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Innovative Development of a Soft Robotic Gripper: Mathematical

Modelling and Grasping Capability Analysis

Grasping or gripping is essential for both humans and robots. Soft and flexible
grippers have been the focus of recent research due to their safe interaction with
objects. However, most soft grippers rely on complex mechanisms or complicated
structures, leading to challenging fabrication and modeling. Furthermore, there is
a lack of mathematical models to estimate curvature shape, analyze gripping
capacity, and stability under dynamic motion. To address these challenges, this
study presents an innovative soft-fingered gripper design with an asymmetric tube
that has a variable cross-section, providing a simple yet effective solution for
gripping tasks. The proposed mathematical modeling and solutions were
successfully developed and experimentally validated to analyze the effects of the
robot arm’s motion on the gripping capability of the gripper. Specifically, the
mathematical modelling considers the effect of forces/moments imposing on the
gripping mechanism of soft fingers, including the contact forces between the soft
fingers and gripping objects. The proposed mathematical modeling and
simulations can be used to analyze the deformation, gripping manipulations, and
grasping capability of the soft-fingered grippers. This innovation represents an
improvement over existing designs and has the potential to enhance the design and

efficient performance of soft robotic grippers.

Keywords: Soft robotic gripper, mathematical modeling, robotic simulations,

robotic dynamics.

1. Introduction

Grasping or gripping refers to the physical action of holding something; it is a common
but very important function in both human and robotic manipulations. Humans can grip
a wide range of objects with high precision, including rigid, soft, or delicate objects with
various properties of size, shape, or texture, due to the natural softness attribute of the
soft fingertips and multiple somatosensory receptors under the epidermis (Wen et al.,
2020; Vedhagiri et al., 2019). In comparison with human gripping manipulation, robots

have a relatively limited dexterous and adaptable grasping ability, because of a lack of



sophisticated sensing systems and negative effects of inherent properties of conventional
robot hands such as rigid or complex kinematics, and control (Kleeberger et al., 2020;
Bullock et al., 2013). Especially, the traditional rigid robot-fingered hands are generally
difficult to implement grasping tasks with deformable or fragile objects without causing
damages, due to the risk of exerting more excessive forces on the gripping objects than
needed (Roa and Suéarez 2015; Terrile, Arglelles, and Barrientos 2021). To guarantee
stable and safe grasping manipulations, conventional robotic grippers require a
sophisticated controller and tactile sensing system for monitoring the exact contact force
(Hasan, Gerez, and Liarokapis 2020; Spiers et al. 2016). For purposes of improving the
dexterous grasping ability of robotic hands, many anthropomorphic robotic gripper
designs have been proposed, that attempt to mimic the human hand’s gripping
manipulations (Llop-Harillo et al. 2019; Watanabe et al. 2021). A few decades ago, soft
robotic grippers have been introduced as a novel device that has exposed many benefits
of dexterous gripping manipulation with delicate objects in unstructured environments.
Generally, the soft-fingered hand is fabricated by soft materials such as silicone
elastomers, urethane, hydrogels, and so on (Lee et al. 2017; Manti, Cacucciolo, and
Cianchetti 2016). Exploiting the softness and deformable properties of the soft material,
the soft robotic gripper is inherently compliant and able to maintain the contact area,
resulting in large frictional force and moment without needing large contact forces,
leading to safe interaction with the grasping objects.

Conceptually, the soft gripper can be characterized based on three main grasping
mechanisms: actuation (Stuart et al. 2017; Yap, Ng, and Yeow 2016), controller stiffness
(Hubbard et al. 2017), and controller adhesion (Shintake et al. 2016). Based on the
actuation mechanism, the soft gripper can perform the grasping/gripping operation

through the compliant deformation of the soft body using pneumatic (Guo et al. 2018) ,



or hydraulic actuators (Park et al. 2020), and tendon-driven (Ren et al. 2020), or shape
memory alloy (Wang and Ahn 2017). For instance, Park et al. (Park et al. 2020)
introduced the soft gripper based on the electrohydraulic actuator, fabricated by
polyethylene film and silicone material. Galloway et.al., developed the soft robotic
gripper based on soft pneumatic actuators, to delicately manipulate and sample fragile
species on the deep reef (Galloway et al. 2016). V.Ho and S. Hirai proposed the soft-
fingered hand with the contact feedback with the unbalanced deformation mechanism
based on a novel concept of morphological computation (Ho and Hirai 2017). In such a
design, the curvature gripping shape of the soft finger is generated from different elastic
energy of multiple layers; nonetheless, the proposed soft hand requires the external motor
to pull or release the tendon string for controlling the opened state of soft fingers.

The design of soft grippers with the mechanism of electroactive polymers or shape
memory material has the advantage of enabling the flexibility of actuator configurations,
that can be applied to develop different varieties of devices and robots; however, a high
voltage is required for activations (typically several kV) (Marette et al. 2017), and a
fabrication process is complicated (Carpi, Salaris, and De Rossi 2007; Rodrigue et al.
2017). Meanwhile, the gripping mechanism based on the variable stiffness materials
generates the grasping force based on the variation of local stiffening of the structure. The
gripper structure approaches and envelops the grasped object in the soft state of material;
then the material is translated to be hard under external activations of vacuum (Loeve et
al. 2010), heat (Al-Rubaiai et al. 2019), or electric field (Bhattacharya, Bepari, and
Bhaumik 2014), resulting in a high holding force with minima object’ compression. Many
variable stiffness materials were used such as granular jamming, low-melting-point

alloys, electrorheological and magnetorheological fluids, and shape-memory materials.



Basically, the gripping methods based on electroactive polymers or shape memory
materials, variable stiffness materials, soft pneumatic and electrohydraulic actuators, can
be applied to grasp objects with various shapes and sizes; however, it is required to use
the external devices such as pumps, vacuum chambers, or heating elements, leading to
the complicated fabrication and high costs.

In terms of the controlled adhesion mechanism, the soft gripper uses the interface
attraction between two surfaces to generate the holding force (Hu, Dong, and Sun 2021;
Shintake et al. 2016) . This mechanism improves the dexterity and versatility of soft
grippers but it also requires advanced technologies to generate a compliant surface with
high attractive force.

It has been well-documented that, pneumatic and hydraulic actuating mechanics
have recently been widely utilized in the design of soft grippers, due to their advantages
such as low cost, high gripping efficiency, simple fabrication, easy control, and fast
responses. As a result, most soft-fingered grippers are currently designed based on
pneumatic or hydraulic actuation, often consisting of serial chambers with specially
designed thin walls to generate the gripping shape under pressurization activation.
However, the design of thin walls in these grippers can lead to failures such as tearing,
wearing, or bulging. Furthermore, the construction with thin wall chambers makes
fabrication difficult and creates complications in mathematical models used to estimate
curvature shape or contact gripping forces. Alternative designs of soft grippers have
been proposed, such as the mechanism of an asymmetric tube actuator. In another
publication (Mata Amritanandamayi Devi, Udupa, and Sreedharan 2018), the under
actuated multi fingered soft robotic hand was introduced for prosthetic applications,
which combined thin wall chambers and an asymmetric tube with a constant cross-section

to assist gripping tasks. While effective, this design was still complex, and the



deformation of the soft finger under hydraulic/pneumatic actuation was curved with a
constant radius, which is not optimal for gripping. The curvature of the soft finger is
expected to be larger at the tip and smaller at the base. This has led to the suggestion that
the soft gripper’s finger should feature a variable cross-section to achieve a more
appropriate deformation for gripping purposes. More importantly, the approaches
mentioned above did not include explicit mathematical equations for the curvature of the
soft finger and only focused on the robustness of gripping manipulation. Consequently,
there is a lack of mathematical models to estimate the curvature shape, analyze the
gripping capacity, and assess the stability of these soft-fingered grippers during dynamic
motion. Soft grippers are usually mounted on robot arms during gripping manipulations,
making the gripping process complex and influenced by various parameters, such as
weight, the shape of the objects being gripped, and inertia due to the acceleration of the
robot arm. Therefore, it is imperative to develop a novel theoretical approach to study the
gripping capability of the soft gripper under dynamic motion, especially in the context of
the growing use of collaborative robots in Smart Manufacturing and Industry 4.0 (Le et
al. 2020).

Similar to human grasping, the stability of a grasped object depends on the local
curvature properties at the contacts, as well as the magnitude and arrangement of
the applied forces (Burstedt, Flanagan, and Johansson 1999; Howard and Kumar 1996).
For conventional gripper, with the innovative design of joints and links, the grasping
shapes and forces of conventional grippers can be mathematically described, thus its
grasping can be evaluated by explicit models. For instance, D. Wang et.al., presented the
kinematics and statics analysis of the grasping performance of a passively adaptive five-
fingered under actuated dexterous hand based on the principle of virtual work. The model

of the contact force of each phalanx was then solved by several numerical calculations to



clarify the effect of the contact position and bending angle on the contact force(Wang et
al. 2021). Mathematical models based on constraint analysis are also used to calculate the
forces in joints, then evaluated the grasping capability of the gripper (Liu et al. 2021). In
(ACAR, SAGLAM, and SAKA 2021), the grasping capacity of the conventional gripper
with a spherical and a planar mechanism was evaluated, using the analysis of equilibrium
equation systems of objects and fingers.

Compared to conventional grippers, the soft gripper relies on the deformation of
soft materials to generate the grasping form, making it challenging to mathematically
describe its gripping manipulation capability due to the physical and geometrical
nonlinearities associated with the large deformation of soft materials. Existing research
on soft grippers has primarily focused on kinematic and static modelling. Different
approaches have been proposed, such as the Cosserat theory (Haibin et al. 2018), Euler-
Bernoulli beam-based constant and variable curvature method (Webster and Jones 2010;
Zhong, Hou, and Dou 2019), screw theory (Hussain et al. 2021), or finite element models
(Yarali et al. 2020). In (Haibin et al. 2018)¢, the authors used the Cosserat theory to
calculate the grasping force at the fingertip of the soft gripper with variable stiffness that
was subjected to complex forces of gravity, grasping forces, and driving torques. The
screw theory was applied to analyze the contact force for a compliant gripper with a
structure composed of rigid links connected through compliant joints and soft pads
(Hussain et al. 2021). Wang presented the linear segment model to estimate the curvature
shape of the printed-soft finger and the contact forces at the fingertip (Wang and Hirai
2017). Nonetheless, most of the above-mentioned methods proposed the analytical model
to consider the curvature shape of the soft finger in its free state, which did not account

for the external loads, and the contact forces normally were calculated at the position of



the fingertip. When investigating the capability of the soft gripper with multiple fingers,
the contacts at several points on grasping objects need to be considered.

To address the above issues, this paper proposes an innovative design for a soft-
fingered gripper with a curvature shape mechanism, based on the working principle
of the soft pneumatic actuator. This design is simpler than the popular serial thin wall
chamber design, making fabrication and modelling easier and avoiding common
issues such as torn, worn, and bulging. The variable cross-section of the design allows
for more suitable deformation of the fingers when gripping objects. Each soft finger
includes a strain-gauge sensor to generate a contact feedback signal, used to analyze
the gripping object’s stability during the grasping process. To evaluate the grasping
capability of the proposed gripper, a novel theoretical approach is proposed, bridging the
deformation and gripping models of the soft finger. The effect of the dynamic motion on
the soft gripper’s capability is considered. The curvature deformation of the soft finger is
modeled by an explicit mathematical equation based on the theory of a large deformation
beam. This model is used to build an equivalent model of discrete serial rigid links with
rotational joints and torsional moments, allowing for continuous linkage from the
deformation model to the dynamics model of the finger. The contact forces at multiple
contact points during grasping manipulation are described by explicit mathematical
equations, taking into account the motion’s acceleration of the robot
arm. A solution based on the numerical method is developed to investigate the effect
of the robot arm’s motion on the grasping capability of the soft gripper. Finally, the

effectiveness of the proposed methods is validated through experiments.



2. Development of a Soft-fingered gripper

2.1. Mechanism of Soft Fingers

The proposed robotic gripper has soft fingers to implement the grasping manipulation, in
which, the curvature shape of the soft fingers is generated based on the deformation of
the soft actuator, which is an asymmetric tube with a variable cross-section. Figure 1
presents the working mechanism of a soft finger, in which the bending curvature of the
soft finger is based on the deformation principle of an asymmetric soft actuator. The detail
of a 3D model and dimensions of a soft finger of a proposed soft-fingered gripper is
shown in Figure 2; the soft finger has a similar size of the human finger. The asymmetric
tube is innovatively designed as a circular cross-section with different thicknesses of the
top and the bottom side. Due to the different thicknesses and stiffness between two sides
of the asymmetric tube, under the actuation of the internal pressure, the actuator is bent
in the direction of the thicker side. To mimic the gripping shape of the human finger, the
curvature deformation must be well-controlled, the thickness of two sides of the soft
fingers, therefore, needs to be variable along their length. To improve the gripping contact
area, the thicker side of the soft finger is designed to be partly flat. At the free-end, the
soft finger is chamfered, with the embedded rigid nail to limit the tip inflation and make
better pick-and-place performance of the soft finger. The air pressure enters the soft finger
from the fixed end through a small tube. The bending curvature of the soft finger depends

on its geometrical designs and pressure values.
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Figure 1. The bending curvature of the soft finger based on the deformation principle

of the asymmetric soft actuator.
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Figure 2. 3D model and dimensions of a soft finger of a proposed soft-fingered gripper.

2.2. Design of a soft-fingered gripper

The soft fingers are assembled into a gripper that can attach to the robot’s arm. The
gripper includes three soft fingers, three rigid connectors, and a rigid box. Three rigid
connectors are used to clamp the fingers and attach to the rigid box by threaded joints.
The rigid box is fixed to the robot arm by screws. The strain gauges are embedded in the
soft fingers to detect the contact manner between the gripper and grasping objects. The

whole gripper with soft fingers is depicted in Figure 3.
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Figure 3. Design of soft fingered-gripper.
2.3. Fabrication of a soft-fingered gripper

The soft fingers were made from the silicone rubber of RTV 225, and it was fabricated
with the use of two 3D-printed molds. Figure 4 and Figure 5 present the design of a
fabrication mold and the description of a fabrication process of soft figures based on the

molding method.

Two molds are used to fabricate a soft figure as shown in Figure 4. The first mold
has three parts and it is used to fabricate the main part of the soft finger, and the second
mold is used to seal the fixed end of the finger. The fabrication process of the soft finger
by the molding method can be summarized as follows (Figure 5). Firstly, two components
of the liquid silicone rubber are mixed with a ratio of 1:1, then the mixed liquid silicone
is poured into the assembly mold, and it is cured at room temperature for ten hours. After
the curing process is fully completed, the lower and upper cavities of the mold are

removed to get the main part of the soft finger. At this stage, the soft finger still has an



open end, which is then closed with the same mixed silicone, via the use of the second
mold, with a similar curing process, and finally, the soft finger is fully fabricated. The
strain gauges are then embedded into the soft fingers with special glue. The rigid
connectors and rigid box were designed with the use of the common CAD software,
Solidworks (Dassault Syst'emes), and they were fabricated by CNC with laze cutting
machine C02 HK-LS6090 and Additive Manufacturing with 3D printer Zortrax M300.
The fabricated soft fingers are finally assembled and fixed to the connector and the rigid

box, to fully make the soft-fingered hand.

Mold to seal
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Figure 5. A fabrication process of soft fingers based on the molding method

3. Deformation modelling of a soft finger

3.1. Finite element model of soft finger’s deformation

To evaluate the effectiveness of gripper design and better understand the deformation
of the soft finger, firstly, the numerical simulation was done by using the commercial

software Abaqus (ABAQUS Inc.). In which the standard model with an explicit algorithm



was used. The soft actuator was modeled as a deformable solid with the hyper-elastic
material model. The Yeoh model with the parameters of Cio = 0.1, C2 = 0.02, C3 =
0.0002, D1 = D2 = D3 =0 (Dang et al. 2021), was used in the simulations. The developed
Finite Element Analysis (FEA) model uses the linear hexahedral elements of type C3D8R
with a global mesh seed of 1.5mm. The deformation of the soft finger was simulated by
using static analysis, where the gripper is bound to fix one end, and the other end is free.
The effect of air pressure actuation was modeled by uniformly distributed pressure on the
internal surfaces of the soft finger’s cavity. The setting of the analysis step includes the
nonlinear effects of large displacements. The range of pressure values was varied from
60kPa to 160kPa to investigate its values’ effect on the curvatures of the soft finger. The
simulated deformation of the soft finger is shown in Figure 6. From the finite element
simulation results, it can see that under the pressure’s activation with the value range of
60kPa to 160kPa, the curvature deformation of the soft finger is small with values of
60kPa and 80kPa. Still, it increases significantly under the range of 100kPa to 160kPa.
Thus, the gripper design with the soft finger can effectively manipulate the gripping tasks,

and the suitable values of the pressurization activation are from 100kPa to 160kPa.

(c) 100 kPa

(e) 140 kPa (f) 160 kPa

Figure 6. Simulation of soft finger’s deformation



3.2. Mathematical formulation of a soft finger’s curvature

In order to model the deformation of a soft figure, it is necessary to develop mathematical
models to estimate the curvature deformation of the soft finger under the activation of the
pressurization. Figure 7 presents a schematic of large deformations of a cantilever beam
with a variable cross-section. It is assumed that the soft finger’s deformation is modeled
as the cantilever beam in which one end is fixed, and the other end is free, subject to a
concentrated moment. To simplify the calculation, the mechanical properties of soft
material are assumed as linear; the Young modulus

E = 550Pa is used (Dang et al. 2021).
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Figure 7. A schematic of large deformations of a cantilever beam with a variable cross-
section

Based on the Euler—Bernoulli law, in Cartesian coordinate, as described in Figure
7, the large bending deformation of the cantilever beam with a variable cross-section is

expressed as:

3

(L+y?) | (1)

y" - M
where y is the vertical deflection of the cantilever beam at any horizontal position, ' and
y"" is the first and second derivative of vertical deflection y with respect to variable x, E

is the Young modulus of the material, M is the concentrated bending moment at the free



end, caused by the activation effect of the air pressure and Ix is the inertia moment of
variable cross-section. Ix is dependent on the position of the cross-section, and it is a
function of the variable x. The determination of Iy is expressed in the appendix.

The concentrated moment M is defined as follows:

M =eF” (2)

where e is the eccentric of the soft finger’s cross-section and F" is the equivalent

activated force of air pressure. The value of e and F* are calculated as the following:

e +e
e=-—1-"2 3
5 (3)
d+d, )
F*:p”[ E j “

where (ey, €2), (d1, d2) is the maximum, and minimum values of the eccentric, and tube’s

diameter at two end cross-sections of the soft finger, respectively.

By setting y'=p, 4, = —%, equation (1) can be rewritten as:

X

dp
— = A dx (5)
(L+0?)
To solve the above equation, we set p =tan &, then we have:
1
dp=
(cos 0)2 (6)
3
3 1 2
<1+ P’ )2 = 5 (7)
(cosd)
From equations (6, 7), equation (5) can be rewritten as follow:
jcos 0do = J./lxdx (8)

Then, we have:



sind=g(x)+C 9)

where ¢(x) = J'ﬂxdx and C is a constant.

Note that:

. sind/cos@ tan @ P
sin@ = = =
1/cos@ \/1+ (tan 9)2 \/1+ o’

(10)

From equations (9, 10), we have the following equations:

£_—p(x+C
1+ p°
(:I-:;pz) = ((p(X)+C)2
1

-1 =(¢(x)+C) (11)

, 1
tpE
P (e +C)
p(x)+C

1-(p(x)+C)°

p:

By setting G(x) = ¢(x)+C and replacing p =y'. Finally, we have:

o GW
1—(G(X))2 (12)

Where C is the constant of integration which can be determined from the boundary
conditions y'=0 at x=L,=L—A (Figure 7). By applying this condition to equation
(12), we get: C =—p(X) |,

Note that G(x) in equation (12) is a function of the unknown horizontal displacement
A of'the free end of the beam. The value of A can be determined based on the assumption
of the beam’s length is constant. The differential length of the beam ds can be calculated

as the following mathematical transformation (Figure 7).
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ds = (dx® +dy? )1/2 = de =(1+(y)’ )1/2 dx (13)

From equation (13), the beam’s length L can be calculated as follow:

L= (1 (y)?) " o (14)

Replacing equation (12) into equation (14), we have:

L=[; —/172 o (15)
1-(G(x))

where Lo=L-A

Note that: G(x) and Lo are functions of the unknown parameter A. From equation
(15), the value of A can be calculated by using a trial-and-error procedure (Anon 2006).
The trial-and-error procedure is started with a specific value of A, then it may be repeated
for various values of A until the obtained length from equation (15) is correct to the actual
length with a small error. This procedure is implemented in MATLAB (The MathWorks,
Inc.), in which the error is set between the calculated beam’s length and its actual value
is 5% to stop the repeated process.
After determining the value of A, the function G(x) only depends on the variable x. And

the vertical deflection of the cantilever beam at any horizontal position is calculated as:

y:J‘:&dx

,1—(G(X))2 (16)

By calculating the vertical deflection y at various horizontal positions x, we can estimate
the bending curvature of the soft finger under pressurizations, using the integration

function in MATLAB™.

! https://www.mathworks.com/help/matlab/ref/integral.html (assessed on 6/27/2022)



4. Dynamic performance and gripping capability analysis of soft fingers

4.1. Mathematical modelling of a gripping mechanism

To investigate the performance and gripping capability of the soft finger, the dynamic
modelling of the gripping mechanism is proposed in this study, with a focus on describing
the contact forces at multiple contact points between the soft fingers and gripping objects.
Under the impact of air pressurization actuation, the soft finger is deformed with a
curvature shape and is described by the explicit mathematical equation (16) in Section
3.2. To develop the mathematical model of contact forces, based on the idea of the
pseudo-rigid-body model approach for compliant mechanism(Chase et al. 2011; Chu et
al. 2022; My and Bien 2020; Wang and Chen 2009), the soft finger is modeled into n
rigid links with the corresponding n consecutive lines, as shown in Figure 8(a). The

schematic equivalent rigid links model of the soft finger is described in Figure 8(b).

Joint 1 Torsional
spring

Figure 8. Modeling soft finger by serial rigid links with rotational joints and torsional
springs

The equivalent model is proposed based on assumptions: (i) The i"" line is the
tangent of the curvature at the midpoint positions with horizontal coordinate x;. (ii) The
i links have the constant length li and its weight is converted to the concentrated weight

Gi = gmi at the midpoint. (iii) The connections between two consecutive links are



represented as the rotational joint and torsional spring with the stiffness of ki. (iiii) The
activation of the air pressure is modeled as a series of torsional moments Ti, which is
located at the corresponding joint i (As described in Figure 8(b)). Under the activation
of the moment Ti, the i link rotates at a relative angle @i with the (i - 1)™ link and ®; with
the horizontal axis OX (Figure 8(b)). The values of the horizontal coordinate x; depend
on the curvature shape of the beam and the divided number of the equivalent links. The
values of xi can be estimated as follows. The soft gripper is modeled into n rigid links;
each link is a line Ai1Ai and has a predetermined constant length li. With the last link (n™

link), the horizontal coordinate of the point A, is determined as:
Xp, =L—A (17)

Where A is calculated as in Section 3.2. The value of the vertical coordinate yan Of point
An is determined through the equation of the curvature shape (equation (16) in Section
3.2). Thus, the coordinate of point A, is determined. Then the coordinate of point An-1is
estimated as an intersection of a circle with center point An, radius In, and the curvature’s

soft finger (Figure 9). After that, the value of x» is estimated as:
X, =D (18)

Similarly, we can estimate the value of Xn-1,. . .,Xi. . . ,X1.

After estimating the values of horizontal coordinate xi, the configuration parameters of
the equivalent model are determined as the follows: Due to the assumption of the i*" link
is the tangent of the curvature at the position xi, we can estimate the value of the angle ®;

as the follows:



Figure 9. Modeling soft finger by serial rigid links with rotational joints and torsional
springs

Due to the assumption of the i link is the tangent of the curvature at the position xi, we

can estimate the value of the angle ®; as the follows:

!

tan @, = y(xi) (19)
Then, we have:

®, =arctan ( y(’xi) ) (20)
In terms of the relative angle ¢i as seen in Figure 8(b), the following relationship is

obtained:

D, = arctan(y(’ ))

X

D,=D,+¢, = arctan(y(’xz))

(21)
®, =D, , +¢ =arctan (y(’x,))
D =0  +o¢,= arctan(y(’xn))
Generally, the relationship between the angle ¢i, and ®; can be expressed as follows:
j=i j=i
EDNED arctan(y(’xj)) (22)



Thus, we can calculate the angle ¢i as below:

1 -
Q= arctan(y(’xi))+ > (-1 arctan(y(’xj)) (23)

j=i-1

Then, the stiffness of the torsional spring is calculated as below:
ki =— (24)

Based on equation (24), the virtual loading method to determine the stiffness value ki of
the i torsional spring can be developed. Figure 10 presents a schematic model of the
virtual loading to determine the torsional stiffness.

The following is the detailed description of the proposed virtual loading method, which
is used to determine the stiffness value ki of the i torsional spring. First of all, it is
supposed that the soft finger has a fixed end and the other end is subjected to a
concentrated force F. Under the activation of the concentrated force F, the soft finger is
deformed, and its curvature shape can be mathematically described by equation (16), in

which the moment M is replaced by a moment Mg , that is calculated as:

M. =FlI (25)
After estimating the curvature of a soft finger, from equations (22), and (23), we can
estimate the deviation angle ¢~ between two consecutive the (i-1)™ link with the i™ link

and the angle @ between the i link with the horizontal axis OX.

j=i

j=i
O => of = Zarctan(y;(xi)) (26)
=1

=1 i

i1 o
of = arctan(y’F(Xi))+ > (-1 arctan(y'F(XA)) (27)

j=i-1 !
where yr and y’F(Xi)is the mathematical equation of curvature shape in the case of

concentrated force F and its derivative at the horizontal coordinate xi, respectively.



Figure 10. Schematic model of virtual loading to determine the torsional stiffness

The moment T; at the i joint is calculated as:

" Zn:mjglj COS(CDJF) no1
—ko' = F[Zli COS(QT)J"’ = > +ij+lg|j cos(@f) (28)
J=1

=

Then, from equation (24), the stiffness of the torsional spring is calculated as:

n Zm gl, cos(CDF) o
F(le cos ]4‘ = +2,m;.9l, COS((D,F)
k, = —° =
arctan( )+ z (—1)H arctan(y’F(XA))

j=i-1

(29)

After determining the stiffness ki of the torsional spring, the configuration of the rigid
equivalent links will be used in the model to describe the forces in the contact between
the soft finger and the object during the grasping manipulation. Figure 11 presents a
schematic model of forces and moments acted on the soft fingers.

In the equivalent rigid links, the contact zone is assumed within the boundary between
i link and n'" link, thus the normal contact force Fn is only exerted on these links (Figure

11b), F" is the normal force of the i link, and it is determined from the equilibrium of

the soft fingers.



The equilibrium of the soft fingers can be expressed as the conservation of the
total moment of the joints. That means the moment of the joints at the free state and the

gripping manipulation state must be equal.

Figure 11. A schematic model of forces and moments acted on the soft finger at the free
state (a) and the manipulation state (b).

The forces and moments of the last link (n™ link) are described in Figure 12(a) and its
equilibrium equations can be expressed as:

F'=F"sin®;
F)=-F'cos®, +G, =-Fcos®, +m,g

(30)
T —kg =T'— Fl N m, gl cosd; kgl - Fl N m,gl. cosd;
2 2 2 2
Then
n 2K, A@, +m gcosd;
Fy = ST (31)

) I

n

where: T/ =Kk ¢!, Ap, =@, —¢.. Similarly, the forces and moments of the (n-1)" link are

depicted in Figure 12(b) and its equilibrium equations can be expressed as:
F ' =F*+F" sin® ,
I:ny—l = I:ny - an—l Cos ('D|"1—1 +m,_,9

[=H )
T..=k_o =T -T —%— FX, _,sin®  +F’l ,cosd, , (32)

n- n ‘n-1 n 'n-1

’
+ mn—lgln—l Cos q)nfl
2

Then,



o 2k A@ =T =R cos (@), — @] ))+(2m, +m, ) gl cos D],

n

n-1 (33)
In—l
Generally, the normal force F' (Figure 12(c)) can be calculated as:
Z(kiAgo{—Ti’+1 — R0l cos(®),, —®@}) |, (an sin® —F’ cos®/ D
+(2m,,, +m,) gl, cos @, (34)
R =
Ii
EY ! -1
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Figure 12 . Analysis of acted forces and moments of each link at the manipulation state.
(@) n™ link; (b) (n - 1) link; (c) i link

Note that in equations (30) to (34), @,/ is the deviation angle between two
consecutive links of the free and the gripping manipulation state. @! is the angle between

the i link with the horizontal axis OX in the gripping manipulation state. The value of

the angle ¢, is determined from equation (23), and the angle ¢, and ®; is dependent on

the contact object’s profile and the contact position between the soft finger and the
grasping object.

In this study, the gripping performance of the proposed soft-fingered gripper was
investigated with the most popular gripping task of pick-and-placing manipulation, which
has three-step as depicted in Figure 13. In the first step, the soft gripper makes contact

with stationary objects and then picks them up in the vertical direction. In the



second step, the soft gripper moves horizontally to transfer the object from the picking
position to the placed position. And finally, the soft gripper performs the placing
manipulation. The grasping capability of the soft gripper can be assessed by the object’s

stability. It depends on the balance of the forces acting on the object.

Transfering

Picking object .
L Placing
A —— .
‘ Picking
Object . Box
position

Figure 13. A schematic model of pick-and-placing manipulation of the soft gripper

The acting forces on the object include the frictional forces between the object
and the soft finger, the gravitational force of the object, the normal forces, and the inertial
forces, caused by the acceleration motion of the robot arm. Where the inertial forces is
assumed as the concentrated forces at the gravity’s center of the object (as depicted in
Figure 14). The total generated frictional force in the contact zone Fr is changed,
depending on the contact state stick or slip. For the stick case, friction force Fr increases,
and Fr < pFn, and in the slipcase Fr = pFn, with W is the frictional, coefficient. Hereafter,
we estimate friction force Fr in the stick phase. The gripper’s design uses three soft
fingers with asymmetry positions. Thus, the equilibrium equations of the object are
described as the following equation.

3[2 F"cos®! +F," sin q)i’j =mg+ma,
| (35)
3(2 F"sin®/ +F cos CDi'J =ma,
Where ax and ay are the acceleration of horizontal and vertical motion, respectively, and

m is the mass of the object. The total generated frictional force in the contact zone Fr is:



Fr=3)F (36)

Finally, the stability condition of the object in the grasping manipulation is written

as follows:

Z F' < ﬂZi) " (37)

Ymg
Figure 14. A schematic contact forces of object in the grasping manipulation

4.2. Simulations and evaluations of the theoretical model of gripping mechanism

In the theoretical model of contact forces, the angle ¢', and ®; are the random
parameters. These values depend on the shape of contact objects, and contact positions,
which cannot be predetermined before implementing the grasping tasks. Thus, to validate
the effectiveness of the theoretical model of contact forces, the solutions and simulations
based on numerical method were implemented via the use of the commercial software,
Adams-the multibody dynamics simulation by MSC Software. In the numerical solution,
the soft finger is divided into 6 segments, and each segment is the equivalent link as in
the theoretical model and their configuration parameters are determined by the theoretical
equations.

The length and mass of each link are presented in Table 1.



Table 1. Length and mass of the equivalent link.

Link it 1 2 3 4 5 6
Length (mm) 18 18 18 18 18 10
Mass () 394 394 394 394 405 1.36

The stiffness value ki of the torsional spring i is determined from equation (29) with the
virtual concentrated force F = 0.25(N). The calculated stiffness of the torsional springs is
shown in Table 2.

Table 2. Torsional stiffness values of equivalent joint.

Joint 1 2 3 4 5 6

Torsional stiffness [N.mm/degree] 4.12 195 187 168 162 1.12

After determining the values of torsional spring, the values of torsional moments T; acting

on the rotation joint i can be calculated based on equation (24), where the angle @; is

calculated from equation (23). The values of torsional moments T; with different pressures
are shown in Table 3.

The values of the moments with different pressures in Table 3 and the torsional stiffness
in Table 2 are the setting parameters in the numerical simulation model. The simulated
deformation of the soft gripper via Adams with the equivalent discrete link model is
shown in Figure 15.

Table 3. Values of the torsional moment Ti with different pressures.

P(kPa) Ti (N.mm)
T1 T T3 T4 Ts Te
60 12.64 2.67 4.73 3.59 2.43 1.13
80 19.69 7.37 9.85 6.16 6.14 3.23
100 28.71 13.62 16.13 11.01 10.67 471
120 37.41 19.72 24.49 16.23 16.15 6.05
140 48.08 24.14 31.28 22.24 22.41 7.12

160 56.77 28.22 36.67 26.76 29.85 10.09
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Figure 15. Simulated deformation of the soft gripper via Adams with the equivalent
discrete link model
In comparison with simulated results via Abaqus as shown in Figure 6, it can see
that the deformation results of the soft finger, which are obtained by the numerical
solutions via the use of Adams, have a good agreement with its simulated results

which are obtained via simulations with the use of Abaqus.

Figure 16. 3D simulations of the gripper’s manipulations

Then, the numerical simulation of gripping manipulations is conducted, with the
use of the proposed theoretical model of the soft finger. Figure 16 presents 3D simulations

of the gripper’s gripping manipulations via the use of Adams. The gripper has three soft



fingers and a rigid box that mimics the actual gripper. Similar to the theoretical model,
the contact’s configuration is set up with the following boundary conditions: (i) The
adhesion force is negligible, and (ii) the contact force is calculated by using the Coulomb
law with the static coefficient of 0.8 and the dynamic coefficient of 0.75. The gripping
simulations are conducted with spherical and cylindrical objects. Both spherical and
cylindrical objects have a diameter of 70mm and different masses. The numerical
simulation is conducted with the case of the pressure value of 140kPa.
The gripping simulation’s process is similar to the actual gripping manipulation,
including a picking step and a transferring step. Firstly, the soft gripper contacts the object
at a rest position then the object is picked and moved to a higher position before it is
transferred in the horizontal direction. In these steps, the speed of the gripper’s motion is
changed with constant acceleration; this aims to investigate the effect of dynamic motion
on the capability of the soft gripper’s gripping manipulations. The acceleration is set up
with three values of 2m/s?, 5m/s?, and 10m/s?. The mass values of the object are varied,
in which 150grams and 250grams are for the spherical shapes, and 80grams and

150grams are for the cylindrical shapes.

4.3. Experimental studies

The experiments were conducted to validate the effectiveness of the theoretical model,
numerical simulations and investigate the real gripping capability of the soft-fingered
gripper.
- Experiment on Soft finger’s deformation

Firstly, the experimental measurement was conducted to validate the curvature
deformation of the soft finger, which was mathematically modelled based on the theory
of large beam deformation, simulated by finite element model via Abaqus software, and

numerical solution via Adam. In this experimental setup, the soft finger was mounted



onto the rigid frame, and were activated by the air pressure through the pump, and the
pressure’s value is controlled by the air regulator. The deflection of the soft finger is

estimated by using the grid board. The experimental measurement is shown in Figure 17.

Figure 17. Experimental measurement of soft finger’s deformation under pressurization
- Experiment on gripping capability of gripper

Secondly, the soft gripper is connected to the robot arm, MITSUBISHI RV-12SD,
which has 6-degree freedom and can move with various velocities to conduct the gripping
experiments. The experimental setup is shown in Figure 18. The speed and motion
trajectory of a robot arm is controlled by commercial software. The compressed air is put
into the soft finger through the air tubes, and an air controller sets up its value. The contact
state is assessed through the signals from strain-gauge sensors that are collected by using
the LMS system. LMS is a multi-channel signal acquisition system,

which can simultaneously collect signals from 16 channels with high frequency?.

2 https://adtsystems.vn/en/product/Ims-test-lab/ (assessed on 6/27/2022)
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Figure 18. The experimental setup to investigate the gripping capability of the soft
gripper.

The obtained data were sent to the computer through the commercial software,
SIMCENTER TESTLAB, to display in real-time and save for analysis. The experiments
were conducted with pick-and-place manipulation and gripping objects as used in the
numerical solutions. The trajectory motions of the robot’s arm were set up in horizontal
and vertical directions. To precisely determine the contact point, assuming that the
placement position, shape, and size of the object, including its radius and height, are
predetermined. The robot arm is then controlled to position the object at the center,
and the arm is moved vertically downwards to a predetermined position, allowing the
soft finger to make contact at the desired contact point on the object. It is worth
noting that the contact position in the experiment is setup to be identical to the contact
position in the numerical simulation. This allows for accurate comparison and

evaluation of the grasping capabilities of the soft finger in both experiment and numerical



simulation. And similar to numerical simulation, the gripping is accomplished through
uniform vertical contact between the inner surface of the soft finger and the gripping
objects, it does not consider more complex gripping techniques such as power grasp or
pinch. The object is picked and moved to the vertical-picking position, then transferred
to the horizontal-placing position before the soft gripper performs the drop action. In the
picking and transferring steps, the motion acceleration of the robot arm is changed,
similar to the simulation setup. The gripping capability of the soft finger and object is
represented by the falling phenomenon of the object, which is detected through the sudden
decrease of the strain gauge’s signal. The obtained signal from the strain gauge through
the LMS system is the deformation amplitude at the integrated position of the strain gauge
on the soft finger. By monitoring the variation of the obtained signal, the grasping

capability of the soft gripper under the dynamic motion of the robot arm can be evaluated.

4.4. Results and Discussion

- Soft finger’s deformation

The analysis of the curvature deformation of the soft finger was conducted using pressure
values ranging from 10kPa to 16kPa, which are effective in producing suitable curvature
deformation. To assess the deformation of the soft finger, the vertical deflection y was
measured at various horizontal positions x. Theoretical results were obtained by solving
equation (16) using the integration function in MATLAB, as detailed in section 3.2.
Simulation results were obtained by analyzing the displacement of nodes in the
deformation simulation of soft fingers using Abaqus software, as described in section 3.1.
Numerical solution results were evaluated by examining the displacement of the
equivalent link simulated through Adam software, presented in section 4.2. The
theoretical, simulation, and numerical solution results were then compared with

experimental results obtained using the experimental setup detailed in section 4.3.



The comparison between the results is presented in Figure 19 and Figure 20. It
can be observed that the numerical and theoretical results have an error of less than 5%.
This is because the parameters of the equivalent rigid links in the numerical solution
model via the Adam software, are determined from the theoretical equations. In the
theoretical model, the material is assumed to be linear, and the non-linearity property is
neglected, whereas the simulation takes into account the physical nonlinearity of the soft
materials using the coefficients of the Yeoh model for non-linear material. Which is why
the numerical and theoretical results are lower than the simulation results. The
experimental results are also higher than the theoretical, numerical, and simulation
results. However, the maximum error between the theoretical and experimental results is
less than 13%, which confirms the effectiveness of the proposed theoretical model. The
small error in the calculated result also indicates that the non-linearity of large
deformations has a greater impact on the deformation of the soft finger than the physical
non-linearity of the soft material. Thus, the proposed cantilever beam model can serve as
an explicit mathematical model for the curvature shape of a soft finger. The good
agreement between the numerical solution and theoretical results demonstrates the
accuracy of modelling soft fingers using the equivalent rigid links model, enabling the
development of a dynamic gripping model and investigation of the gripping capability of

the soft-fingered gripper.
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Figure 19. Finger’s deformation under different pressurization100 kPa, 120 kPa
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Figure 20. Finger’s deformation under different pressurization140 kPa, 160 kPa

- Gripping capability of the gripper

In terms of the grasping capability of the gripper, the simulation results are
presented in Figure 21 to Figure 24. Where the grasping state of the soft finger can be
evaluated through the change of displacements of the gripping objects. In the picking
step, the displacement is increased to the constant value then its value has remained in
the transferring step. In these steps, the fall of the grasping objects is represented by a
sudden decrease in the value of displacement.
Figure 21 shows that the gripper can complete the grasping manipulation with the
spherical object’s masses of 150grams and the acceleration of 2m/s?, 5m/s2, but with the
higher acceleration of 10m/s2 the grasping manipulation is failed in the transferring step.
In Figure 22, when the object’s mass is increased to 250grams, the falling
phenomenon occurs with all conditions of the accelerations. The object falls immediately
in the picking step for accelerations of 5m/s? and 10m/s?. In Figure 23 and Figure 24, it
can be seen that the ability of the grasping manipulation with cylindrical objects is similar
to that of spherical objects. Nonetheless, the gripper can complete the gripping

manipulation with a smaller mass for the case of the cylindrical object, in comparison



with the spherical object. Figure 24 also points out that the gripper cannot pick the

cylindrical object with masses of 150grams and the acceleration of 10m/s?.
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Figure 23. The displacement of the cylindrical object of 80grams with different

accelerations.
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Figure 24. The displacement of the cylindrical object of 150grams with different
accelerations.

The gripping capability of the gripper is then validated and analysed by experiments. The
experimental results are presented in Figure 25 to Figure 28. From the experimental
results, it can see that, during the gripping manipulation, the obtained signal of the strain
gauge can be divided into four main stages as follows. In the first stage, the gripper moves
from the original position to contact with the object. During this stage, the soft finger is
not deformed, thus the strain amplitude of the strain gauge is approximately 0. In the
second stage, the gripper is deformed under the activation of compressed air to generate
the curvature shape. When the air pressure is activated, the gripper begins to contact the
object and performs the gipping operation, leading to the increased deformation of the
soft fingers. In this process, the strain magnitude increases linearly until the gripper
finishes lifting the object from the original position to the lifting position. In the next
stage, the gripper carries out the object in the horizontal direction, the strain gauges
signals reflect the contact behaviour between the soft finger and gripping object, it can be
stable or unstable, depending on the shape and the mass of the gripping object, and the

acceleration of the gripper’s motion. In the final stage, the gripper performs the dropping



step and returns to the free state, the strain magnitude bounces back to the value of 0. In
the grasping manipulation of the gripper, the falling phenomenon of the object can be
detected by the sudden decrease to the zero value of the strain magnitude, which is similar

to the precipitous decrease of the displacement values in numerical simulation.
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Figure 25. Strain amplitude in the case of grasping manipulation with spherical object’s

masses of 150grams and different acceleration motion of robot arm.
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Figure 26. Strain amplitude in the case of grasping manipulation with spherical object’s

masses of 250 grams and different acceleration motion of robot arm.
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The results presented in Figure 25 show that, in the case of the spherical object
with a mass of 150grams, the gripper can complete the pick-place manipulation with the
acceleration of 2m/s? and 5m/s?, the process of picking, transferring and dropping objects
has been successfully performed but the falling phenomenon occurs with the gripping
acceleration of 10m/s? which is represented by a sudden decrease of the strain magnitude.
That is similar to the simulation results shown in Figure 21. Similar to Figure 22, the
experimental results in Figure 26 also validate the incomplete gripping manipulation with
the spherical object’s mass of 250grams, the falling phenomenon occurs under all values
of the accelerations and with higher values of the acceleration of 5m/s? and 10m/s? the
object is fallen even in the picking step.

The numerical solution with the cylindrical objects is validated by experimental
results shown in Figure 27 and Figure 28. The experimental results also point out that the
instability grasping performance of the soft gripper with cylindrical objects is more
strongly than that of spherical objects. Therefore, it can be concluded that the grasping
ability with spherical objects is better than the one with cylindrical objects. And the
possible mass of the spherical objects is significantly greater than that of the cylindrical
objects. It is similar to the numerical solution results and it can be explained as follows.

Due to the curved deformation of the soft finger, the contact area of the soft finger is



much better with a spherical object than with a cylindrical object. The acknowledgment
of numerical simulation and experimental results confirm that beyond the mass and of
grasping objects, the acceleration of the robot arm’s motion is also an important factor
when evaluating the gripping capability and performance of the soft gripper. This factor
must be taken into account in the design, fabrication, and analysis of the soft gripper.
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Figure 29. Summary result of gripping capability of soft gripper, confirm by experiment
and numerical simulations.
More importantly, the experimental results confirm the effectiveness of the numerical
solutions based on the proposed theoretical models, especially when investigating the
capability and performance of soft grippers. From the similarity between the theoretical
approach and experiments, the gripping capability of the soft gripper is summarised in
Figure 29.
5. Summary and conclusions

Soft grippers offer several advantages over traditional rigid grippers, such as safe
interaction with fragile objects and operating in unpredictable environments. However,
the design of soft grippers that are both easy to fabricate and model while maintaining

their gripping ability remains an open research issue that requires further investigation.



Additionally, the working ability and stability of soft grippers during gripping processes
under dynamic motions of robot arm have not been thoroughly studied yet. Therefore,
more in-depth studies are needed to address these design and operational challenges for
soft grippers. This is more and more important and necessary when considering the
emerging trends of using collaborative robots in Smart Manufacturing and Industry 4.0.

This study introduces an innovative soft robotic gripper that effectively performs
grasping tasks based on the deformation of its soft fingers. The soft finger is designed
based on the mechanism of an asymmetric soft actuator with a variable cross-section,
which has a simple design. The gripper is fabricated using a molding method for the soft
finger and 3D printing and CNC cutting machines for the other components. Three strain-
gauge sensors are embedded in the soft fingers to detect the contact manner during
grasping manipulation. The soft finger’s deformation is then described by the explicit
mathematical model based on the Euler—Bernoulli theory of large deformation beam.
Next, by proposing an equivalent model with joint and link designs, the dynamics of the
soft gripper can be mathematically modeled and simulated. The novel mathematical
modeling and numerical solutions were successfully developed and experimentally
validated to analyze the effects of dynamic motions on the gripper’s grasping capability.
The experiment measures the variation of the strain gauge’s magnitude to assess the
contact manner between the soft finger and the grasping object. The similarity of
numerical and experimental results demonstrates that the soft gripper’s grasping
capability depends on the mass of the grasped objects and the acceleration motion’s value.
This similarity also confirms that the proposed method to investigate the grasping
capability of the soft gripper is valid.

In addition, the theoretical approach used in this study based on the large beam

deformation model has the potential to be extended for modeling the curvature shape of



other soft actuators. Additionally, the method of assigning the soft finger by the
equivalent model with joints, links, and numerical solutions can also be applied to analyze
the dynamic gripping manipulation and gripping capability of other soft grippers with
specific structures as in the studies (Li et al. 2022; Qi et al. 2022; Zang et al. 2020). That
has important implications in the design, fabrication, and evaluation of the working ability
of soft grippers. For this purpose, the equivalence models can be varied with different
moments at different positions and non-uniform joint stiffness (Sinatra et al. 2019; Zheng
et al. 2020). More complex mathematical models are required to determine these
parameters based on our proposed method.

Note that to validate the theoretical dynamics models, it is necessary to verify
certain parameters while the gripper-gripping object system is in motion. However,
measuring the acceleration of the fingers and assessing the contact force between the
object and the fingers becomes exceedingly challenging when the gripping system is
undergoing acceleration, primarily due to the complications associated with mounting the
measuring device. Experimental study on the contact forces between the soft fingers and
the object, and other dynamic effects of the fingers-object system will be the future work

of this investigation.

Appendix



Figure 30. Cross-section of soft finger.
In equation (1), Ix is the inertia moment of the variable cross-section. Ix is dependent

on the position of the cross-section, and its value can be determined as follows:

_Ixcz_lxc3+ IxCS (38)
where Ixc1, Ixc2, Ixcs, Ixcs is the inertial’s cross-sectional moment of subsections Ci,

Ca, Cs, and Cs, respectively, can be determined as:

4
| =Ry 2R (39)
2 22
IxC2 :T+(e—YC) vt (40)
R4 2 2
lcs = a7+(YC3 -Y.) @R (41)
l,es = 2Rsina(Reosa)’ + (Yo — Y. ) R¥sinacosa (42)

where Yc, Ycs, Ycs is the vertical value of the center gravity of subsection Cy, Cs, and
Cs in the coordinate Oxy, respectively. The values of Yc, Ycs, Ycs are determined as

follows:



» 2Rsinacos’a-rsina _, :
2_= : R*(a—sinacosa)
3 (a-sinacosa) (43)
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-2
Yes = 3 Rcosa (45)

Replacing Yc, Ycs, Ycs in equations (43), (44), (45) into equations (39), (40), (41),
(42), then replacing lIxci, Ixc2 and Ixcsa into equation (38), the value of inertial

moment Ixc is determined.
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