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Abstract

This paper presents a proposed design of soft gripper fingers with adjustable stiffness that could be employed in the applica-
tions requiring adaptable and stable grasping. The main idea is to combine the under-actuated cable driven mechanism of
a soft gripper finger with particle and layer jamming mechanisms to create a new grasping function with variable stiffness
for different manipulation requirements. The movement of the soft gripper finger is produced by a cable-driven mechanism.
However, particle and layer jamming chambers were embodied as a variable stiffness mechanism for the variable stiffness
function. A single soft gripper finger module was developed and tested with particle and layer jamming chamber attached
to it. The stiffness and response time of the soft gripper finger were measured in three distinct configurations: single finger
module, particle jamming chamber attached to the finger, and layer jamming chamber attached to the finger. The comparison
reveals that combining a soft finger with particle jamming increased performance by 20% compared to using the soft finger
alone, while combining it with layer jamming led to an 80% increase. Additionally, layer jamming combined with a soft finger
showed a 28% increase compared to particle jamming combined with a soft finger. Furthermore, simulation of the soft finger
was conducted to estimate the deflection of the soft gripper finger under various applied forces. Moreover, proposed closed
loop smart stiffness mechanism for the soft gripper was modeled and simulated by evaluating both soft and hard objects and
simulation results were obtained for different cases. The findings indicated that the stiffness of the soft gripper finger can be
adjusted for different grasping requirements.

Keywords Soft gripper: variable stiffness - Combined actuation technology - Adaptive grasping

1 Introduction

Soft robotics is a rapidly evolving field with significant
implications for various applications, the field of soft robot-
ics presents intriguing opportunities for researchers to
develop systems that can adapt to and function in various
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environments. Furthermore, it bridges the gap between
humans and devices or machines. An example of this is the
development of soft wearable robots (SOFT Robot WALKS
2011; Ansari et al. 2015; Abu Bakar et al. 2007). The pri-
mary distinction between soft robotics and traditional hard
robotics lies in their respective Young’s modulus. Hard
robotics typically have a high Young’s modulus, around
10'? Pa. In contrast, soft robotics have a significantly lower
Young’s modulus, up to 10° Pa. This difference is crucial as
it allows soft robotics to exhibit adaptability and flexibility
when encountering obstacles (Rus and Tolley 2015).
Conventional rigid robotic gripper systems with end
effectors are used in automotive industry, food industry and
medical applications to pick and place different components
(Cianchetti et al. 2018). Conventional rigid robotic gripper
systems are durable and can exert greater forces compared to
the soft grippers. However, high level of dexterity and sensi-
tivity, such as handling food, interacting with biological tis-
sues in medical procedures, or manipulating fragile objects
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can be achieved by using soft grippers. In some scenarios
the need of soft grippers is essential to extend the range of
objects to be grasped. Because the soft grippers are adapta-
ble that can grasp delicate and irregular objects compared to
the conventional rigid grippers. Therefore, Soft material and
actuation can be combined to develop soft gripper devices
that could safely interact with the surrounding and perform
tasks such as grasping and handling different components.

Some examples of soft grippers that are based on different
types of soft materials and actuation methods are reported
in the literature (Shintake et al. 2018). Exploiting soft mate-
rial in the design of soft grippers brings safer interaction in
manipulating soft, fragile, brittle objects typically found in
food industry in general such as cake manufacturing. This
exploitation also generates benefits with human interaction
in human -robot collaborate working in grasping in a chang-
ing environment. Moreover, soft grippers are aimed to per-
form tasks such as grasping and handing using soft actuators
(Li et al. 2019; El-Sayed et al. 2013). Therefore, grippers are
expected to have capacities that are based on the actuation
mechanism, material properties, and morphology of their
bodies (Shintake et al. 2018). Current soft robots or grippers,
such as the octopus can manipulate objects. Another type
of soft gripper based on electrostatic actuation. The gripper
could grasp objects such an egg and a sheet of paper, but
high voltage is needed to drive the mechanism of the gripper.
A compliant and dexterous hand was presented in which the
soft hand is actuated by pneumatic actuation system (Deimel
and Brock 2015a, b; Wang and Hirai 2018). The hand could
lift objects nearly three times its own weight. A soft grip-
per with adjustable stiffness and variable working length
for handling food products, particularly little pieces of food
was presented (Wang and Hirai 2018). Experiment results
showed that by inflating the cover chamber with varying air
pressures, the bending stiffness and working length can be
changed. The soft hand showed compliance during several
grasping scenarios.

The end effectors should be able to interact and grasp
components of different shape and size (Lien and Caldwell
2012). Also, those components must be and securely grasped
and handled without damaging them. The handling of irreg-
ular objects introduces demands on gripper in terms of warp-
ing different shaped objects, and payload capability through
grasping with stiffness (Petkovi¢ and Pavlovi¢ 2012; Bogue
2016). The flexibility of the soft gripper can be obtained by
selecting the main structure, such as silicone rubber, which
has flexibility characteristics (Lei et al. 2022). However, the
compliance of the soft gripper could be achieved by varying
the stiffness of the gripper using variable stiffness mecha-
nism (Wall et al. 2015; Nguyen et al. 2019; Jujjavarapu et al.
2019). Although, exploiting the softness of the material is
beneficial to perform soft machine-target contact (Manti
et al. 2015a). Softness of the material limits the amount of
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force that exerts to the objects to be handled. Because of
this, a tunable stiffness is needed to vary the stiffness of the
gripper to adapt with variety of objects that are requiring
certain amount of rigidity during the interaction (Cianchetti
et al. 2013).

On the other hand, controlling the stiffness of the gripper
body to be adapt with different types of objects has to be
taken into account (Smith 1989). In other words, transition
between passive state and active state is a great challenge
(Wei et al. 2016; Wang et al. 2019). The passive state con-
cept can be obtained through the use of particle jamming,
which does not require any vacuum power or other control
techniques. So it is simple to create soft grippers with a wide
range of stiffness variation driven by a small actuation pres-
sure using the concept of passive particle jamming (Li et al.
2017; Amend et al. 2012). On the other hand, the active state
concept can be achieved by using a shape-memory alloy
(SMA) (Liu et al. 2020; Tadesse et al. 2011; Meng et al.
2020). Additionally, electroactive polymers can be employed
to generate active stiffness states for soft robotic grippers.
which responds to electrical stimulation by changing its
form or size (Cheong et al. 2018).

There are approaches reported in literature that could
tune the stiffness of the soft gripper. Firstly, stiffness vari-
ation based on tuning of material properties using intrin-
sic material effects. secondly, tuning the stiffness of an
entire structure is to change its geometry (Raatz et al.
2015; Fitzgerald et al. 2020). Particle jamming represents
a type of stiffness alteration. This technique is employed in
the creation of a soft actuator, which is filled with various
particles (Chen et al. 2024). The primary achievement of
this work is the creation of a soft actuator that incorporates
both rigid and deformable particles. As a result, the soft
actuator can undergo significant bending deformation due
to membrane contraction or particle expansion. The use of
numerical simulation was instrumental in confirming that
the soft actuator and deformable chamber structure can sup-
port extensive deformation behavior. The particle jamming
effect was utilized to achieve variations in stiffness. Another
recent study introduced a soft actuator for hand rehabilita-
tion (Pan et al. 2022). This actuator can adjust its stiffness
based on the addition of a stiffener to its main structure,
a function inspired by the properties of bamboo fiber (Lv
et al. 2024). In this soft actuator, both the output force and
bending torques were experimentally quantified. Addition-
ally, the results from the simulations were found to align
with the experimental data. The research highlighted a rapid
response, which is beneficial for closed-loop control. The
stiffness of the gripper could be tuned, but there is some
limitation in the range of stiffness due to inherent properties
of the soft material. There is jamming based systems that
can be used as strategies to change the stiffness of the grip-
per (Manti et al. 2016). For example, granular gamming that



A novel approach to enhancing smart stiffness of soft robotic gripper fingers for wider grasping...

has the capability to tune the material from the liquid state to
the solid state and vice versa. These jamming-based systems
seem to be simple to be used and combined with robotic
systems. So, jamming mechanisms have laid the groundwork
for pioneering a new paradigm in soft robotics.

Layer jamming principle is one sort of stiffness variation
mechanism that is based on the tuning of material proper-
ties (Narang et al. 2018). A pneumatic actuator is used to
drive the jamming layer. The driving layer might flex due
to air pressure, and the jamming layer can vary in stiffness.
The bending angle of the driving layer is dependent on the
pressure differential when actuated by air pressure (Fitzger-
ald et al. 2020). A high- force soft pneumatic actuator was
presented that is consisted of that consists of a spring, an
eccentric silicone cylinder, and a limiting fiber (Cheng et al.
2022). The tip force and response time of the developed
actuator were experimentally characterized. The results
showed the large tip force and fast response capability of
the actuator. The soft pneumatic actuator that was developed
has been utilized to assemble a three-fingered soft gripper.
This soft gripper has the capability to successfully grasp
objects of varying sizes and shapes, and can handle objects
weighing up to 1.25 kg. A soft robotic gripper based on
layer jamming was presented to provide high adaptability
and payload (Zeng and Su 2023). This research shows that
the method of layer jamming, which actively adjusts stiff-
ness, in conjunction with a 3D printed soft finger, effectively
enhances the payload capacity of soft grippers.

Also, layer jamming principle has the advantages of
acceptable range of stiffness variation (Wall et al. 2015; El-
Sayed et al. 2014). Thus, a desirable option to be explored
for a potential adoption within an overall cable drive mech-
anism to design soft robotic gripper. A bioinspired soft
manipulator was introduced based on granular jamming
based mechanism (Ranzani et al. 2015). The soft manipula-
tor is used for minimally invasive surgery (MIS) and it is
composed of soft materials and it has been designed to pro-
vide similar motion capabilities as the octopus’s arm (Sadati
2015). different research work was presented to show the
stiffening capabilities of soft actuators based on jamming
(Wall et al. 2015). The stiffening mechanism based on gran-
ular and layer jamming as two possible methods to achieve
stiffening with PneuFlex actuators (Deimel and Brock
2015c). On the other hand, tuning the stiffness of an entire
structure was found in variable stiffness mechanism using
wire spring (Hayashibara 2008). A robotic gripper design
with variable stiffness was proposed and fabricated a modi-
fied additive manufacturing (Yang et al. 2016). The robotic
finger’s movement is powered by a pneumatic soft actuator.
The creation of this innovative finger design is facilitated by
an adapted 3D printing technique. A theoretical model has
been established to illustrate the correlation between the air
pressure in the soft actuator and the deflection angle of the

finger. A robotic gripper, designed to be compliant, has been
unveiled, featuring three fingers with adjustable stiffness.
The fingers’ shape-shifting ability is facilitated by a cable-
driven mechanism, while the alteration in stiffness is made
possible through a process known as layer jamming (Gao
et al. 2020). Another jamming techniques that is based on
filament jamming was presented to produce variable stiffness
structure (Hu et al. 2021). The jamming of filament under a
vacuum pressure provide softness and shape adaption that
can meet different applications. The study indicates that the
filament jamming structure showcases a rapid response and
adaptable impedance performance. Our research highlights
the multifaceted capabilities of jamming technology, such
as shape adaptability, shape retention, stiffness consistency,
and flexibility.

This paper aims to address these challenges by explor-
ing the design and operation of a soft robotic gripper fin-
ger driven by cable technology. Specifically, it investigates
how the attachment or detachment of jamming chambers
can facilitate easy adjustment of the gripper's stiffness. The
study also examines the effectiveness of these jamming
chambers in modifying gripper finger stiffness and assesses
the gripping force on objects of varying hardness through
a closed-loop simulation model. The proposed closed-loop
control scenario aims to offer potential enhancements for
future control algorithms.

This paper attempts to provide response to the following
research questions:

1. How does the design and operation of a soft robotic
gripper finger, driven by cable technology, enable it to
adapt to the shape of an object, and how does the attach-
ment or detachment of jamming chambers allow for easy
adjustment of the gripper’s stiffness?

2. What is the role and effectiveness of the jamming cham-
bers in changing the stiffness of the gripper fingers when
required?

3. How does the closed-loop simulation of the soft gripper
model perform when assessing the gripping force on
objects of varying hardness, and what potential enhance-
ments for the control algorithms does the proposed
closed-loop control scenario offer for future develop-
ments?

2 Materials and methods
2.1 Basic requirements and specifications
of the proposed design concept of the soft

gripper finger

In this section the design requirements and specifications
of the soft gripper are presented in order to meet certain
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requirements in the area of food industry as an example. As
a proof of concept in formulating soft gripper design speci-
fications, a set of requirements have been listed in Fig. 1.
In specific, two main aspects are highlighted to fulfil the
requirements of developing the soft gripper. Firstly, tech-
nology used in the design of soft gripper. Secondly, soft
material that is used in the design of gripper finger and both
particle and layer jamming chamber.

In order to select the technology of actuation that could
meet the design requirements and specifications. It is found
that the actuation of the soft finger can be achieved using
single motor and actuation cable (Hussain et al. 2021).

In under-actuation mechanism, number of degrees of
freedom (DOF) is greater than number of actuators. Under-
actuation mechanism has low inertia, light weight, and low
time response (In et al. 2011). The device is adaptable to var-
ious object shapes. In addition, Under-actuation mechanism
tends to enhance the compactness of the gripper as well as to
imitate the human muscular principles (Luo 2013). There-
fore, Under-actuation mechanism could be an appropriate
approach to meet the design requirements of the gripper.

Selection of soft materials can provide deformation dur-
ing interaction between the gripper and the environment
(different objects) [62]. Thus, the body of the gripper can
be deformed due to the flexibility of the soft material used
and as a result it can adapt with the shape of the object.
On the other hand, exploiting soft material with variable

Fig. 1 Overall system require-

stiffness can simplify the overall control scheme of the grip-
per system. For example, silicone elastomer that has low
modulus of elasticity can be used to provide softness to the
gripper fingers. Another approach to control the stiffness of
the material is to embed it with stiffer materials such as wax
[63] or metal [64].

2.2 Proposed configuration of the soft gripper
finger: single finger module, particle and layer
jamming chambers attached to the soft gripper

The design of the finger was inspired from the human finger
itself. The finger mimics the human finger in shape, three
phalanges, and dimensions (Manti et al. 2015a; Hassan et al.
2015). The material of the finger is fabricated from soft sili-
cone materials Dragon Skin 30 (Smooth-On, Inc.), with an
elastic modulus of 1 MPa (Fig. 2e) (Hassan et al. 2015). The
finger is actuated by using single servo motor and actua-
tion cables, as the actuation cables mechanism has previ-
ously been used in various approaches (Manti et al. 2015a,
b; Dong et al. 2018). The actuation cable is a single wire
loop which passes through tubes that are embedded inside
the soft finger and U-tubes placed inside the distal phalanx
(Manti et al. 2015¢). A pulley is attached to the shaft of the
servo motor, as the servo motor is actuated the overall length
of the wire that is wound on the pulley, hence the length of
the wire is reduced and that is allowing the finger to bend.

ments and specifications

v

Design Requirements (R)

W -

v

. R1, Gripper should be able to adapt with objects to be grasped by changing the stiffness

. R2, Gripper should have acceptable time response

. R3, Gripper should be able to grasp objects of different geometries

. R4, Gripper should us simple control algorithm to control the grasping force and stiffness

v

Design Specifications (S) 1

W N -

. S1, Average response time up to 1s

. S2, Settling time for different objects is about 9 s
. 83, Range of grasping force is from 0 to 2 N

. S4, Range of stiffness is from 0 to 0.5 N/mm

v

Building prototype to proof the concept
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Fig.2 a Unjammed state of the soft finger on the left hand side and
jammed state of the soft finger on the right hand side, b actual combi-
nation of particle jamming chamber with the soft finger (schematic on

Stiffness variation mechanisms are found in some previ-
ous research work that are based on either tuning of mate-
rial properties using intrinsic material effects or tuning the
stiffness of an entire structure by changing its geometry. In
the present work, the idea is to combine the under-actua-
tion cable driven mechanism that provide the movement of
the soft gripper finger with particle or layer jamming. The
movement of the fingers is provided by the motor and cable
transmission. The particle or layer jamming chamber, on the
other hand, is responsible for the variations in stiffness of
the fingers. For example, grasping objects that require stiffer

the left and actual representation on the right), ¢ actual combination
of the layer jamming chamber with the soft finger (schematic on the
left and actual representation on the right)

fingers can be accomplished by activating the layer jamming
chamber. To achieve certain requirements, particle and layer
jamming both need to be enabled in some circumstances.
However, in order to control the stiffness in different sce-
narios, particle or layer jamming chamber may be attached
to the soft gripper finger. In specific, the current research
investigates the combination of under-actuation cable driven
mechanism with particle (Granular) and layer jamming.
The particle jamming chamber in the current work was
made using ground coffee as it is easy to acquire, com-
pletely harmless, and offers good weight-to-strength ratio
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(Wall et al. 2015; Wei et al. 2016; Hou et al. 2019).The
stiffening coffee chamber has a cylindrical shape filled
with ground coffee. A six grams of ground coffee within
a volume of 15 cm® compartment. The coffee chamber
filled with ground coffee is shown in Fig. 2h (on the bot-
tom). In the current research also a layer jamming was
adopted as it is potentially uses the available volume in an
efficient manner (Wall et al. 2015). The structure of the
layer jamming consists of two interleaved stacks of sheets
that are fixed at the end of the gripper finger. The sheets
are made from 100 pm a thermoplastic material (PET)
foil and are separated from each other by 800 um within
a stack. Each stack consists of four interleaved layers,
resulting in 8 layers total (Fig. 2h on the top).

In order to vary the stiffness of the soft gripper finger,
particle or layer jamming methods can be used. The soft
finger can be changed from unjammed state to jammed
state by attaching a particle jamming chamber as shown
in Fig. 2i. Jamming is induced by increasing density in
the flexible membrane due to the applied vacuum. A
syringe has been used to show the behavior of the soft fin-
ger structure from an unjammed state to a jammed state.
Two approaches of particle and layer jamming have been
experimentally applied to check the combination of those
two capabilities with cables actuation mechanism. Those
two approaches can be exploited in the future develop-
ment of soft gripper fingers. The two approaches will be
discussed in the following sections in terms of: (1) Cables
actuation combined with particles jamming, (2) Cables
actuation combined with layers jamming.

In particle jamming, individual particles get com-
pressed together, locking each other in place. Hence, this
method is called particle jamming or other similar par-
ticles. Coffee powder can be used as granular material
and latex as containing membrane. Jamming is induced
by increasing density in the flexible membrane due to
the applied vacuum. By controlling the vacuum level,
the stiffness can be to a level suitable for a requirement
(Fig. 2a, f). Layer jamming replaces granular material
with sheets that stiffen when pressed against each other
[70]. Forces between individual sheets are spread over
a large area of contact, greatly reducing the pressure
required to maintain stiction. The structure of the layer
jamming consists of two interleaved stacks of sheets that
are fixed at the end of the gripper finger. The sheets are
made from 100 um PET foil and are separated from each
other by 800 pum within a stack. Each stack consists of
four interleaved layers, resulting in 8 layers total Fig. 2b,
g show the soft finger with a layer jamming chamber are
attached with a cable mechanism and the actual combina-
tion respectively.
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3 Experimental characterization setup

In this section, the experimental setup of the soft finger’s
performance in terms of stiffness at different types of jam-
ming methods will be presented. In order to characterize
the performance of the soft gripper finger, three cases of
soft finger mechanism will be considered in order to test
the capability of resisting deformation of the soft finger in
response to external forces in each case. Also, the experi-
ments considered the response time, which indicates the soft
finger's speed of reaction. The procedure involved measuring
the response time for three scenarios: the single module soft
finger, the single module soft finger with particle jamming,
and the one with layer jamming chambers attached. Detailed
findings are provided in the results section.

3.1 Tests of the single soft finger module
3.1.1 Part 1: test for under actuation soft gripper finger

The soft finger is fixed in such configuration as shown in
Fig. 3. By considering the unidirectional actuation nature
of the proposed soft finger, loading can be classified into (1)
External force F with corresponding displacement X along
the bending plane (axial) as shown in the schematic diagram
in Fig. 3a. The force developed by the soft finger module was
measured by positioning an ATI Mini45 load cell. In the test
setup as shown in Fig. 3b, the finger is actuated by a servo
motor that is attached to pulley system which is pulling the
actuation cables. A pulling cord connects the tip of the test-
ing finger with the face of the load cell. Arduino Uno and
FSR (force sensitive resistor) have been used to operate the
servo motor in order to provide the movement to the soft
finger. The single module finger was tested while the under
actuation is activated, and the force was measured using the
load cell. The experimental procedure started by activation
of the servo motor via the FSR. The single module finger
began to be bended to the full range, simultaneously a strip
is attached into the finger along with the load cell in order
to measure the tension force at this case.

3.2 Part 2: test of under actuation mechanism
combined with particle jamming for soft
gripper finger

In Fig. 4, activation of particle jamming chamber that is
attached to the soft gripper finger was performed. It was
assumed that the cable ties are affixed at the ends of the
jamming chamber on both sides. Consequently, it is con-
sidered that the active segment of the jamming chamber to
be the area between these attachment points. The test was
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Load cell (F)

R

Soft finger (L)

Actuation cable

Pulley

Servo motor I

Variable displacement guide (X)
(a)

Load cell

Force sensitive resistor for on
/off operation of the servo motor
Soft finger

Arduino
microcontroller

\C Pulley carrying the

actuation cables

®)

Fig.3 Measurement setup for the soft gripper finger, a schematic dia-
gram of the setup and b experimental setup

conducted in three steps; firstly, while the finger in a vertical
case and the particle jamming chamber was active. Secondly,
the particle jamming was an activated and then the soft fin-
ger has been bended by using the actuation cables. Thirdly,
the particle jamming was activated while the soft finger in
the bending state.

3.2.1 Part 3: test of under actuation mechanism combined
with layer jamming for soft gripper finger

Similar test procedure has been performed to test under
actuation mechanism combined with layer jamming for soft
finger (Fig. 5). The layer jamming chamber has been acti-
vated while the soft finger in bending state in order to check

the stiffness of the whole structure at the combined state of
the under actuation with the layer jamming.

3.3 Configuration of the two fingers gripper

The two fingers gripper combined with particle chamber
and layer jamming can be shown in Figs. 6 and 7 respec-
tively. The actuator (servomotor) provides motion to the soft
fingers through the pully and cable mechanism. The parti-
cle jamming chamber is stiffening to resist external load or
freeze the current position of the finger. Figure 6a show the
two chambers attached to the two soft fingers in vertical ori-
entation and they are activated to keep the vertical position
of the soft fingers. However, Fig. 6b shows the bending situ-
ation of the two fingers and they are freezing at that bending
position thanks to the particle jamming chambers.

The layer jamming chambers are attached to the two soft
fingers to support the current state of the fingers similar to
the particle jamming chambers that are presented earlier.
Fig. 7a shows the vertical orientation of the combined layer
jamming chambers with the soft fingers. However, Fig. 7b
shows the bending state of the two fingers while the layer
jamming chambers are activated to freeze the bending situ-
ation of the fingers.

3.4 Proposed controlled stiffness steps using
a force sensor

In this section a proposed controlled stiffness strategy using
force sensor (FSR) will be presented. The steps will be based
on the reading received from the FSR sensor that is attached
to the soft finger (Fig. 8). The FSR sensor measures the force
when the soft finger is in contact with the object and accord-
ing to the reading from the FSR the main controller will
activate the jamming chamber. The Firstly, the finger will be
receiving the movement from the actuator to bend towards
the object and hence it is in contact with the object the read-
ing from the FSR will be received by the jamming control-
ler which will activate the chamber by providing signal to
the vacuum pressure via solenoid valve to let the jamming
chamber activated and freeze the state of the fingers. The
schematic diagram of the proposed controller architecture
can be seen in Fig. 9.

The relation between the force measured by the FSR
sensor and jamming pressure that is to be applied to
the jamming chamber can be seen in Fig. 10. It can be
assumed that for objects with light objects such as plas-
tic sheet, which can be grasped by using the soft fingers
without the need to activate the jamming chamber. There-
fore, in this case the FSR reading will measure low con-
tact force between the ball and the soft finger. Table 1
summarizes the activated and non-activated states of the
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Fig.4 Under actuation mecha-
nism combined with particle
jamming for soft finger

{ Load cell

Soft finger
at vertical

Particle jamming
chamber

| &

A

Soft finger at bended state

Particle jamming
chamber

Fig.5 Under actuation mecha-

Load cell
nism combined with layer jam- e

Soft finger at vertical state

Soft finger at bended state

ming for soft finger

chamber (activated)

stiffness jamming controller and the position controller of
the gripper system according to different type of objects.

The flow chart of shown in Fig. 11 shows the steps from
the start to the end for the stages of grasping the objects.
The flow chart starts by providing the required movement
to the fingers and the second step after the finger touches
the object the FSR sensor measures the force. According
to the range of forces stored in the controller, the action
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Actuation cables

will be taken by the controller to activate or non-activate
the jamming chamber.

For more clarification, A Matlab/Simulink was used to
build a block diagram to show the simple two states of the
jamming and an jamming of the chamber along with the
movement states of the soft fingers (Fig. 12). The IF state-
ment block was used to compare reading of the FSR sensor
with threshold reading and afterwards the action by the main
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(a) (b)

Fig.6 The two fingers gripper combined with particle jamming chambers are oriented in a vertical position and b bending position

(@) (b)

Fig.7 The two fingers gripper combined with layer jamming chambers are oriented in a vertical position and b bending position
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Layer jamming
chamber

Force sensor (FSR)

Soft finger

Fig.8 Soft finger combined with layer jamming pack and the FSR
sensor is placed on the soft finger

controller will be taken. As can be seen in Fig. 12, if the
reading of the FSR is 1 Volt while the reference is 0 volt, the
jamming pressure will be zero (not activated) and the posi-
tion controller will be 5 volt it means the servomotor will
provide the movement to the fingers. Case number 2, when
the reading of the FSR is greater than the reference signal,
in this case both jamming pressure will be 20 kPa (activated)
and position controller will provide 5 Volt control signals
to activate the servo motor to be actuated and consequently
provide the movement to the finger.

4 Object dynamics

A scenario is presented in which two fingers are placed next
to each other to grasp the object. The object dynamics are
simplified and depicted as a mass-spring-damper system,
with the object in its deformed state illustrated in Fig. 13.
To control the finger force (FSR sensor), It was assumed
that in contact situation between the finger and the object a
definite distance X, will be obtained according to the finger
force Fr (Fig. 13a). The interaction between the finger and
the object as can be shown in Fig. 13b, the object is pressed

Fig.9 The schematic diagram
of the proposed controller
architecture

Main controller

Stiffness jamming
controller

Pressure kPa

AR

Air control valve

Sensor feedback

Pressure sensor

Soft finger
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1 1 J
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Fig. 10 Relation between the FSR sensor and the jamming pressure

by the finger and then a deformation X;,;, will be produced
and under this assumption that has been proposed that the
exerted force (grasped force) will be by Fl,,,. As a result,
the force exerted by the object and detected by the fingertip
sensor is shown in Eq. (1).

Fgmsp =dx +k(x—r) ()

To maintain simplicity, it is assumed that the object's
shape to be spherical. The interaction forces, denoted as F,
and F; as can be seen in Eqs. (2) and (3), arising from the
object dynamics, are delineated relative to the Cartesian
position and velocity of the central mass, and the left and
right end-effectors, denoted as x and x ~ respectively.

Fr= —k,(l - (xm - x,)—d,(x'r - xm) )

Fi=k(l - (x-x,)-dx, - x) S

where: F;: Left force, F,: Right force, F;: Force of damper
and spring left finger, F;,: Force of damper and spring right
finger, X, : object position, X,: Right finger position, X;: Left
finger position, d, ;: Damping coefficient, k, ;: Stiffness coef-
ficient, m: Mass of the object, r: Radius of the spherical
object.

The control scheme can be developed using Matlab/Sim-
ulink environment to study the performance of the controller
based on different values of distance X,. The closed-loop
Simulink block diagram provides a comprehensive visual
representation of the entire gripper system, offering insights

into its intricate design and functionality (Fig. 14). Each
component within the system is interconnected, forming
feedback loops that enable dynamic interactions and control
mechanisms. The force controller utilizes a PID algorithm
to adjust the gripper's performance based on the error sig-
nal received. Additionally, the simulation can predict the
behavior of the gripper under various grasping conditions,
offering valuable insights into its performance characteris-
tics. Moreover, closed loop force Simulink block diagram of
different categories of objects is shown in Fig. 15. In order
to study the performance of the gripper’s force controller,
the grasping performance will be examined based on three
different types of objects with varying degrees of softness:
a sponge, plastic bottles, and a glass cup. Different force
profiles will be used for these three objects to study the con-
troller’s performance. As a result, this will provide insights
about the degree of stiffness according to the rate of softness
for each object. The outcomes of the simulation results will
be discussed in the Results section, which follows later in
the paper.

5 Results
5.1 Characterization of the of soft finger module
5.1.1 Stiffness for single soft finger module

The definition of stiffness represents an object’s ability to
resist deformation when subjected to external forces. In this
study, stiffness is calculated using a force, denoted as F, that
causes a displacement, denoted as X. The measurement of
stiffness of the is performed using the setup shown in Fig. 3.
As The graph shows a maximum force of 1 N at 20 mm
distance as the force increase linearly versus the distance
Fig. 16.

5.1.2 Stiffness of single soft finger module combined
with particle jamming

In the second mode, the particle jamming chamber was
attached to the soft gripper as in Fig. 4. Similar procedure
of testing of single finger module was performed in order
to get a relation between force versus displacement shown
in Fig. 16. As can be noticed from Fig. 16, that there is a

Table 1 The activated and
non-activated states of the
stiffness jamming controller

and the position controller of
the gripper system according to
different type of objects

Object type FSR reading Finger movement Jamming controller
controller

Plastic case, DVD disc ~0 Activated Not

Plastic bottle, cup 0-1N Activated Activated (0- 20 kPa)

Tomato, cucumber, Wooden box More than 1 N Activated More than 20 kPa

@ Springer
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Fig. 11 Flowchart shows the
stages of grasping the objects Start
by soft fingers combined with
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jamming chambers 1

Actuator (Servo motor) 1s
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Cables are providing movement
to the soft finger
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Read the pressure sensor

v

(range)
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Reading > threshold

Actuator (Servo motor) is
turning off (braked)

v

Object grasped

Controller to activate

The jamming chamber

v

Freeze the current state of
the finger

-

Actuator (Servo motor) is
turning off (braked)

.

Object grasped

.

[ End

h

proportional relation between force and displacement. How-
ever, in the case of attaching the particle jamming chamber,
the force is about 1.75 N which is higher than the case of
single finger module at the same distance of 20 mm. That is
to say that if the particle jamming chamber attached to the
soft gripper, the force is improved and becomes higher with
an amount of about 0.75 N. Also, simulation of deflection
for the particle jamming chamber with the finger is shown
in Fig. 16.

@ Springer

5.1.3 Stiffness of single soft finger module combined
with layer jamming

The plot in Fig. 16 shows the maximum force of 2.25 N at
20 mm distance. It can be noticed that in this case the force
is higher than the forces in both previous cases. The layer
jamming chamber increases the stiffness of the whole sys-
tem better than the particle jamming as well as the single
soft finger.
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Fig.12 A Simulink block diagram illustrating the activation and non-activation of the position and jamming controllers based on two simple

conditional states of the main controller action

5.1.4 Stiffness calculation

The calculation of the stiffness for each case—single finger
module, particle jamming, and layer jamming—can be per-
formed using the force-displacement plots shown in Fig. 16.
By determining the slope of the force-displacement curve at
certain displacement values, we can represent the stiffness
with the slope (k). This is calculated using Hooke’s Law as
shown in Eq. (4)

k=F/X )

where k is the stiffness, F is the force applied, and X is the
resulting displacement.

In this study, three displacement values of 5, 10, and 15
mm were chosen to calculate the stiffness at each case of the
soft finger. The stiffness at three different conditions of the
soft finger will be calculated according to Eq.uation (4). The
calculations of the stiffness for the three different cases are
summarized as shown in Table 2.

As can be observed from Table 2, the stiffness of the
single finger under both the single condition and particle
jamming shows a gradual increase in stiffness values at
the three displacement values. This suggests that the rela-
tionship between force and displacement is proportional,
likely due to the constant structural properties with small
deformation. However, the condition of the single finger
combined with layer jamming presents interesting stiffness
values at displacements of 10 and 15 mm, which are 0.172

and 0.133 respectively. Interestingly, the stiffness value
decreases as the displacement increases, causing stiffness
modulation which introduces non-linearities in the stiff-
ness response.

5.1.5 Response time of the soft finger module

Response time is another means to define the soft fin-
ger dynamic response. Understanding the response time
is essential for designing control systems that can accu-
rately and efficiently control the gripper's movement. Also,
in applications requiring real-time adjustments, such as
handling delicate objects, the control system relies on the
response time to make quick corrections based on sensor
feedback Response time is calculated while the finger’s
output reaches a specific percentage of output value when
a step change is applied to its input. The step input func-
tion is applied to the system to determine the behavior
and speed of the system in response to a change in input
the step force responses of the soft finger at the three dif-
ferent cases are illustrated in Fig. 17. The response time
is calculated according to 98% criteria. So, it can be seen
in case of soft finger module the response time is about
0.8 s due to an amount of force of 1 N. For the particle
jamming chamber that attached with the soft finger and
the layer jamming, the response times are 0.75 s and 0.85
s respectively.
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Fig. 13 a Simplified schematic

representation of an object v v

grasped by the soft Finger, mod- « ! "y

elled as a mass-spring-damper

system and b deformation of the Object
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5.2 Simulation of the soft gripper

One of the criteria used to determine the characteristics
of the gripper’s grasping force is the response to step and
sinewave force inputs. Therefore, the soft fingers gripper
proposed in this work is subjected to a step input force of
2 N, as illustrated in Fig. 18. The simulation at this state
is based on the soft gripper, providing insight into the
controller’s functionality in response to step input grasping
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Hfmger
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Air pressure supply

Object after deformation

Right finger
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force. Additionally, the simulation results demonstrate the
performance of the finger force due to environmental inter-
action (objects). Both the step input and sine wave signal
were used to test the controller’s functionality at a force
value of 2 N. The PID controller was tuned to achieve
acceptable performance. The results showed an error of
about 0.1 N at the 5-second mark, which was selected as
the time period to study the performance of the gripper
system.



A novel approach to enhancing smart stiffness of soft robotic gripper fingers for wider grasping...

Fig. 14 Closed-loop force
control scheme of the gripper
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Fig. 15 Closed loop block diagram of the gripper system at different objects force profile

5.2.1 Force measurement scenario of different objects

The grasping force of the target object is a significant param-
eter that must be established when the gripper grasps an
object. A rigid object, such as a glass cup or metal con-
tainer, has a high stiffness and will not be distorted by the
grabbing force. The upper limit force for this category of
items is defined as the maximum limit of the applied force of
the robot finger. Soft objects, such as plastic or paper cups,
have a medium stiffness and can deform when the grasping
force of the robot hand is increased. Because the force that
deforms objects is bigger than the lift-off gripping force in
this category, the optimal upper limit force is selected to

have the smallest difference between the two forces. The
third category includes exceedingly soft objects like sponges
and other items with little rigidity. A small grabbing force
deforms this type of item. Yet, unlike soft things, this dis-
tortion is acceptable for the robot hand to maintain a secure
grasp even if it produces a minor deformation of the item
surface. The idea for our method is that various stiffness
objects will have different mechanical responses to the ini-
tial touch. As a result, force data for determining stiffness is
gathered and processed. Force curves response of different
categories of objects can be shown in Fig. 19.

The output simulated output force. The Results of the
simulation of the gripper finger using PID controller can be

@ Springer
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Fig. 16 Stiffness of the soft finger at three different conditions, Single module soft finger, single module soft finger combined with particle jam-
ming, and single module soft finger combined with layer jamming

Table 2 Stiffness values of a single finger under three different condi-

tions, measured at various displacement values

seen in Fig. 20. The Simulated system attempts to follow the

reference profile force of sponge, plastic bottle, and the glass
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cup respectively as shown in Fig. 20a—c.
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Fig. 18 Force simulation results

a Force simulation results 2.5 T

against a reference step input
value of 2 N, b force simula- /\
tion results against a reference 2 \_—/_
sinewave value of 2 N ~
Z i |
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s 17 -
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Force (N)
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grasping mechanism. In such cases, actuation technology
alone may not be sufficient and can be combined with a stiff-
ness mechanism to provide adaptability while grasping soft
or hard objects. In order to link the outcomes of the paper to
research question 1, the developed soft finger module used
the simple actuation technology that is driven by motor and
cable mechanism which is easy to operate and control using
a microcontroller, and it requires less power. The jamming
chambers, which utilize both particle and layer jamming,
are presented in this paper. They have been attached and
detached from the soft finger using cable ties. However, it is
believed that the attachment and detachment of the jamming
chambers to the soft finger require further improvement in
the future which will be considered.

For research question 2, the effectiveness of jamming
chambers is essential when needed. In some scenarios, it is
enough to utilize the soft finger that is actuated by the motor
and cable mechanism. However, in cases such as grasping
objects of various degrees of softness, the activation of the

2 3 4 S
Time (sec)

(b)

jamming chamber will vary the stiffness and enhance the
control of the object’s grasp. The paper proposed a scenario
of how to control the jamming chambers based on pneumatic
pressure using a force sensor. A full simulated block diagram
was presented, illustrating the activation and non-activation
of the jamming chambers based on two simple conditional
states. This proposed control scenario will be beneficial for
researchers to understand the physical operation of activat-
ing and deactivating the jamming chambers when required.
The third research question addressed in the paper presents
a proposed closed-loop system utilizing a PID controller to
regulate the grasping force of the soft gripper. The system
was tested with three distinct target objects: a sponge, a
plastic bottle, and a glass cup. In all three cases, the output
forces successfully followed the reference force. However,
to generalize the grasping performance of the soft grip-
per, it is advisable to increase the variety of objects tested.
In order to link the results with the design requirements
depicted in Fig. 1, a prototype of the soft finger module was
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developed. The stiffness mechanisms of particle and layer
jamming were employed to control the stiffness of the soft
finger. These mechanisms were easily attached to the soft
finger. The jamming mechanism chambers were affixed to
the soft finger, facilitating stiffness adjustments as needed.
The design and development of these jamming chambers
were straightforward, resulting in less complexity in control
at this stage.

A control system architecture was proposed for managing
the stiffness chambers using a simple force sensor (FSR).
A flowchart was also presented, illustrating the sequence
of steps for grasping objects using the controlled stiffness
architecture. Additionally, a simulation was provided, dem-
onstrating the activation and deactivation of the position and
jamming controllers, based on two simple conditional states
of the main control action. Regarding response time, the rise
time for the soft finger was measured under three scenarios:
single module, particle, and layer jamming. An average
value of 0.75 s was observed, aligning with the design speci-
fications. The proposed soft gripper force control was tested
on three different objects of varying shapes and degrees of
softness. However, the grasping force for these three objects
was found to range from O to 2 N. This indicates that testing
of the soft gripper with a variety of objects is suggested,
to maximize the range of the grasping force and meet the
overall system specifications.

7 Conclusions

This paper presented a soft finger module was developed
for this purpose. This module is attached to both particle
and layer jamming mechanisms. A proposed simulation to
control the jamming chambers was introduced based on two
simple conditional states of the main controller action. The
performance of soft finger module setup was evaluated. Both
experimental tests and simulations were conducted for this
assessment. Also, the paper presented a soft gripper module.
It can interact with three objects: a sponge, a plastic bottle,
and a glass cup. The results provide insights into the effec-
tiveness of the model. This contributes to the field of smart
controlled grippers. The findings can be applied to improve
future designs. The paper thus offers valuable information
for researchers and practitioners.

The proposed design of a combination of granular method
and cable mechanisms have been prototyped to proof the
concept and tested to assess their both static and dynamic
performances. The soft finger that is driven by cables and
combined with both particle and layer jamming mechanism
in order to vary the stiffness was tested in terms of stiffness,
force, and time response. Moreover, a simulation of the soft
finger was conducted in order to predict the deflection at
different applied forces. The maximum force achieved with

a combined approach has been increased by 125% from 1
Newton to 2.25 Newtons. The response time with current
experimental setting is under 0.85 second. This response
time is still slow for time critical and rapid response applica-
tion. it is therefore necessary to extend the work to address
this in future. Although the percentage increase of the maxi-
mum force achieved is promising, the overall force is still
small and further investigation is requited to improve this for
applications where the large amount of forces is involved.
Moreover, modelling, simulation, and control of the overall
gripper system have been presented and force of grasping
has been tested with different objects such as sponge, plastic
bottle, and glass cup.

Author contributions The paper introduces a smart stiffness mech-
anism for soft gripper fingers that has the potential to improve the
grasping abilities of robotic systems. The smart stiffness mechanism
is based on combining the under-actuated cable-driven mechanism of
a soft gripper finger with particle and layer jamming mechanisms. This
creates a new grasping function with variable stiffness for different
manipulation requirements.
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