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Abstract
Four-dimensional (4D) printing is an emerging additive manufacturing (AM) technology that adds a time-dependent recon-
figuration dimension to three-dimensional (3D) printed products. It enables the creation of on-demand, dynamically control-
lable shapes, or properties in response to external stimuli such as temperature, magnetic field, and light. Thermally responsive 
structures are among the most popular types of currently available 4D-printed structures due to their convenience. However, 
applications like soft robots are hindered by the temperature-sensitive structures' stagnating actuation. This research was 
driven by a requirement for a rapid and effective design and optimisation strategy for 4D-printed bi-stable thermally respon-
sive structures for use in soft robotics. In this study, the response surface method (RSM) optimization with the aid of numeri-
cal solutions was used to investigate effective parameters in the design of a bi-stable, 4D-printed soft robotic gripper. This 
approach is proposed to accelerate the actuation of thermally responsive shape-morphing structures that can be controlled by 
the in situ strains and post-manufacturing heat stimuli as variable parameters. By using RSM solution the individual effects 
as well as the coupling effects of variable parameters on the output responses, including the maximum strain energy and the 
average distance between the clamps of the structure, are evaluated. The obtained results can be employed to develop the 
designation and improve the acceleration of soft robotic grippers such as fast buckling and bending, which is desirable for 
soft robotic applications.

Technical Editor: Jovana Jovanova.

 * Ali Zolfagharian 
 a.zolfagharian@deakin.edu.au

1 School of Engineering, Deakin University, Geelong, 
VIC 3216, Australia

2 Department of Mechanical Engineering, Birjand University 
of Technology, Birjand, Iran

3 Department of Mechanical Engineering, Faculty 
of Engineering, Urmia University, Urmia, Iran

4 Department of Mechanical Engineering, University 
of Birjand, Birjand, Iran

5 Department of Electrical and Electronic Engineering, Faculty 
of Science and Engineering, University of Nottingham 
Malaysia, 43500 Semenyih, Selangor, Malaysia

6 Department of Engineering, School of Science 
and Technology, Nottingham Trent University, 
Nottingham NG11 8NS, UK

http://crossmark.crossref.org/dialog/?doi=10.1007/s40430-023-04171-4&domain=pdf
http://orcid.org/0000-0001-5302-360X


 Journal of the Brazilian Society of Mechanical Sciences and Engineering (2023) 45:224

1 3

224 Page 2 of 14

Graphical abstract

Keywords Response surface method (RSM) · 4D printing · Pre-strain · Silicone · Finite element method (FEM)

1 Introduction

The use of smart materials in additive manufacturing 
(AM) and four-dimensional (4D) printing has recently 
become much more feasible due to advancements in syn-
thetic smart materials, new printers, and mathematical 
modelling [1, 2]. The ability to reassemble simple com-
ponents into a complex structure that cannot be built with 
existing manufacturing technologies is a notable case of 
the design flexibility enabled by 4D printing. Robots [3], 
automobiles [4], healthcare [5], and aerospace [6] are just 
some of the emerging markets for three-dimensional (3D) 
printing technologies, and there has also been a notable 
shift towards using 4D printing technology to create soft 
robotics for use in a multitude of environments. The field 
of soft robotics is a relatively new area of study, with much 
of the current research being inspired by the systems in 
nature that have been modified over generations to achieve 
a certain purpose. Since rigid robots are often constructed 
from inflexible materials, they are unable to bend and con-
form elastically, just as a mouse or octopus can squeeze 
through a small hole without causing detrimental internal 

pressures and stress concentrations, to overcome physical 
impediments [7].

However, soft robotics introduces an interesting new 
paradigm in engineering that drives us to re-evaluate how 
we develop materials and mechanisms to make them more 
practical, versatile, and adaptive in various interactions 
[8]. Closed-loop 4D-printed soft robots [5, 9] were intro-
duced with potential applications in food sorting [9] and 
autonomous surgeries [10], which conventional robots are 
challenged to handle [11]. Finite element method (FEM) 
and 4D printing techniques are necessary for designing a 
closed-loop soft robot to attain a targeted design suitable for 
a practical application due to the varying physical responses 
of the integrated materials [9]. Tawk et al. [12] used FEM to 
improve the gripper's soft fingers. It was shown that the FE 
simulations were successful in improving the gripper's per-
formance by precisely predicting the fingers' behaviour and 
performance in terms of deformation and tip force. A novel 
design method was proposed by Chau et al. [13] to address 
the issue of structural optimisation for the soft rotary joint. 
The adaptive neuro-fuzzy inference system model, the FEM, 
and the water cycle moth-flame optimisation algorithm all 
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contributed to the development of the suggested optimisa-
tion method. Taguchi approach was used to optimise the 
neuro-fuzzy inference system adaptively, which improves 
the precision of the models produced. However, all these 
methods were performed on 3D-printed soft grippers and 
robots without consideration of their 4D or stimuli-respon-
sive properties in the optimization stage.

Recently, there has been a practical yet efficient 4D 
printing technique for developing soft grippers via pre-
strain induced during the fabrication mechanism. A 4D 
printing platform was developed by Zou et al. [14], which 
can apply strain during the printing process to fabricate the 
pre-strained structures with the aid of in situ the printing 
base. When printing a bilayer construction, one layer is 
pre-strained, while the other is not. Experiments and FEM 
demonstrated that the aspect ratio has little influence on the 
deformation of the bilayer structure; however, the pre-strain 
plays a crucial role in the deformation and significantly 
speeds up the actuation of the bilayer structure. Using this 
method, a 4D-printed pre-strained bilayer energy-free grip-
per was fabricated. In another work, a 4D printing method 
for fabricating multiscale shape-morphing structures was 
presented by Deng et al. [15], which can be precisely con-
trolled by the applied strains. To create these prototypes, a 
two-nozzle 3D printer was used to print phase change wax 
microparticles (MPs) into the elastomer matrix. Because of 
the solid–liquid phase shift, the wax MPs are able to keep 
the residual strain after the pre-strained elastomer com-
posite has been relaxed. The anisotropic stress field in the 
elastomer composite is achieved by the 3D-programmable 
spatial distribution of the wax MPs. These stresses result 
in out-of-plane deformations such as curling, folding, and 
buckling. Due to the reversible phase transition of the wax 
MPs, these deformations are multiscale and programmable. 
It was also reported that the characteristics of deformations, 
such as curvatures and folding angles, are linearly depend-
ent on the applied strains, suggesting controllable features. 
Furthermore, the bi-stable mechanism was incorporated 
into the pre-strain 4D printing principle by Liu et al. [16] 
in a soft and bi-stable gripper. It was shown that the grip-
per deforms upon impact with other objects, absorbing their 
kinetic energy to provide instability and allowing for both 
rapid gripping and a degree of cushioning. Since this method 
does not need any additional energy input, it substantially 
simplifies the usual driving devices allowing for the minia-
turised and lightweight gripping actuation to be achieved. 
By applying the right amount of pre-deformation to the grip-
per's bi-stable structure, the energy barrier for initiating the 
beginning of instability may be dynamically adjusted to pro-
vide the best possible grasp and buffering effect, as per the 
target's kinetic properties. As soon as it has completed its 
current gripping task, the bi-stable gripper may reset to its 
starting position and release the object using a cable-driven 

mechanism. Their experiment shows the suggested soft grip-
per could grab, transport, and release moving items, giving it 
considerable potential to carry out tricky activities on space 
missions.

All recent studies have demonstrated the feasibility and 
utility of 4D printing in the development of soft grippers 
with pre-strain and bi-stable mechanisms. However, there 
was little effort focused on the optimization of the parame-
ters to accelerate the actuation of thermally responsive struc-
tures. In this research, we use the response surface method 
(RSM) optimization with the aid of numerical solutions to 
investigate effective parameters in the design of a bi-stable, 
4D-printed soft robotic gripper. The bi-stability is induced 
based on the pre-strain 4D printing mechanism in the soft 
gripper. This approach is proposed to accelerate the actua-
tion of thermally responsive shape-morphing structures that 
can be controlled by the applied strains during the manu-
facturing and post-manufacturing heat stimuli as variable 
parameters.

2  Methodology

2.1  Design and formulation

In this research, a pre-strained bilayer thermal actuator is 
evaluated according to the recent development in [14, 16], 
as shown in Fig. 1, due to its fast actuation mechanism. The 
4D printing procedure is the same as earlier work of authors 
[14, 17]. Based on this characteristic, these actuators can be 
effectively used in soft robotic grippers, as the variation in 
curvature of the structure can be considered an appropri-
ate parameter for the effective deformation calculation of 
pre-strained bilayer structures. Liu et al. [16] also presented 
a designation for the bi-stable soft robotic grippers used 
for the dynamic capture of objects in space. As shown in 
Fig. 1b, they used a particular design consisting of a normal 
soft gripper and a ring, which causes the structure to be bi-
stable. Based on the research background, one of the criteria 
to evaluate the stability of bi-stable soft robotic grippers is 
the amount of strain energy created in the gripper [18]. It 
should be noted that in most studies, the silicone elastomer 
processed by 3D printing is used to fabricate gripper sam-
ples [14, 16].

Based on what was explained about soft grippers, FEM is 
used in the current study to investigate the pre-strain effect 
of the bilayer structure with various thickness ratios on the 
performance of the 4D-printed bi-stable soft robotic grip-
per. A design process of and analysis procedure in this study 
could be seen in Fig. 2 flowchart. As can be seen from the 
flowchart in Fig. 2, the study begins by investigating the 
effective parameters according to the literature review. The 
design of experiments (DoE) is then conducted, followed 
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by the geometric design of a soft gripper by the CATIA V5 
software. Next, the simulation of a soft gripper by ABAQUS 
2017 software is carried out, followed by extracting simu-
lation results and determining output values. Finally, RSM 
modelling and optimization results are done in the MAT-
LAB-R2021a software.

For this purpose, the bi-stable gripper sample was 
designed similarly to that of the gripper in [16], as shown 

in Fig. 2. The structure of the bi-stable soft robotic grip-
per was considered a two-layer structure with specified pre-
strain values and thickness ratios, consisting of one layer of 
silicone–ethanol composite and one layer of silicone elas-
tomer. The thermomechanical properties of silicon–ethanol 
and silicone elastomer are reported in Table 1. It should 
be noted that silicone–ethanol composite is a relatively soft 
and flexible material that could be isotopically deformed 

Fig. 1  a The 3D printing procedure of the thermally responsive actu-
ator described in the earlier work of the authors [17], adapted with 
permission from IOP; the bi-stable soft robotic gripper (a) without 

the constrained ring [14], adapted under a Creative Commons Attri-
bution (CC BY) license from Frontiers; and b with the constrained 
ring in this work
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under thermal stimulation, but silicone elastomer demon-
strates almost no expansion under thermal stimulation and 
it has a high Young's modulus compared to silicone–ethanol 
composite [19].

By using Model-Based Calibration (MBC) Model Fit-
ting Toolbox in MATLAB R2021a software, the design of 
experiments was done based on RSM methodology, which 
includes three-level input parameters and two output param-
eters. It also should be mentioned that two modes were con-
sidered for the soft robotic gripper designation. In the first 
mode, the soft gripper consists of a silicone-ethanol compos-
ite material with a high coefficient of thermal expansion in 
the outer layer and a silicone elastomer with a low coefficient 
of thermal expansion in the inner layer. In the second mode, 
the order of locating the layers is reversed. Concerning the 
values of the thermal expansion coefficient, in the first mode, 
the gripper will be closed, while in the second mode, the 
gripper will be opened.

2.2  Optimization using RSM

The RSM is a collection of mathematical and statistical 
inference approaches used to model and analyse issues 
where the system's output (solution) is controlled by a large 
number of variables and the goal is to maximise the given 
solutions. In the RSM, a series of data obtained via perform-
ing experimental and/or numerical tests are used to solve 
the multivariate equations simultaneously. One of the initial 
steps in RSM-based optimisation design is settling on an 

optimisation model. To do this, the functions that need to be 
optimised as well as the variables that have the most influ-
ence on the functions must be determined.

In the statistical technique of RSM, the model adapta-
tion is carried out through regression analysis. In fact, the 
RSM is an approximate one which fits the data obtained 
from the experiments. Assume that the output y (response) 
is a function of the variables [x1, x2, x3, …, xk]. The rela-
tionship between the system’s outputs and variables can be 
expressed as [20]:

Here ‘ e’ stands for the error term in the response deter-
mination. Now, if the expected response of the system is 
expressed as, then the level defined as follows is called the 
response surface.

The relation between the problem's independent variables 
and the consequent responses is often not known in RSM 
issues. Therefore, the first step in finding a RSM is to find 
an appropriate approximation between the response (y) and 
the set of independent variables. If the RSM is appropriately 
modelled with a linear equation of the problem variables, 
the approximate function will be a first-order model, while 
for the curvature, polynomials with higher degrees are used. 
Generally, the polynomial RSM can be given in a matrix 
form as in Eq. (3).

(1)y = f
(

x1, x2,… , xk
)

+ e

(2)� = f
(

x1, x2,… , xk
)

Fig. 2  The design process of 
and analysis procedure in this 
study

Table 1  Properties of materials used in the 4D-printed bi-stable soft robotic gripper

Material Properties

Density (Kg/m3) Young’s modulus 
(MPa)

Poisson’s ratio 
(−)

Thermal expansion 
coefficient  (K−1)

Thermal conductiv-
ity (W/m K)

Specific 
heat 
 (JM−1 θ−1)

Silicone–ethanol 1100 0.052 0.45 0.0025 0.4 1.9
Silicone elastomer 970 2 0.45 ≈ 0 0.15 1.46
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where ‘x’ is the input matrix and ‘b’ stands for the vector of 
coefficients. To estimate the unknown coefficients, a set of 
variable data and their corresponding set of responses, ‘y’, 
are determined. If ‘Y’ and ‘X’ represent the set of responses 
and matrix of variables, respectively, the vector of coeffi-
cients is obtained according to Eq. (4).

The least-squares method is used in order to estimate the 
unknown coefficients in the approximate polynomial. To use 
this method, the number of test specimens must be greater 
than the unknown coefficients so that the XTX matrix is not 
singular [20].

After determining the unknown coefficients, the system 
response is approximately modelled by the surface fitting to 
the obtained data. If the surface provides a good approxima-
tion of the response function, the analysis of the fitted sur-
face will be equivalent to the real-system analysis consider-
ing an acceptable value of error. Given an appropriate design 
of experiments for the data collection, the coefficients will 
be determined with higher accuracy and the fitting model’s 
error will be reduced. The designs used for this purpose are 
called the RSM experiment designs.

According to [14], the control parameters were set at three 
levels, as shown in Table 2. Therefore, an overall number of 

(3)y = xb + e

{

x =
[

x1, x2,… , xi
]

b =

[

�1, �2,… , �i
]

(4)b =

(

XTX
)−1

XTY

54 cases were examined. The input parameters include the 
pre-strain, the thickness ratio of the inner layer to the outer 
layer, and the temperature applied to the soft gripper. Six 
various geometries of the bi-stable soft robotic gripper were 
evaluated since each of the pre-strain and thickness ratio 
parameters has three levels. Figure 3 shows three grippers 
with different pre-strain values at a thickness ratio equal to 
1. Besides, to examine the amount of effective deformation 
in the bilayer pre-strain structure and the amount of stability 
of the structure, two output responses, including the aver-
age distance between the two clamps of the gripper and the 
maximum value of the strain energy, were considered.

2.3  Numerical simulation

In this study, commercial ABAQUS 2017 software was 
utilized to FEM simulate the soft silicone gripper under 
different applied thermal loading conditions. For this rea-
son, samples of soft grippers with different thickness ratios 
and pre-strain values were made with CATIA V5 software 
(Fig. 3).

A coupled temperature-displacement modelling algorithm 
was utilized as the simulation problem of the 4D-printed 
soft gripper is a combination of thermal and mechanical 
phenomena. Furthermore, to simulate the effects of thermal 
loading, the time needed for the deformation completion of 
the soft gripper due to thermal loading was set to be equal 
to 1 min (60 s). Thermal load was applied to the soft gripper 
as a constant temperature according to the values specified 
in Table 2, and the initial temperature of the gripper was set 
to be equal to 20 degrees Celsius (ambient temperature). 
Besides, the upper surface of the clamp is fixed at the refer-
ence point (RP) in all directions. As shown in Fig. 4, a total 
of 18,673 triangular 4-node coupled temperature-displace-
ment elements (C3D4T) were used in the present modelling. 
The size of the elements was chosen so that at least one 
element is created in the thickness of each structure, and on 
the other hand, the results are independent of the mesh size.

Table 2  Control factors and their levels

Control factors Levels

1 0 − 1

Pre-strain [ε (−)] 0.05 0.2 0.1
Thickness ratio [tr = ti/to (−)] 2 0.5 1
Temperature [T (°C)] 120 100 80

Fig. 3  The bi-stable soft robotic gripper with three various pre-strain values for capturing different sizes of moving targets
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2.4  RSM modelling and optimisation

The RSM methodology is applied for modelling and opti-
mizing the bi-stable soft robotic gripper behaviour under 
various conditions. So, input parameters, including the val-
ues of pre-strain, thickness ratio, and temperature, along 
with output parameters, such as the maximum strain energy 
and the average distance between the clamps of the gripper 
are introduced in Table 2. Two opening and closing modes 
are also considered in the solution procedure. The output 
responses of the RSM solution method were extracted fol-
lowing the FEM simulation of the problem. All simulation 
conditions and their corresponding results are reported in 
Table 3, where tr, ε, T, αin, αout, E and L are the values of 
thickness ratio, pre-strain, applied temperature, thermal 
expansion coefficient of interior material, thermal expan-
sion coefficient of exterior material, maximum strain energy 
and the average distance between the clamps, respectively.

After extracting the results, it is possible to demonstrate 
the dependence of the output responses on the input param-
eters considered by the RSM methodology. Equations 5–8 
demonstrate the dependence of the maximum strain energy 
and the average distance between clamps in two opening 
and closing modes.

(5)

Eclosing mode = 4.8875 − 0.13324 ∗ � − 0.91069 ∗ tr + 2.3398 ∗ T

+ 0.14749�2 + 0.02082 ∗ � ∗ tr − 0.044817 ∗ � ∗ T

− 1.076 ∗ t2r − 00.15281 ∗ tr ∗ T + 0.44775 ∗ T2

The RSM is able to determine the optimal values of sev-
eral variables simultaneously with the least amount of data. 
In this method, the RSM curves are obtained by fitting the 
appropriate model to the output data. After modelling the 
responses of the experiments, the most optimal parameters 
are obtained using the RSM. Equations 5–8 represent the 
maximum strain energy and the average distance between the 
clamps for the two opening and closing modes are achieved. 
Model number 25 corresponds to the most optimal condition 
for 27 models in opening mode. In this case, the optimal val-
ues of maximum strain energy of 1.57341 mJ and the aver-
age distance between the clamps of 3.2812 mm have been 
obtained for Model CCC. Similarly, experiment number 46 
corresponds to the most optimal condition for the second 27 
experiment models in closing mode. Accordingly, the most 
optimal values for this condition are the maximum strain 
energy of 2.19955 mJ and the average distance between the 
clamps of 2.1654 mm which corresponds to Model C.

3  Results and discussion

3.1  Validation

In order to check the accuracy of the simulation and the 
effect of the thermal stimulus on the bilayer soft robotic 
grippers, the present simulation results were compared to 
those in [14]. A two-layer structure with a bottom layer 
(ethanol–silicon composite) thickness of 2 mm, top layer 
(PDMS) thickness of 1 mm, width of 2 cm, a length of 7 cm 
and a pre-strain of 0.2, at a temperature of 100 °C, having 
the properties listed in Table 1, is simulated by ABAQUS 
software. Figure 4 shows the comparison between the von 
Mises stress contour in the present work and that in [14]. 

(6)

Lclosing mode = 4.1455 − 1.2966 ∗ � − 1.3787 ∗ tr + 1.5141 ∗ T

+ 0.93574 ∗ �2 + 0.54239 ∗ � ∗ tr − 0.1379 ∗ � ∗ T

+ 0.22892 ∗ t2r + 0.10152 ∗ tr ∗ T + 0.19013 ∗ T2

(7)

Eopening mode = 0.86478 − 1.2645 ∗ � + 0.24337 ∗ tr + 0.40821 ∗ T

+ 0.264828 ∗ �2 − 1.0691 ∗ � ∗ tr − 0.33487 ∗ � ∗ T

+ 0.9117 ∗ t2r + 0.29026 ∗ tr ∗ T + 0.47515 ∗ T2

(8)

Lopening mode = − 1.1588 − 3.1232 ∗ � + 3.3289 ∗ tr − 0.22836 ∗ T

+ 3.7614 ∗ �2 − 3.1206 ∗ � ∗ tr − 0.71623 ∗ � ∗ T

+ 1.9993 ∗ t2r − 0.22539 ∗ tr ∗ T + 0.41524 ∗ T2

Fig. 4  The meshing scenario for the bi-stable soft robotic gripper 
analysis
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Table 3  Simulation conditions 
and the obtained results

Case Problem description Output parameters

tr ε Designation file name T (°C) αin  103  (K−1) αout  103  (K−1) E (mJ) L (mm)

1 1 0.1 Model A 80 0 2.5 2.474 3.950
2 1 0.1 100 0 2.5 5.424 5.528
3 1 0.1 120 0 2.5 8.552 7.165
4 0.5 0.1 Model AA 80 0 2.5 5.291 4.348
5 0.5 0.1 100 0 2.5 4.738 7.193
6 0.5 0.1 120 0 2.5 5.044 7.284
7 2 0.1 Model AAA 80 0 2.5 1.502 2.188
8 2 0.1 100 0 2.5 3.008 3.204
9 2 0.1 120 0 2.5 5.290 5.425
10 1 0.2 Model B 80 0 2.5 2.476 2.847
11 1 0.2 100 0 2.5 5.068 3.717
12 1 0.2 120 0 2.5 8.874 4.885
13 0.5 0.2 Model BB 80 0 2.5 2.241 4.159
14 0.5 0.2 100 0 2.5 4.622 4.975
15 0.5 0.2 120 0 2.5 8.019 6.788
16 2 0.2 Model BBB 80 0 2.5 1.464 1.936
17 2 0.2 100 0 2.5 2.939 2.755
18 2 0.2 120 0 2.5 5.174 5.428
19 1 0.05 Model C 80 0 2.5 2.553 5.187
20 1 0.05 100 0 2.5 5.080 7.252
21 1 0.05 120 0 2.5 8.902 9.688
22 0.5 0.05 Model CC 80 0 2.5 2.442 7.572
23 0.5 0.05 100 0 2.5 5.048 8.310
24 0.5 0.05 120 0 2.5 8.830 10.056
25* 2 0.05 Model CCC 80 0 2.5 1.573 3.281
26 2 0.05 100 0 2.5 3.225 4.487
27 2 0.05 120 0 2.5 5.664 6.079
28 1 0.1 Model A 80 2.5 0 1.603 0.924
29 1 0.1 100 2.5 0 1.934 1.122
30 1 0.1 120 2.5 0 1.629 0.937
31 0.5 0.1 Model AA 80 2.5 0 3.394 0.549
32 0.5 0.1 100 2.5 0 3.386 0.616
33 0.5 0.1 120 2.5 0 5.969 1.004
34 2 0.1 Model AAA 80 2.5 0 1.003 5.463
35 2 0.1 100 2.5 0 0.160 1.184
36 2 0.1 120 2.5 0 0.787 1.688
37 1 0.2 Model B 80 2.5 0 0.374 0.053
38 1 0.2 100 2.5 0 0.705 0.194
39 1 0.2 120 2.5 0 0.372 0.066
40 0.5 0.2 Model BB 80 2.5 0 1.350 0.470
41 0.5 0.2 100 2.5 0 1.106 0.069
42 0.5 0.2 120 2.5 0 1.017 0.096
43 2 0.2 Model BBB 80 2.5 0 0.867 4.530
44 2 0.2 100 2.5 0 0.812 4.234
45 2 0.2 120 2.5 0 1.629 0.548
46* 1 0.05 Model C 80 2.5 0 2.199 2.165
47 1 0.05 100 2.5 0 2.312 2.266
48 1 0.05 120 2.5 0 2.269 2.253
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Figure 5 demonstrates the morphing of a bilayer structure 
with a pre-strain of 0.2, which becomes flat after applying a 
thermal stimulus, and the highest amount of stress will occur 
in the middle of the upper surface.

Figure 6 represents the curve variations in terms of tem-
perature changes during the deformation process of the 
4D-printed bilayer structure. Figure 5 shows the accuracy 
and precision of the present simulation results compared to 
that of the research done by Zhou et al. [14]. Also, according 
to Fig. 5, the longitudinal curvature (κ1) of the bilayer struc-
ture decreases by increasing the temperature. In fact, the 
value of the initial pre-strain is reduced due to the method of 
layering under the thermal stimulus. Consequently, thermal 
strains cause the initial pre-strain to be neutralized. Hence, 
the structure becomes completely flat. However, it is note-
worthy that if the materials of the layers are moved, the 
bilayer structure will shrink instead of flattening. Figure 7 
shows the variation of the 4D-printed bilayer structure at dif-
ferent time snaps of morphing. It is evident that by increas-
ing the applied thermal load, the longitudinal curvature of 

the bilayer structure gradually decreases. Even though the 
transverse curvature (κ2) has gotten bigger over time, the 
changes in the transverse curvature are not as big as the 
changes in the longitudinal curvature.

25*the most optimal response for the 27-test simulation in the opening mode
46*the most optimal response for the 27-test simulation in the closing mode

Table 3  (continued) Case Problem description Output parameters

tr ε Designation file name T (°C) αin  103  (K−1) αout  103  (K−1) E (mJ) L (mm)

49 0.5 0.05 Model CC 80 2.5 0 0.993 0.481
50 0.5 0.05 100 2.5 0 0.288 0.146
51 0.5 0.05 120 2.5 0 1.014 0.490
52 2 0.05 Model CCC 80 2.5 0 4.907 15.718
53 2 0.05 100 2.5 0 5.430 15.671
54 2 0.05 120 2.5 0 9.442 21.045

Fig. 5  Comparison of stress 
contour in the a Zou et al. [14] 
and b present work (before and 
after deformation)

Fig. 6  Variation in the curvature of pre-strained bilayer structure
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3.2  FEM results

Having validated the simulation results, 54 experiment 
cases, according to RSM section, are simulated by ABAQUS 
software, and the output results are listed in Table 3. Figure 8 

reports the stress contour of the bi-stable soft gripper with 
a bilayer structure, with a pre-strain of 0.1, a thickness ratio 
of 1 and at a temperature of 100 °C in the shrinking state 
( �in = 0), while Fig. 9 shows the stress contour with the same 
parameters as the opening mode ( �out = 0).

Fig. 7  Deformation of pre-
strained bilayer structure (from 
two views)

Fig. 8  Comparison of stress 
contour for pre-strained bi-
stable soft robotic gripper (clos-
ing mode)

Fig. 9  Comparison of stress 
contour for pre-strained bi-
stable soft robotic gripper 
(opening mode)
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It could be observed that in the shrinking state, or clos-
ing mode, ( �in = 0), the stress distribution occurs only in the 
inner layer of the gripper, and its value is less than 100 kPa, 
while in the opening mode ( �out = 0), the stress distribution 

occurs only in the outer layer of the gripper and its value is 
less than 50 kPa. It is worth mentioning that in the opening 
analysis of the bi-stable soft gripper with a bilayer structure, 
the simulation stops in the middle of the analysis, and the 

Fig. 10  Strain energy of the pre-strained bi-stable soft robotic gripper

Fig. 11  The interplay of the pre-strain and the a temperature, b thickness ratio values on the maximum strain energy in the opening mode; the 
pre-strain and the c temperature, d thickness ratio values on the average distance of the gripper clamps in the opening mode
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time of the process does not exceed 40 s. The reason for this 
is the presence of a ring around the gripper and the bi-stable 
mode of the soft gripper. This ring plays the role of control-
ling the deformation of the gripper and preventing excessive 
deformations.

Figure 10 shows the strain energy diagram during the 
deformation process. This figure shows the changes in strain 
energy during the deformation of the gripper of soft grip-
pers with a pre-strain of 0.1 and a thickness ratio of 1 at 
different temperatures in both closing and opening modes. 
Figure 10 also reveals the strain energy changes due to the 
thermal load applied to the soft grippers in an inadvertent 
manner. This behaviour of the graph is the same for all 54 
models, and only its maximum values are different. Also, it 
can be seen that increasing the value of temperature applied 
to the soft gripper increases the strain energy in both the 
opening and closing modes. As per the results, the gripper 
in the opening mode does not have the ability to change 
its shape too much, and the reason is due to the constraint 
applied from the ring around the bilayer soft gripper. On the 

other hand, when the temperature rises, the value of defor-
mation increases, and the ring stops the gripper from further 
deforming in a shorter time.

3.3  RSM results

The responses of the maximum strain energy and the aver-
age distance of the gripper clamps in the RSM with three 
control levels of pre-strain, thickness ratio and applied tem-
perature for 27 samples in the opening mode and 27 sam-
ples in the closing mode are reported in Table 3. This table 
shows that different gripper models have a significant effect 
on the control parameters and consequently the responses of 
the response level method. Using variance analysis, Fig. 11 
shows the interaction effects of thickness ratio and applied 
temperature, respectively, on the maximum strain energy 
and the average distance of the gripper clamps for the open-
ing modes.

Fig. 12  The interplay of the pre-strain and the a temperature, b thickness ratio values on the maximum strain energy in the closing mode; the 
pre-strain and the c temperature, d thickness ratio values on the average distance of the gripper clamps in the closing mode
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Figure 11 demonstrates that increasing the pre-strain and 
the thickness ratio or various applied temperatures does not 
have a significant effect on the maximum strain energy in the 
opening mode. According to Fig. 10, the average distance of 
the clamps of the gripper has a parabolic behaviour concern-
ing the pre-strain and the thickness ratio or different applied 
temperatures: as the thickness ratio decreases, the distance 
of the clamps increases, and as the temperature increases, 
the distance between the clamps also increases.

Using variance analysis, Fig.  12 shows the interac-
tion effects of thickness ratio and applied temperature, 
respectively, on the maximum strain energy and the aver-
age distance of the gripper clamps for the closing modes. 
It is observed that the maximum strain energy in the clos-
ing mode is not much affected by increasing the pre-strain 
and thickness ratio as well as different temperature values. 
According to Fig. 12, the average distance of the clamps 
of the gripper has a parabolic behaviour concerning the 
pre-strain and the thickness ratio or various applied tem-
peratures. In other words, by increasing the temperature or 
decreasing the thickness ratio, the distance of the clamps 

increases. Figure 13 also shows the diagram of predicted 
values by the RSM for the average distance of the gripper 
clamps, as well as the maximum strain energy in the closing 
and opening modes. The red circles indicate some outlier 
results compared to the predicted values by RSM.

4  Conclusions

The need for a quick and efficient design and optimization 
approach in the recent development of thermally responsive 
4D-printed bi-stable structures in soft robotic applications 
motivated this study. Hence, a RSM optimization with the 
aid of numerical solutions to investigate effective parameters 
in the design of a 4D-printed bi-stable bilayer soft robotic 
gripper was presented. The (FEM) simulation of the soft 
silicone gripper under the application of thermal stimulus 
in different conditions was carried out using ABAQUS 
software. The soft gripper samples with different material 
thickness ratios and pre-strain were designed in the CATIA 
V5 software. Also, experiments were designed based on the 

Fig. 13  The predicted diagram of the average distance of the gripper clamps a opening mode, b closing mode; and the actual and predicted dia-
gram of the maximum strain energy in the c opening mode, d closing mode
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RSM procedure by MATLAB-R2021a software using the 
MBS Model Fitting Toolbox, which includes three-level 
variables and two output parameters. After conducting the 
modelling and optimisation, the most optimal parameters 
were obtained using the response surface method. The cor-
responding equations for the maximum strain energy and the 
average distance of the clamps were obtained for closing and 
opening modes, concerning pre-strain, thickness ratio and 
temperature values. According to Table 3 and RSM relation-
ships, the most optimal condition for the opening mode cor-
responds to model 25 in which the maximum strain energy 
equals 1.573 mJ and the average distance of the clamps 
equals 3.281 mm. Likewise, the most optimal condition for 
the opening mode corresponds to model 46 in which the 
maximum strain energy of 2.199 and the average distance 
of the clamps of 2.165 are obtained. This proposed approach 
was successfully implemented to accelerate the actuation of 
a thermally responsive model that can be quantitatively con-
trolled by the applied strain and heat stimuli for developing 
multiscale shape-morphing structures, such as fast buckling 
and bending, required for soft robotic applications.
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