Results in Engineering 25 (2025) 103456

Contents lists available at ScienceDirect

Results in

Engine

Results in Engineering

o %

ELSEVIER

journal homepage: www.sciencedirect.com/journal/results-in-engineering
Research paper ' :.)
Performance optimizing of pneumatic soft robotic hands using

wave-shaped contour actuator

Hui Chen?, Mohammed A.H. Ali*', Zhenya Wang ™", Junlong Chen©,
Montaser N.A. Ramadan ?, Mohammad Alkhedher ¢

@ Department of Mechanical Engineering, Faculty of Engineering, University of Malaya, Kuala Lumpur 50603, Malaysia

b Department of Mechanical Engineering, Tsinghua University, Beijing 100084, China

¢ Faculty of Engineering, School of Electrical and Computer Engineering, The University of Sydney, Camperdown/Darlington, Sydney, Australia
d Mechanical and Industrial Engineering Department, Abu Dhabi University, Zayed City, Abu Dhabi 59911, United Arab Emirates

ARTICLE INFO ABSTRACT

Keywords:

Soft robotic surface

Pneumatic gripper
Wave-Shaped contour actuators
Soft robotics

Yeoh model

Soft robotic hands have gained significant attention in recent years due to their simplicity in control, ease of
fabrication, and remarkable compliance. However, traditional designs often suffer from limited contact area and
insufficient grasping force. In this study, we propose a novel four-finger pneumatic soft robotic hand with wave-
shaped contour actuators to address these issues. Inspired by natural grasping mechanisms, the proposed design
integrates multiple actuation modes to enhance both adaptability and reliability. An analytical model based on
constant curvature bending theory and the Yeoh constitutive model is developed to guide the design and predict
the performance of the actuators. The model is validated through extensive Abaqus finite element simulations,
demonstrating excellent agreement with experimental results. Our findings confirm that the actuators achieve
consistent and reliable bending motion with optimal structural parameters. Experimental evaluation of the soft
robotic hand includes bending trajectory analysis and grasping tests with various irregular objects. The results
show that the actuators provide a maximum bending angle of 180° under 26 kPa pressure and maintain stable
grasps for objects of different shapes and sizes. The soft robotic hand demonstrates superior grasping adaptability
and reliability due to its high compliance and optimized design. This study paves the way for practical appli-
cations in industrial automation, medical devices, and service robotics, highlighting the potential of wave-shaped
contour actuators in enhancing the functionality of soft robotic hands.

In order to gain insight into the multidisciplinary intersection, a
variety of bionic robots have been developed by combining bionics,

1. Instruction

Soft robotics has emerged as a highly interdisciplinary field with
extensive applications in various domains such as industrial production,
medical devices, aerospace, high-pressure environments, and defense.
[1-9]. While traditional robotic hands made of rigid materials have
efficiently replaced humans in monotonous and repetitive tasks on
production lines, improving accuracy and efficiency [10]. However,
limitations become evident as the scope of robotic applications broadens
[11]. As robots are deployed in more diverse and dynamic environ-
ments, the range of objects they need to handle expands, revealing the
inadequacies of rigid robotic grippers [12],. Traditional rigid-structured
robots struggle to provide the interactive experience required for
various applications, highlighting the need for more adaptable and
versatile solutions.

* Corresponding authors.

novel materials, new processing technologies, and intelligent control
methods [13-17],. In comparison to rigid manipulators, soft manipu-
lators are characterized by the dominance of flexible materials, with
their motion generated by the deformation of these materials [18,19],.
Consequently, soft manipulators demonstrate a high degree of flexibility
when grasping flexible and fragile objects, and they exhibit good
adaptability and safe interactivity in addressing the interaction prob-
lems of service robots. Furthermore, its applications have been extended
to medical settings, as well as to service, detection, and rescue opera-
tions [18,20,21],.Recent advancements in soft robotics have led to the
development of novel materials, including high-strength biodegradable
polymers and self-healing elastomers, which offer enhanced durability
and environmental benefits [22-25]. Studies have also introduced
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hybrid driving methods, such as pneumatic-electric actuators that
combine the high responsiveness of electric drives with the adaptability
of pneumatic systems [26-28]. Additionally, innovative applications of
soft robotics in the medical field—such as soft exoskeletons for patient
rehabilitation—demonstrate the expanding capabilities of these tech-
nologies in providing effective, patient-friendly solutions [29-32].
These advancements represent significant steps forward in realizing
more practical and adaptable soft robotic system.

Currently, the main driving structures for achieving motion in
pneumatic soft actuators include shape-constrained driving structures,
fiber-reinforced driving structures, and mesh-reinforced driving struc-
tures [2,33]. The shape-constrained structure uses deformation from
differences between upper and lower chambers to achieve bending,
mimicking human hand functionality. [34-39] By optimizing chamber
thickness and material layout, this structure significantly reduces
driving pressure and improves response speed, as exemplified by the
FPN structure’s excellent bending and mechanical performance
[40-50].. The fiber-reinforced structure embeds fibers wound at specific
angles within a silicone base to achieve predetermined motion trajec-
tories, enhancing flexibility and allowing precise control over extension,
bending, and twisting motions [51-54]..This makes it suitable for
simulating various complex actions [55-59]. The mesh-reinforced
structure uses special weaving techniques, combining materials like
silicone and nylon mesh with varying elasticity and stiffness to regulate
mechanical output [60-62]. This structure is particularly suitable for
medical assistive devices, providing the necessary support and strength
to aid patients in rehabilitation exercises. The proposed wave-shaped
contour actuator represents an innovative approach that addresses
limitations present in traditional pneumatic actuators, including limited
adaptability, reduced contact stability, and insufficient grasping effi-
ciency. The wave-shaped contour is inspired by natural geometries that
enhance engagement during deformation, leading to improved adapt-
ability and stability during grasping operations. Unlike traditional flat or
straight-sidewall designs, the waveform profile provides a greater con-
tact area, which helps in maintaining stable grasping forces, even under
uneven load distribution. This is particularly useful in scenarios
requiring adaptable and precise manipulation, such as handling irreg-
ularly shaped or delicate objects.

Previous studies on pneumatic soft actuators have significantly
advanced their development and application in various fields. However,
there are still several limitations and research gaps that need to be
addressed. Many existing designs feature complex structures, which
complicate fabrication and increase production costs. Additionally,
traditional soft actuators often suffer from limited contact area with
objects, leading to unreliable grasping performance due to position er-
rors, fabrication inaccuracies, and installation inconsistencies. Most
pneumatic actuators also typically offer only a single mode of operation,
such as bending or twisting, which reduces their adaptability and flex-
ibility in handling objects of varying shapes and stiffness [63]. To
address these issues, our work proposes a novel wave-shaped contour
soft actuator integrated with a four-finger pneumatic soft robotic hand.
This design combines the benefits of multiple actuation modes,
enhancing both the grasping adaptability and reliability of pneumatic
soft actuators. By optimizing structural parameters and utilizing
advanced materials, our approach aims to provide a more efficient,
versatile, and robust solution for soft robotic applications, paving the
way for broader and more practical uses.

In this article, the design and fabrication of the wave-shaped contour
single-finger soft actuator are introduced. The detailed structure and
working mechanism are explained, including comparisons with tradi-
tional FPN actuators. The kinematic and mathematical models of the
actuator are then established, utilizing constant curvature bending
theory and the Yeoh constitutive model to describe its behavior under
various pressures. Abaqus finite element simulations are conducted to
analyze stress distribution and the impact of structural parameters on
bending performance. Subsequently, experiments are conducted to
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validate the simulation results and evaluate the actuator’s bending
trajectory and grasping capabilities. Finally, a series of grasping exper-
iments involving various irregular objects are performed to demonstrate
the practicality and versatility of the four-finger soft robotic hand in
handling everyday items.

2. Methodology
2.1. Soft fingers design and working mechanism

2.1.1. Design of the soft finger

As illustrated in Fig. 1, the thesis presents multi-chamber flexible
pneumatic soft actuator network-type actuator, constructed using a
variety of super elastic silicone materials of differing qualities as the
base material. The soft body actuator finger comprises an upper elastic
extension layer and a lower non-expandable but flexible restriction
layer. The upper layer is composed of top and side walls that enclose
multiple chambers, including eight uniform chambers and a larger
chamber at the finger end. The thickness of the sidewalls of the finger-
end chamber is greater than that of the remaining uniform chambers.
Additionally, waveform tooth profiles are incorporated into the side-
walls of each chamber, with adjacent chambers formed by sidewalls (i.
e., connecting walls). At the base of the upper chamber, an air intake
channel is located. The finger end of the soft body drive is designed with
a flange mechanism, which serves to facilitate fixation with the base.

2.1.2. Comparison with traditional FPN actuators

Traditional FPN (Fast Pneumatic Network) multi-chamber actuators
are characterized by top layers consisting of top and side walls, where
the sidewalls are thinner than the top walls. The sidewalls, which con-
nect adjacent chambers, have the least stiffness, resulting in initial
bending occurring at these points. Unlike other pneumatic networks that
achieve bending through the overall expansion of the top layer, the
FPN’s extended sidewalls enable the structure to bend more quickly,
endure higher air pressures, and achieve greater bending angles.

However, the FPN design must account for the coupling effect be-
tween the sidewalls and the applied air pressure. The sidewall structure
introduces gaps between chambers, which reduce the actuator’s
expansion efficiency and overall stiffness, subsequently diminishing the
fingertip contact force. To address these challenges, this paper offers a
detailed analysis.

Given the narrow airways and thin non-expandable layer, it is
assumed that the deformation of the connecting walls and non-
expandable layer is comparable. As shown in Fig. 2, let the length of
the connecting wall be [;, the intersection point of the perpendicular
lines at both ends be O,the convergence angle be ¢, and the radius of
curvature be r. Based on bending stress analysis, the following relation is
obtained:

L_M
rH @
=7
5= 2

Where M is the bending moment, E is the elastic modulus of the soft
material, and I is the moment of inertia of the cross-sectional neutral
axis.

From Egs. (1) and (2), the following relation is obtained::

1 M
K===— 3
sl EI ®
Where K is the bending stiffness, which is constant if the material and
area remain unchanged. For the same bending angle, the following
relation is obtained::

|M\o% 4
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Fig. 1. Single actuator model (a) Section view, (b) Whole view.

r

Fig. 2. Geometric schematic of single finger bending.

According to Eq. (4), while the traditional FPN structure enables
rapid bending of the soft actuator, increasing the length amplifies the
bending moment, making the movement between chambers more
challenging. The FPN design must take into account the coupling effect
between the connecting wall length and air pressure. Simulations indi-
cate that the sidewall has the least stiffness, and directly applying the
FPN structure to pneumatic soft robotic hands results in reduced
expansion efficiency and diminished gripping force due to this low
stiffness.

To address these limitations, this paper introduces a wave-shaped
contour soft actuator, as illustrated in Fig. 1. Unlike traditional FPN
multi-chamber pneumatic soft actuators, the sidewalls of the proposed
actuator feature wave-shaped contours. During expansion, these con-
tours between adjacent chambers engage smoothly, ensuring quick and
uninterrupted interaction. This design enhances contact between
chambers, reduces gaps without altering finger length, and ultimately
provides greater fingertip output force and improved bending perfor-
mance. The physical structure parameters of the soft actuator are
detailed in Table 1.

2.2. Kinematic and mathematical modelling of single-finger actuators

Flexible actuators capable of large deformations, such as pneumatic

Table 1
Geometric parameters of the single-finger actuator.
Parameter Value(mm)(mm)
Length I 115
Number of Chambers 8
Wall Thickness n 1.5
Constraint Layer Thickness 3

soft actuators, frequently utilize constant curvature bending theory to
address movement challenges. [64] By modeling the bending motion of
the soft actuator as constant curvature bending, the kinematic model
and mathematical matrix are simplified, effectively linking the actua-
tor’s motion characteristics, geometric parameters, and bending
performance.

2.2.1. Kinematics analysis of the single-finger actuator

The kinematic analysis of the single-finger actuator aims to
comprehend the movement behavior and spatial configuration of the
soft actuator during operation. The analysis starts by establishing a co-
ordinate system for the actuator and defining its geometric and physical
parameters.

As shown in Fig. 3 (a) Cartesian coordinate system is established up
with the base of the actuator as the origin. The x-axis is aligned along the
length of the actuator, the y-axis is perpendicular to the x-axis in the
horizontal plane, and the z-axis is vertically oriented. The bending of the
actuator is analyzed by examining the transformation of coordinates
along these axes. the bending radius R represents the single-finger ac-
tuator’s constant curvature bending motion, with the central angle 6
corresponding to the actuator’s length LFig. 3 (b) illustrates the planar
view of the single-finger actuator in its bent state. The distance between
the arcs O0;10; is represented by the distance || O;_;0;| between the
upper and lower end faces of the actuator. Geometrically, when the
actuator’s bending angle is 6 the planar displacement trajectory forms an
angle of 6 /2 with the arc’s tangent. The unknown end position of the
actuator can be determined using the arc curvature kand arc length [ as
follows:

1
R= E )
0=1k 6
. (0
OHOi = 2R-sin (E) (7)

The transformation from the coordinate system O; ; to O; can be
demonstrated in three steps based on geometric relationships:

1. Rotate the rotary axis 4 by the O;-axis of the coordinate system
O; ;.

2. Move 0;_10; along the rotated coordinate system z;_1,which is the
imaginary path in Fig. 3.

3. Turn § with the axis of rotation of the moved coordinate system
¥i—1 to obtain the coordinate system O;.

Treating the soft actuator’s movement as constant curvature bending
allows us to determine the motion coordinates of characteristic points
using the above method. The D-H matrix coordinate transformation
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(a) Actuator kinematics modelling in 3D (b) Actuator kinematics modelling plan

Fig. 3. Actuator modelling schematic.

method can then be applied to perform kinematic analysis of the soft
actuator. The changes in the prismatic and rotational joints yield the
parameters listed in Table 2:

By consecutively multiplying the above three D-H transformation
matrices from left to right, the transformation matrix from the upper
coordinate system O;_;. to the lower end face coordinate system O;.of
the soft actuator is obtained:

Ti_, = Ry(6/2)gT;(Po;i_10;P)R,(6/2)

Ckkl) 0 SkI) (1-c(kl)/k

o 1 o0 0 (8
—Skl) 0 Ckl)  S(kl)/k
0 0 o 1

Where, C(kl) = cos (kl); S(kl) = sin (kI)

Calculating the transformation matrix from coordinate system O;. to
coordinate system O; ;' provides the spatial coordinate transformation
relationship of the soft actuator, laying the foundation for subsequent
work on the soft actuator.

2.2.2. Constitutive model of single-finger actuators

The Yeoh constitutive model is employed to describe the hyper-
plastic behavior of the silicone material. The model captures the non-
linear stress-strain relationship, which is essential for accurately pre-
dicting the actuator’s deformation under applied pressure. The strain
energy density function W. For the Yeoh model is given by:

W = Cio(lh — 3)* 4 Cao(I; — 3)° 9)

L=1+23+1 10)

Where, W is the strain energy density function of unidirectional
bending of the actuator; 1;, 4, and A3 are the principal stretch ratios of

Table 2
D-H Parameters of the Soft Actuator.
Joint [ d a a
1 6, =k 0 0 /2
/2
2 0 dy = 2sin(kl /2)/2 0 — /2
3 05 =kl 0 0 /2
/2

the flexible actuator in the axial, circumferential, and radial directions,
respectively.

2.2.3. Mathematical modelling of single-finger actuators

Flexible actuators have subtle uncertain deformations in the process
of deformation produced by air pressure expansion, so based on the use
of non-linear properties, the thesis proposes the following constraints:

(1) The elastic material is incompressible;
(2) The inner cavity is rectangular during the motion of the actuator;
(3) the drive constant curvature bending.

As shown in Fig. 4, in the soft body drive by air pressure deformation,
full consideration of the wall thickness, the wall of the inner cavity in
different directions of the change of the relationship between the
equation is:

ﬂl :L/Ll

1/b-2t h—-t;—t

Ay = = )

2 2<B—2t+ H—Zt)
tz

1/t 2-t3
4'<t Tt )

Where, [; represents the length of the center axis of the single-finger
flexible driver before deformation; the width of the drive before defor-
mation is denoted by H— 2t; the total width of the drive after defor-
mation is denoted by t, t;, t,, tsafter the deformation of the wall
thickness of the soft drive in different directions, as shown in Fig. 4.

(L1 :Length of the center axis of the single-finger flexible driver before
deformation; h: Width of the drive before deformation H — 2t; t: Total
width of the drive after deformation; t;, t5, t3:Wall thickness of the soft
drive in different directions after deformation.

e;:Distance between the bottom surface of the cavity and its center
axis when not subjected to external air pressure;e, :Distance between
the upper layer of the cavity and its center axis when not subjected to
external air pressure.)

The soft actuator is bent at constant curvature when inflated to
produce bending, which can be introduced from the geometric
relationship:{

L=1L, +e0
L=L + (e1 +e2)0

1D

A3

12)
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Where, The distance between the bottom surface of the cavity and its
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deformation remain unchanged, the following relationship is obtained:
(16)

The width of the cavity before deformation b, and the height of the
whole cavity h, can be obtained by Eqs. 11, 12 and 13 as:

H. Chen et al.
Fig. 4. Actuator size before and after deformation.
t; h e
1=5 €
2 V, =Vy
h (13)
t, = (5 — 81>
t3 = t4 =t

(7% — 81+ 16)r2 %

142t 2L
4 —

3n—12)rt 9-2n
+{(ﬂ—4)re1+( 5 ) +— e+ 7

1{ (27 — 8)%r% + (167 — 64)re;, + (241 — 96)rt + (36 — 87)t> + (48t + 8
h==
4

Lyt
—4ar 4 16,> — 4t + 1+ +[(64 — 16a)r + 8at — 16(B + H)|

center axis when it is not subjected to external air pressure is e;, and the
distance between the upper layer of the cavity and its centre axis when it
is not subjected to external air pressure is e,.

When the flexible actuator is inflated to produce a bending defor-
mation, the paper treats the volume of the flexible material cavity as V,,
and the volume of the air pressure that fills the interior as V,, so that it is
respectively:

V,=S.L a4

Vo =S.L (15)

Where, S, is the bottom area of the flexible material silicone; S, is the
bottom area of the space occupied by the external fluid-filled cavity. Due
to the incompressibility of the silicone, the volume V, occupied by the
flexible driver before deformation and the volume V,, occupied after

)61 }0.5

4 a7

r+ef +3eit —

8e; +4t+1
16

18)

In the absence of an external force, all the work done by the air
pressure is converted into bending deformation of the flexible driver,
according to the principle of virtual work:

PdV, +V,dW =0 19)
v, | dw

P " Vrag = ° (20)
_[=bh+2e(b—20) — (n - 4)(2rt — )L o

2Lex + [2e5(b — 20) + (z — 4)(r — 1) 7]er

By solving Egs. (11) and (21), Fig. 5 is obtained, which illustrates the
relationship between fluid pressure and the bending angle of the soft
body actuator. This figure also demonstrates the influence of various
factors such as wall thickness and chamber height on the actuator’s
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Fig. 5. Connection between pressure and bending angle.

performance. It is evident that the bending angle of the actuator in-
creases linearly with an increase in external air pressure.

3. Single finger actuator Abaqus finite element analysis(FEA)
3.1. Yeoh model parameterization

The Yeoh constitutive model was selected over other material
models, such as the Neo-Hookean model, due to its ability to represent
the large deformation behavior of hyperplastic materials more accu-
rately like silicone. Unlike the Mooney-Rivlin and Ogden models, which
respectively use strain invariants and principal stretch ratios to describe
the strain energy, the Yeoh model offers a balanced approach in terms of
computational efficiency and accuracy. There are several models with
their pros and cons, including Mooney-Rivlin, Ogden, Yeoh, Neo-
Hookean, Arruda-Boyce, and Blatz-Ko [65,66]. The choice of the Yeoh
model was also informed by its adaptability to the specific properties of
the silicone materials used, which exhibit nonlinear behavior that
cannot be captured adequately by the Neo-Hookean model.

In the case of hyperplastic materials, the constitutive model provides
a means of demonstrating the material properties. The study of the
constitutive modelling of flexible actuators is primarily concerned with
determining the strain energy density function of the intrinsic model,
which is given by the Yeoh model in Eq. (9).

In the research process, the material properties of an object can be
determined from the relationship between the force and the deformation
of the material. The principal elongation y; in the strain energy density
function W is deflected to find the principal axial force of the material,
which is also known as the stress and Cauchy-Green strain tensor [67],
where the principal axial force is expressed as:

(W _OW L oW al, oW oy
e 9y B ol dy; ol dy;  Ol3 oy,

Substituting Eq. (7) and Eq. (8) into Eq. (22) yields a conversion
equation between the spindle force t; and the main extension ratio 4;:

(22)

W, L OW L, OW

6 = 2, [E* 03+ )+ (B) o

W, L OW L, OW
= 2,12{ an (3 +23) o, (4323) oL (23)

ow w aw

6 =205+ (BB + 35

Where, t1, ty, t3 are the principal stress ratios in the strain direction
[68].

The stress-strain relationship of the material is obtained by per-
forming tensile experiments on the material specimen to determine the
material parameters.

In the case of incompressible materials, the third covariate is

invariant i.e. exists:
I =222323=1 (29)

Therefore, in the case of uniaxial tensile experiment, the main
elongation ratio can be defined as:

1
A? = 2" = — (25)
A1
The joint Eq. (8), Eq. (23) and Eq. (25) can be obtained as the rela-
tionship between the elongation ratio and the invariants:
2
L=+ (26)
A
In addition, the conversion relationship between principal stress and
principal elongation ratio is given by:

2 1 ow ow
th=— (22— | ==+ 12— 27
1 ll <1 ﬂf/ﬁ) (()Il + 42 012) ( )

Finally, the strain energy density function of the Yeoh model, Eq. (9)
is brought into the above equation and combined with Eq. (24) and Eq.
(27) can be derived:

4

m = Ci9 — 6Cy + 2Co (/1% +2 /11) (28)

Eq. (28) reveal the connection between the stress-strain of the silica
gel material used in the thesis and the unknown content parameters Cyo
and Cyy of the Yeoh-model species. Firstly, the stress values corre-
sponding to the material at each moment in the state of different stretch
ratios are derived from the tensile experiments; then, a right-angled
coordinate system is established with the experimentally derived
values, i.e., 2(43 +2 /1), ti/2(4 — 1/3), as the horizontal and vertical
coordinates, and the scatter plots are depicted in the coordinate system.
Then, by virtue of the primary function, the scatter plot is fitted with a
primary function, and the resulting slope can be regarded as the un-
known parameter C,, of the material in the A model, and the parameter
Cio can be found by converting the resulting function with the intercept
(C10 —6-Cy) of the y-axis. Therefore, the unknown parameters of the
model, can be derived from this.

Table 3

Properties of E series Silicones.
Model E600 E605 E610 E615
Hardness/HA 0 5 10 15
Elongation/% 300 400 400 400
Mixing Ratio 1:1 1:1 1:1 1:1
Cure time/h 3-5h 3-5h 3-5h 3-5h

Work time/min 20-40 20-40 20-40 20-40
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Table 4
Properties of Ecoflex series silicones.

Model Ecoflex5 Ecoflex00-50 Ecoflex00-30 Ecoflex00-33
Hardness/HA 5 00-50 00-30 00-33
Elongation/% 1000% 980% 900% 900%

Mixing Ratio 1:1 1:1 1:1 1:1

Cure time/h 3-5h 3-5h 3-5h 3-5h

Work time/min 20-40 20-40 20-40 20-40

3.2. Silicone material selection and related parameter determination

In Tables 3 and 4, it is observed that E600 has low elongation, while
Ecoflex 00-50 demonstrates better elongation with a certain degree of
hardness. Additionally, the shrinkage of both materials is less than 0.1%,
which is negligible and thus meets the constraints of the model estab-
lished in this thesis. Based on these properties, TOO silicone is selected as
the upper elastic material for the soft actuator, and E600 silicone is
chosen as the lower elastic material.

To determine the material parameters in the strain energy density
function of the model, it is essential to conduct experiments on rubber
samples to obtain the stress-strain relationship. Uniaxial tensile tests are
performed to collect the necessary experimental data. As illustrated in
Fig. 6, the HD-B609B-S electro-hydraulic servo tensile testing machine is
utilized for this purpose, showcasing the specimen mold and the tensile
testing process.

Data on the tensile stress and deformation of the rubber samples are
collected, as shown in Fig. 7. The stress-strain relationship of the rubber
samples is further analyzed by converting the measured stress-
deformation data into stress-strain data using the appropriate Eq. (29):

Results in Engineering 25 (2025) 103456

_L+Al
T

Where, [ is the original length of the rubber sample and Al is the
deformation length.

The averaged data were further processed and the obtained scatter
plots were fitted with one linear function using MATLAB, from which
the unknown parameters of the Yeoh eigenmodal were derived.

A linear function was fitted using the
functionsy; = 0.0076x + 0.0681 with y, = 0.081x + 0.741 According
to the slope and intercept of the fitted function, the unknown parameters
C10, Coo in the Yeoh model can be obtained, i.e., C;o=0.1MPa and
C20=0.0076MPa for the lower silicone material of the finger of the soft
driver and C;0=0.08MPa and C5,=0.015MPa for the upper silicone
material of the finger of the driver. The above parameters can be applied
in Abaqus simulation.

A (29)

3.3. Abagqus finite element modeling

3.3.1. Single finger sactuator Abaqus finite element modeling

The 3D model of the finger designed in SolidWorks was imported
into Abaqus and entered into the simulation process, setting the pa-
rameters of the upper silicone material as C;0=0.08MPa,
C20=0.015MPa, =0 and the lower silicone material as C;o=0.1MPa,
C20:0.0076MPa, Cgoio.

In this section, the stress distribution cloud maps of the inner wall
and inner cavity of the proposed wave-shaped contour single-finger
actuator under different pressures are analyzed using Abaqus simula-
tion. Additionally, the impact of various structural parameters on the
bending performance of the single-finger actuator is examined.

Fig. 6. Sample tensile testing machine experimental process.
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Fig. 7. Stress-strain relationship of rubber specimen.
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Fig. 8. FEM model of actuator.
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Fig. 9. Actuator’s bottom of inner cavity bending state and stress distribution in the FEA model at different pressure.
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Fig. 8 illustrates the finite element model and the actuator’s defor-
mation under linearly increasing pressure. As the pressure increases, the
deformation of adjacent chambers from the base to the fingertip pro-
gressively intensifies. Consequently, the bending degree increases,
leading to a decrease in the radius of curvature.

Figs. 9 and 10 display the stress distribution within the actuator’s
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Fig. 10. Actuator’s inner cavity bending state and stress distribution in the FEA model at different pressure.

inner cavity and the bottom of the inner cavity at different pressures (5
kPa, 10 kPa, 14 kPa, 18 kPa, 21 kPa, and 26 kPa). At 26 kPa, the actuator
achieves a 180° bend, characterized by the maximum bending angle and
minimum radius of curvature. The maximum stress is observed at the
fingertip end of the inner cavity bottom during bending. At lower
pressures, the maximum stress on the constraint layer is less than that on
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Fig. 11. Actuator wall thicknesses 0.5mm, 1mm, 1.15mm, 1.5mm, bending simulation in FEA model.
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b 2
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Fig. 12. Actuator Length 100mm, 105mm, 115mm, 120mm bending simulation in FEA model.

the inner cavity surface. However, at higher pressures, the maximum
stress on both the inner cavity surface and the constraint layer becomes
similar and concentrated, with nearly equal values.

3.3.2. Structural parameters influence on actuator

3.3.2.1. Wall thickness. The variation in wall thickness significantly
impacts the bending performance and durability of soft actuators. In this
study, the effects of wall thicknesses of 0.5 mm, 1 mm, 1.15 mm, and 1.3
mm were analyzed using Abaqus simulations. A linearly increasing
pressure was applied to the inner cavity, and the bending angles at
pressures of 5 kPa, 10 kPa, 14 kPa, and 21 kPa were recorded. As shown
in Fig. 4-17, the bending angle decreases as wall thickness increases.
This negative correlation arises because thicker sidewalls require more
energy to bend due to their increased stiffness.

The simulations indicate that a wall thickness of 1 mm provides
optimal bending performance, striking a balance between flexibility and
structural integrity. Therefore, a wall thickness of 1 mm was selected for
the soft actuator design (Figs. 11 and 12).

3.3.2.2. Finger length. Finger lengths of 100 mm, 105 mm, 115 mm, and
120 mm were analyzed. The results indicated a positive correlation
between finger length and bending angle under the same pressure.
Longer fingers improved bending performance but reduced structural
rigidity and gripping force. A finger length of 115mm was selected as it

TP F

balances bending performance and gripping stability.

3.3.2.3. Constraint layer thickness. For the constraint layer thickness,
tests were conducted on thicknesses of 2 mm, 3 mm, 4 mm, and 5 mm.
Increasing the thickness reduced the bending angle, showing a negative
correlation, as shown in Fig. 13. A 2mm constraint layer, despite good
bending performance, caused undesirable expansion at the fingertip. A
thickness of 3mm was found to be optimal, providing structural support
while maintaining good bending performance.

These analyses highlight the importance of optimizing structural
parameters to achieve balanced bending performance, ensuring the
effectiveness of the soft actuator in various applications. the optimal
structural parameters were determined to be: a wall thickness of 1.5mm,
a finger length of 115mm, and a constraint layer thickness of 3mm.

3.4. Comparative analysis of fingertip output force

A fingertip output force simulation was conducted to compare the
wave-shaped contour actuator with the traditional FPN soft actuator.
The simulation was performed using Abaqus, with a flat plate positioned
50 mm below each actuator. A linearly increasing input pressure was
applied to both actuators to observe their performance. As shown in
Figs. 14 and 15, the wave-shaped contour actuator demonstrated a 40%
increase in fingertip contact force compared to the traditional FPN
actuator, reaching its peak at 60 kPa. This enhancement is attributed to

Fig. 13. Actuator restriction layer thickness 2mm, 3mm, 4mm, 5mm, bending simulation in FEA model.
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Fig. 14. Comparative simulation of fingertip output force for traditional FPN and wave-shaped contour actuators.
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Fig. 15. Fingertip output force vs. Pressure for traditional FPN and wave-shaped contour actuators.

the wave-shaped contour’s improved sidewall engagement, ensuring significant improvements in fingertip force when compared to the
smooth interaction between adjacent chambers, and preventing traditional FPN actuator. Specifically, when subjected to a linearly
deadlocking. increasing pressure of up to 60 kPa, the wave-shaped actuator achieves a

As shown in Fig. 14, the wave-shaped contour actuator demonstrates 40% higher fingertip force. This enhancement is primarily due to the
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improved sidewall engagement and effective interaction between
chambers, as depicted in Fig. 14 (e) and (f). The performance difference
is further illustrated in Fig. 15, where the force vs. pressure relationship
is clearly demonstrated, showing the superior force generation capa-
bility of the wave-shaped design.

The wave-shaped contour actuator shows significant improvements
over the traditional FPN structure in terms of fingertip contact force. The
results indicate that, as input pressure increases from 5 kPa to 60 kPa,
the wave-shaped contour actuator consistently generates higher contact
force compared to the FPN actuator. This improvement is due to the
wave-shaped contour’s ability to engage sidewalls more effectively,
maintaining stable contact between chambers and enhancing overall
actuator rigidity. The unique design prevents interference and ensures
consistent contact throughout the bending motion, thereby increasing
the effectiveness of the grasping force.

As depicted in Fig. 15, the relationship between input pressure and
output force for both the traditional FPN and wave-shaped contour ac-
tuators is clearly demonstrated. The wave-shaped contour actuator
consistently generates a higher output force across the pressure range,
with the force reaching a peak of approximately 0.65 N at 60 kPa
compared to the traditional FPN actuator’s peak of 0.45 N. This per-
formance difference highlights the superior efficiency of the wave-
shaped contour actuator, which benefits from enhanced sidewall
engagement and optimized force transmission. The graph also indicates
that the wave-shaped actuator achieves greater force at lower pressure
levels, making it advantageous for applications requiring efficient en-
ergy use.

The wave-shaped contour actuator’s ability to generate higher con-
tact forces while maintaining flexibility represents a significant
advancement in soft robotics. This dual improvement in rigidity and
adaptability makes the proposed actuator suitable for applications in

Air Source Pressure Regulator
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industrial automation and service robotics, where robust and flexible
grasping is essential. The simulation results validate the design’s effi-
cacy and demonstrate its potential for broader use in scenarios requiring
enhanced force generation without additional structural complexity.

4. Experimental results and discussion

In this chapter, the experimental design, results, and discussion are
presented to validate the performance of the wave-shaped contour
single-finger actuator. The experiments focus on bending performance
and grasping capability under various conditions.

4.1. Materials and setup

The experiments utilize TOO silicone for the upper elastic layer and
E600 silicone for the lower elastic layer of the actuator. The actuator’s
geometric parameters are set as follows: wall thickness of 1mm, finger
length of 115mm, and constraint layer thickness of 3mm. The process is
shown in the Fig. 16, The soft actuator mold proposed in the paper was
completed by 3D printing with the UltimakerS5-3D printer model.

4.2. Bending performance trajectory analysis

The bending angles observed at different pressures are shown in
Fig. 17. The results demonstrate that the bending angle increases with
applied pressure, following a linear trend. This confirms the theoretical
predictions and simulation results.

Fig. 18(a) shows the end trajectory of the soft actuator under linearly
increasing pressure from the pneumatic system, ranging from 0° to 168°
This trajectory is compared with the constant curvature bending model
and the Abaqus finite element model in Fig. 18(b) and (c).

PCU Passive Controller Actuator

Fig. 16. Single Finger Actuator Fabrication Process.
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Fig. 17. Bending diagrams at different air pressures.

2 W0 ® ¢ w0 100 20
» x/mm

Fig. 18. Single-finger drive trajectory (a) Actual Motion Trajectory (b) FEA Motion Trajectory (c) Actual and FEA motion Trajectory.
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Fig. 19. The link between pressure and bending angle under different models (mathematical models, experimental data, FEA model).

To quantify the error between the actuator’s end trajectory and the
theoretical model, Eq. (30) is used. The position error e; and the root
mean square error (RMSE) esare calculated. The maximum position
error for the constant curvature bending model is 4.682mm, with an
RMSE of 0.962mm. For the Abaqus FEA model, the maximum position
error is 1.753mm, with an RMSE of 1.148mm. Given the actuator length
of 115mm, the error for the constant curvature model is within 2%,
indicating excellent predictive accuracy and consistency for both
models.

e = \/(xi %)+ (i —¥)?

(30)

e — \/2?1 (x; — Xi,)z + (vi —.Yi')z
S N

In the established Cartesian coordinate system for the actuator’s
motion plane, thex and y coordinates at any given time during the
motion are represented by x; and y;for the constant curvature and

12

Abaqus models, x; and y; for the experimental data.

Fig. 19 illustrates the relationship between pressure and bending
angle for the single-finger actuator. The experimental data aligns closely
with both the constant curvature bending model and the Abaqus FEA
model. The data indicates that the wave-shaped contour actuator pro-
vides consistent force even at higher bending angles, which is a signif-
icant advantage over traditional FPN actuators that may lose efficiency
under increased deformation. This confirms that both models accurately
predict the actuator’s bending performance, validating the correctness
of the theoretical and simulation models.

This performance characteristic is crucial for applications involving
precision gripping and adaptable force control in complex
environments.

The primary sources of error in the experimental and simulation
results for the single-finger actuator are as follows:

e Initial Position Under Gravity, the actuator’s fingertip starts from a
position influenced by gravity, not a perfectly horizontal position. In
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Table 5
Dimensions of different objects for grasping.
No. Name Weight(g) Dimensions(cm)
1 Orange 192 Diameter:11
2 Rectangular A 201 6%4%4
3 Drink Can 165 16%14*10
4 Water Bottle 23 21%6*6
5 Cube 64 5%5%5
6 Irregular object 81 28*10%5
7 Jar 36 16*50%*80
8 Tissue Box 168 13*6*10
9 Thermos 212 18*7*7
10 Rectangular B 156 20%20*6
11 Rectangular C 174 23*13*6

contrast, the simulation assumes the actuator starts from a horizontal
position, leading to discrepancies in the initial conditions.
e Model Assumptions: Both the constant curvature model and the
finite element model assume idealized conditions, such as perfect
material homogeneity and isotropy. In reality, material in-
consistencies and minor defects can cause deviations.
Material Property Fitting Errors: The parameters C;¢ an Cy used in
the Abaqus simulations are derived from experimental data using a
tensile testing machine and fitted using linear regression, intro-
ducing some errors.

4.3. Grasping experiments for irregular objects

As discussed earlier, the variable stiffness soft actuator exhibits
excellent elastic deformation capabilities. By selecting appropriate sili-
cone materials for injection molding, the soft fingers achieve a certain
hardness. This enables the proposed four-finger pneumatic soft robotic
hand to demonstrate effective grasping and flexible coverage for various
irregularly shaped objects listed in Table 5.

The four-finger soft robotic hand, as shown in Fig. 20, was fixed in
place and tested with 11 different everyday objects of varying shapes
and weights. The results demonstrated its strong adaptability and
outstanding grasping capabilities.

The experiments demonstrated that the four-finger soft robotic hand
could effectively grasp a wide range of objects with varying shapes and
sizes. Key observations include:

Results in Engineering 25 (2025) 103456

e The hand could grasp spherical objects like oranges without causing
surface damage.

e It provided stable grips on common household items such as water
bottles, thermos flasks, and drink cans, regardless of their shape.

e Smooth-surfaced objects like Rubik’s cubes and boxes were securely
enveloped.

o It successfully grasped flexible objects such as tissue boxes and hol-
low jars.

o Large, irregular objects were also stably held.

e By adjusting the position of the arc-shaped movable link, the hand
could achieve variable stroke grasps, showing excellent versatility

The results indicate that the proposed four-finger soft robotic hand is
highly adaptable and practical. It demonstrated excellent enveloping
and stability for objects like thermos flasks, Rubik’s cubes, and water
bottles from various angles.

5. Conclusion

This study presents a four-finger pneumatic soft robotic hand with
wave-shaped contour actuators optimized for both bending performance
and versatile grasping capabilities. The actuators, designed with
selected silicone materials and optimized structural parameters, were
successfully fabricated, and tested using a low-cost 3D printing process.
Through FEM simulations and experimental validation, it was demon-
strated that the actuators achieve a consistent and reliable bending
motion, with excellent adaptability to a wide range of object shapes and
sizes. The soft robotic hand effectively grasps various everyday items,
showcasing its potential for practical applications in industrial auto-
mation and daily life.

Comparative experiments have demonstrated that the wave-shaped
contour actuator significantly outperforms traditional FPN actuators in
terms of grasping adaptability and stability. Specifically, when subjected
to various grasping tasks involving objects of irregular geometries, the
proposed actuator maintained a more consistent and stable grip
compared to conventional designs. The unique geometry of the wave-
shaped contour ensures that the actuator can conform more effectively
to complex surfaces, thereby enhancing contact stability and improving
overall grasping efficiency. Moreover, the experimental results show
that the wave-shaped contour actuator achieves a substantial improve-
ment in fingertip contact force and consistency, particularly under

Fig. 20. (a)Orange(b)Rectangular box(c)Drink can(d)Water bottle Posture 1(e)Water bottle Posture 2 (f)Water bottle Posture 3(g)Cube Posture 1 (h)Cube Posture 2
(i)Cube Posture 3(j)irregular object (k)Can (1)Tissue (m) Thermos posture 1 (n) Thermos posture 2 (o) Thermos posture 3 (p) Rectangular B (q) Rectangular C angle 1

(r) Rectangular C angle 2.
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varying pressure inputs. This is a significant advancement over tradi-
tional FPN actuators, which often exhibit reduced force generation at
higher bending angles. The wave-shaped contour actuator exhibited
significant improvements in force generation across a wide range of
pressure inputs, from 5 kPa to 60 kPa. This consistency in force output
and adaptability under different pressure conditions makes the actuator
highly suitable for real-world applications, such as service robotics,
rehabilitation devices, and industrial automation. The enhanced side-
wall engagement ensures stable and reliable performance, even under
varying operational pressures, which is crucial for precise and adaptable
manipulation tasks.

While our experimental setup validates the reliability and versatility
of the actuator, it is acknowledged that further research is needed to
explore its performance in extreme conditions, such as high-speed
grasping, varying ambient temperatures, and different material prop-
erties. Future work will focus on optimizing material selection to
improve the environmental resilience of the actuator and expanding the
scope of experiments to validate performance in more complex sce-
narios. Future research will aim to integrate advanced control algo-
rithms to enhance the performance of the soft robotic hand in
challenging environments.

The analysis confirms the robustness of the theoretical models and
the reliability of the design. Future work will involve refining the
actuator design, exploring additional applications, and integrating
advanced control algorithms to enhance the performance of the soft
robotic hand. The promising results indicate that this design can be a
significant advancement in the field of soft robotics, paving the way for
innovative solutions in adaptive grippers, robotic hands, and related
applications.
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