacuum, the structure will 

then be put inside balloon. (c) Finished product; the 

membrane could be chosen arbitrarily, latex balloon is 

used for its convenient to acquire. 
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Where,  is a rotation matrix, and the 

vector  is the displacement vector from the 

reference origin. Furthermore, the fabricated finger was 

undergoing an experiment to verify the trajectory 

analysis from the simulation result. The experiment was 

done by using a video labeler analysis from Matlab 

(R2019a; The MathWorks, Inc., Natick, MA). The 

toolbox was utilized to follow the red dot movement 

under vacuum actuated condition. 

 

3. RESULTS AND DISCUSSION 

3.1 Trajectory Analysis 

Actuator motion prediction was obtained from the 

finite element simulation. The actual trajectory of the 

printed structure was predicted by the simulations, as 

presented in Figure 4. The graph shown the trajectory of 

each segment of the modelled finger. Taking note from 

the simulation, the 3D modelled geometry was 

simulated where the latex membrane covering the 

internal structure were ignored. Through the results of 

the pressure distribution on the structure, the correlation 

between bending angle and stress on the actuation layer 

can be estimated. The purpose of this analysis is to 

approximate energy stored in the TPU material under 

load. Hence, its relation to performance deviation can be 

studied. 

Quantitative comparison for the deformations are 

calculated based on four corresponding segment marked 

on the triangular rigid body. This trajectory result 

indicates that the parameter generation using FEM 

analysis is adequate to further examined as variable to 

stress intensity factor, which will be discuss on the next 

section.  

 

3.2 Stress Intensity Factor 

The previous trajectory observation may support the 

hypothesis that the upper layer is taking the main role 

for 

the bending actuation. Hence, the examination on the 

stress intensity factor on the upper layer only, is 

adequate to measure the performance under repetitive 

actuation. To put emphasize on the geometry, 3 

different geometry was considered as the actuation 

parameter. The result of 3 distinguished geometry 

configuration is shown in Figure 5, below. 

The result shown is in accordance with series of 

compressive tests with large pressure, proof of cyclic 

softening and Mullin’s effect which had examined 

intensively [12]. Further research [13] is based on the 

characterization of TPU stress-strain behaviour by 

taking both mechanical and thermal variables into 

consideration when a cyclic stress is imposed on the 

material.. The hyperelastic material stress-strain 

behaviour can be simply represented by defining a 

dynamic elastic modulus , at different temperatures, 

frequencies, and imposed strains, according to classic 

linear viscoelasticity,. 

 

                                   (2) 

where  and are the alternate nominal strain and 

stress components in a loading cycle, respectively.  

Figure 3 (a) Analysis on one finger structure is heavy 

on resources. (b) Therefore, one segment is simulated 

under evenly distributed -60 kPa pressure (c) Simulated 

deformation; the X and Y displacement on this 

simulation will then be brought up for further 

mathematical analysis. 

Figure 4 (a) Simulated motion using Finite Element 

Analysis software. (b) Trajectory result based on the 

given motion from Figure 3(a). 
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The result shown also support Avanzini et al, that  

values decline as the applied strain rises at all levels 

within the considered strain range. Increased 

temperature 

values contribute to further reduction. Therefore, the 

softening activity that leads to  reduction is indeed 

strain-dependent. Particularly with increasing strain, the 

amount of softening increases. It may be beneficial to 

note the close relation in the sense of viscoelasticity 

theories, between dynamic elastic modulus  to the 

storage module , as defined in Equation 3, 

 

                            (3) 

 

Furthermore, Omar et al.[14] had introduced the 

mathematical formulation and analysis of the fatigue 

values and the cycle number, to calculate the wear and 

crack growth behaviour on a polymer. The correlation 

of several thermoplastics were investigated in a dry or 

wet state. The Paris-Erdogan law used in equation 4 sets 

the correlation between the crack growth rate and the 

stress intensity factor. Omar’s idea was to find the 

relation between the wear rate and the cyclic load 

repetition until failure, as shown in equation 5. This is 

where the variables used in this study will be significant 

in term of performance repeatibility. Several stress 

intensity factor based on the geometry, as presented in 

Figure 5 will be the driving factor to affect the stress 

intensity factor . 

 

                              (4) 

          (5) 

 

where  is the crack length,  is the repetitive cyclic 

load value,  is the material constant,  is the stress 

intensity factor,  is slope of the straight,  is the wear 

rate, and  is the difference in applied stress. An 

assumption was made for the value of  and . 

Considering the finger structure, the value of the crack 

length was assumed happened along the width of the 

structure, therefore could be set at 20 mm. This is where 

the data from FEM Analysis utilized, to measure the 

performance of the actuator for fatigue condition, which 

will be considered as a future works. 

4. CONCLUSIONS 

Compared with conventional positive pressured soft 

pneumatic actuators, the vacuum actuated soft finger 

have a distinctive advantage. Straightforward 

production, in which the actuators can be easily 

produced using FDM 3D printers that are commercially 

available. The trajectory from the simulation shown a 

relatively accurate prediction of the finger motion. The 

verification of the simulation will be considered as a 

future works. 

This study has shown that the soft actuator can be 

analysed using finite element method. The result of the 

simulated stress intensity factor has shown that by 

configuring the upper layer to approximately wavy 

structure, the design could be optimized up to 50% 

compare to other geometry. The application of this 

development is not restricted exclusively to grasping 

robot but also for a wide variety of robotic applications, 

including locomotive robots, as well as artificial 

muscles., which also be considered for the future works. 
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