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Abstract: A systematic approach is presented to achieve the stable grasping of objects through a
two-finger robotic hand, in which each finger cavity was filled with granular media. The compaction
of the latter, controlled by vacuum pressure, was used to adjust the structural and contact stiffness
of the finger. The grasping stability was studied under the concurrent effect of an external torque
and applied vacuum pressure. Stable grasping was defined as the no slippage condition between the
grasped object and the two fingers. Three control schemes were adopted and applied experimentally
to ensure the effectiveness of the grasping process. The results showed that stable and unstable
grasping regions exist for each combination of applied torque and vacuum pressure. The two-finger
robotic hands can be further improved for applications that require high load-carrying capabilities.

Keywords: jamming mechanism; granular media; stable grasping; variable stiffness

1. Introduction

The variety of tasks performed by artificial limbs necessitates a certain level of com-
plexity that is embodied by their composition of several components, which must work
together, synchronously or asynchronously, to achieve these tasks effectively. Like their
natural counterparts, the upper artificial limb’s hand (or end-effector) is of prime impor-
tance since it is responsible for executing numerous actions, including object grasping. The
latter, however, appears trivial to humans and is a complicated action involving close coor-
dination between the fingers to achieve safe and stable grasping. The fingers should grasp
the object in a way that strikes a balance between avoiding excessive pressure, leading to
breakage or deformation, and light pressure, leading to the slippage of the grasped object.
Researchers have proposed and investigated several approaches to develop grasping mech-
anisms, where some considered the fingers as rigid components [1-3]. Others adopted
flexible fingers, fingers with flexible surfaces as an interface for grasping, or fingers with
flexible joints [4-10]. Moreover, under-actuated mechanisms have also been employed to
achieve safe and stable grasping [11-18]. While these approaches have proved effective,
the levels of control and accuracy are still far from the biomimicry of natural grasping.

A reexamination of natural grasping by the human hand indicates that this mechanism
is dependent on the concept of the variable stiffness of each finger. In pursuit of the
latter, roboticists recently emphasized the use of granular media in robotic grasping, in
which the finger stiffness can be controlled and varied on demand during the grasping
process. A novel, yet simple, way to achieve variable stiffness is the jamming of granular
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media in a highly elastic sheath or a rubbery membrane, which was found to provide
effectiveness in actuation [19] and stiffness tuning [20]. Robotic grippers [21,22], passive
variable stiffness soft robotic grippers [23], articulated manipulators [24,25], the palm of a
robotic hand [26], and the feet of mobile robots [27,28] are just a few prominent examples
of integrating the jamming mechanism in practical applications. In grasping applications,
the effectiveness of the jamming mechanism hinges on the symbiotic relationship between
the two primary constituents, namely the granular media and the enclosing membrane.
The process of jamming of the granular media, i.e., the reversible relative motion of the
particles, was demonstrated using a hydraulic or pneumatic control system [29-32], and
pneumatic muscles in soft grippers [33]. The membrane plays a starring role beyond
the elastic confinement of the particles, including stiction, flexibility, and a high degree
of reversibility [34,35]. The shape, size, and morphology of grains are effective in the
performance of granular grippers [36,37].

Despite the startling advancements reported in recent years in grasping through jam-
ming, there is a need for a holistic and systematic approach to developing and controlling
variable-stiffness fingers that closely resemble their natural counterparts. The objective of
this research was to develop a two-finger hand based on the jamming of granular media,
where the membrane of each elastic finger was filled with particles and was operated
by varying the vacuum pressure. This vacuum pressure was developed using a vacuum
pump, and maintained and monitored using a solinod valve and a pressure gauge. The
grasping force was estimated not only by the externally applied torque of the servomotor
but also by defining a relationship between the finger stiffness and the vacuum pressure. A
feedback control system was developed and implemented to track the signal indicating
slippage initiation between the finger and the grasped object, observed by a linear variable
differential transformer. At this point, the servomotor torque and each finger stiffness are
varied to suppress the sliding or slippage of the grasped object. The control system consists
mainly of an Arduino board and a PC.

2. Stiffness Analysis and Measurements

The finger stiffness plays the primary role in defining grasping effectiveness based on
the interplay between the kinematics of the finger and the intricate motion of the granular
media upon vacuum application. Based on the given dynamic interactions between the
former and the latter, an experimental approach was employed to determine and analyze
the stiffness of the finger. In doing so, the finger was assumed to be a cantilever beam,
as shown schematically in Figure 1, where the finger stiffness is defined based on the
contribution of the deflection of the cantilever finger (w) and the deformation of the surface
of the finger (6). Both deformations are due to the applied force (F). The former deformation
is related to the force applied through the beam’s structural stiffness (k;, = F/w) while
the latter is associated with the beam surface contact stiffness (ks = F/J). It is important
to note that finger stiffness depends not only on the geometry but also on the material
properties. The finger’s mechanical properties mainly depend on the vacuum pressure
subjected to the granular media inside the finger cavity, found experimentally as discussed
below. Therefore, the overall finger stiffness can be calculated based on Equation (1).



Electronics 2023, 12, 1902

30f13

Fixed Base

Flexible Finger

Force

Rigid
Cylinder

Flexible Finger
(un-deflected)

Flexible Finger

(un-deformed)

Fixed Base

I
w
&

m

=}
[

8]

=~

(granular media in rubbery membrane)

|¢7 62 mm

Flexible Finger
(deformed)

[}
172}
<
m
k=
L
B
[

Fixed Base

(a) stand-alone flexible finger (b) flexible finger during structural (c) flexible finger during surface

deflection testing deformation testing

Figure 1. (a) Geometric configuration of flexible finger with granular media and elastic membrane,
(b) representation of the structural testing to find the force-deflection data, and (c) surface contact
testing to report force-deformation behavior.
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where:

k¢ is the overall stiffness of the finger;
ks is the surface contact stiffness;

kp is the structural stiffness.

A physical artificial finger was made by filling a compliant elastic membrane with
spherical particles made of resin beads with a density of 0.37 g/cm? and a nominal diameter
of 1.75 mm. The nominal diameter and length of the finger were 22.5 mm and 62 mm,
respectively. The grasped object considered in this study was a rigid cylinder with a 25 mm
diameter, 80 mm length, and a mass of 61 g. Tests were conducted using a universal tensile
testing machine, which was used to apply a controlled force to obtain both the structural
and surface contact stiffness of the finger. A rigid ring was fixed at the free end of the finger,
as clarified in Figure 1b, to ensure that the force (F) would induce the deflection (w) only,
with no effect on the surface contact deformation. All measurements were carried out under
different vacuum pressures ranging between 0 and 0.5 bar at different applied loads. Each
test was repeated five times, and the average is considered in the results. Figure 1a shows
a schematic of the artificial finger with dimension and boundary conditions, Figure 1b
demonstrates the experimental setup to measure the structural stiffness, and Figure 1c
represents the protocol followed for obtaining the surface contact stiffness.

3. Experimentation and Procedure

Following the characterization of the stiffness of individual fingers, a two-finger
robotic hand was designed and fabricated, as shown in Figure 2, where the jamming
of the granular media was controlled using a vacuum pump (Kamoer HLVP15-AU24).
At the same time, the pressure was measured using a pressure gauge and maintained
using a solenoid valve (generate Model 2W-025-08). The two-finger hand was moved
horizontally by a geared platform powered by a servomotor (PFN-13ED04D) to control
the gripping functionality. Before starting a test, the fingers were checked to ensure a
leakage-free state by monitoring the pressure gauge reading. According to the type of
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signals transferred in the system during operation, the system can be divided into three
subsystems: mechanical, pneumatic, and measurement and control, as demonstrated by
the block diagram in Figure 2. The mechanical subsystem consists of the load and torque
applied to the fingers and grasped object, respectively. The pneumatic subsystem applies
and maintains the vacuum pressure inside the elastic fingers. Finally, the measurement and
control of the displacement of the grasped object is achieved through the measurement and
control subsystem. The demonstration of the operation was performed in two steps. The
two-finger hand’s load-carrying capacity was estimated at different servomotor-applied
torques and different vacuum pressures. The latter was varied between 0 and 0.5 bar, while
the former was changed from 1.16 N-m to 1.42 N-m, where, according to the instruments’
specifications, the maximum allowable applied torque and vacuum pressure were 1.42 N-m
and 0.5 bar, respectively. Figure 2a shows the mechanism used to estimate the load-carrying
capacity. At each combination of vacuum pressure and torque, an axial load was applied
through the linear actuator (LA-M-12-40-30-50/105) attached to the grasped object until
the object started to slide away from the fingers. A linear variable differential transformer
(EVAL-CFTL-LVDT-ND) recorded the sliding action. The load corresponding to the onset
of sliding was considered the critical load, above which grasping stability is lost.
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Figure 2. (a) The two-finger robotic hand. (b) Schematic of the load-carrying mechanism. (c) Block
diagram of the system.

Second, the performance and control of the two-finger robotic hand were investigated
and characterized. An axial load was applied to the grasped object as a step input until
slippage started. Concurrently, the mechanism adopted was prohibited from sliding by
varying the applied torque and the vacuum pressure using one of three different control
procedures (Figure 3). The Arduino board was programmed according to the algorithm
of each procedure (i.e., the individual flowcharts in Figure 3). Regardless of the control
procedure, the input signal was the load applied on the grasped object, while the output
signal was the sliding motion sensed by the displacement transducer. The LVDT signal
was also considered a feedback signal for the servomotor and the vacuum pump to adjust
the grasping force to prevent sliding. At the initiation of sliding, and according to the
first procedure, Figure 3a, the servomotor was activated by the feedback signal; hence,
the applied torque started to increase until sliding stopped. If sliding persisted until the
maximum allowable torque was reached, then the vacuum pump was activated to reach
stable grasping, i.e., no sliding. In the second procedure, Figure 3b, the vacuum pump was
first activated according to the feedback signal. The vacuum pressure started to increase
to suppress sliding. If sliding continued until the maximum allowable vacuum pressure
was attained, then the grasping force was increased by activating the servomotor until a
stable grasping condition was approached. In the above two procedures, the activation of
either the servomotor or the vacuum pump was conducted sequentially, or, as one stopped,
the other started. In the third procedure, as described in the flowchart in Figure 3c, the
servomotor and the vacuum pump were concurrently activated after receiving the feedback
signal from the controller. In the third control procedure, both the applied torque and
vacuum pressure were increased simultaneously until the stable grasping condition was
reached. It is clear that the adoption of the above three procedures is due to the main factors
affecting grasping, namely the vacuum pressure and the servomotor torque. Each one was
varied separately in the first two procedures, while in the third procedure, both factors
varied simultaneously.
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Figure 3. Flowcharts of the three control procedures. (a) The servomotor was activated by the
feedback signal. (b) The vacuum pump was first activated according to the feedback signal. (c) The
servomotor and the vacuum pump were concurrently activated after receiving the feedback signal
from the controller.
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4. Results and Discussion

One of the main promising advantages of the investigated flexible fingers is the ability
to tune or vary the stiffness on demand throughout the grasping process. Hence, flexible
fingers can potentially grasp different objects with various shapes without deforming or
crushing these objects. The flexible finger’s overall variable stiffness comprises two com-
ponents, namely bending or structural stiffness and surface contact stiffness, as discussed
before. The relationships between the applied load and the resulting deflections (bending
and surface) are shown in Figure 4. For the case of bending stiffness, Figure 4a shows the
linear relationship between load and deflection regardless of the vacuum pressure used
in the jamming process of the granular media within the finger cavity, where the elastic
finger behaves as a cantilever beam. This monotonic relationship implies that stiffness has a
constant value of 0.75, 1.25, 1.82, 2.07, and 2.67 N/m for vacuum pressures of 0, 0.2, 0.3, 0.4,
and 0.5 bar, respectively. On the other hand, Figure 4b reports the nonlinear relationship
between load and deflection for the surface contact loading due to the Hertzian contact
behavior between the solid grasped object and the elastic finger. The results in Figure 4b
signify the ability to tune the contact stiffness, i.e., grasping effectiveness, as a function
of the applied load and vacuum pressure, where the slope of the force-deflection curve
is the tangent contact stiffness. Interestingly, the contact stiffness at maximum load was
found to be nearly constant at a value of 48.5 N/mm at the highest vacuum pressure used
in this experiment (0.5 bar). The plateau of the contact stiffness at a high load and vacuum
pressure is attributed to the saturation of the jamming process, where the application of
an additional vacuum does not yield any noticeable increase in the compaction of the
granular media.

Furthermore, due to the maximum compaction, the finger surface does not exhibit
any additional indentation as the load incrementally increases. Therefore, it is important
to note that the jamming process, due to an increasing vacuum pressure effectively tunes
both the bending and surface contact mechanisms such that both stiffnesses correspond to
an increase in vacuum pressure. The overall stiffness of the flexible finger with respect to
the vacuum pressure is presented in Figure 4c, demonstrating a quasi-linear relationship
between the overall stiffness and vacuum pressure. Overall, the ability to concurrently tune
the bending and contact stiffness indicates the technological potential of the flexible finger
in gripping and grasping applications.

The load-carrying capacity of the two-finger hand is governed mainly by the vacuum
pressure in each finger and the externally applied torque of the servomotor, which induces
the normal force at the interface between each finger and the grasped object. The results
show that increasing the applied torque and the vacuum pressure enhances the load-
carrying capacity, as shown in Figure 5. The rate of the carried load increased as the
vacuum pressure increased, which is attributed to the increase in the stiffness of each finger.
Therefore, the applied torque provides the ability to grasp the object without deforming
the finger due to contact between the finger and the grasped object. The stable grasping
region of the investigated flexible fingers for each applied torque is located below the curve
relating the load-carrying capacity with the vacuum pressure, at which point there is no
slippage between the fingers and the grasped object. It is imperative to realize that the
grasping effectiveness, shown as load-carrying capacity, is based on the geometrical and
material attributes used to fabricate the flexible fingers. Nonetheless, further tailoring of the
finger performance can be accomplished by changing the geometry of the finger (nominal
diameter and length) and the attributes of the granular material (nominal particle size,
particle material, compaction volume, etc.). The systematic approach reported herein can
then be used to comprehensively characterize and stably control the two-finger hand.



Electronics 2023, 12, 1902 80of 13

8
6
(b)
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Deflection (mm)
E
=
S
=
a
()
=
=
&
I
7]
=
(@]
O 1 1 1 1 1
0 0.1 02 0.3 0.4 0.5 0.6

Vacuum Pressure (bar)

Figure 4. (a) Structural load—deflection characteristics of the elastic finger. (b) Surface contact
load—deflection characteristics of the elastic finger. (c) The overall stiffness variation with vacuum

pressure.



Electronics 2023, 12, 1902

90f13

Load Carrying Capacity (N)

— —T=1.16 N-m
——T=1.42 N-m

0.1 0.2 0.3 0.4 0.5 0.6

Vacuum Pressure (bar)

Figure 5. The load-carrying capacity of the two-finger hand as a function of vacuum pressure and
applied torque, where the area under each curve constitutes the condition of stable grasping for this
specific torque.

The dynamic performance of the two-finger hand was investigated and controlled
using the three procedures stated previously. Three different loads (1.5, 2.5, and 3.5 N)
were applied to the grasped object stepwise for each procedure. Three metrics were used to
assess the effectiveness of each procedure:

The occurrence of stable grasping or not;
The sliding distance traveled by the grasped object until the stable grasping condition
was reached;

e  The time required to reach stable grasping condition.

The dynamic response of the two-finger hand for the first loading case (i.e., 1.5 N)
using the three control procedures is presented in Figure 6a. The fastest response to attain a
stable grasping condition was achieved by the third procedure within 48 ms, followed by
the first procedure within 59 ms, and the slowest response is from the second procedure
within 110 ms. However, the sliding distance of the grasped object to stable grasping is less
for the third procedure, as compared to the other two procedures. The displacement-time
histories based on the first and third procedures when the load increased to 2.5 N are
shown in Figure 6b. The time to achieve stable grasping was found to be 150 ms and 70 ms,
respectively. In the case of 2.5 N, stable grasping was not attained using the second control
procedure. Finally, for a load of 3.5 N, the third procedure was the only schema able to
achieve stable grasping within 120 ms, as shown in Figure 6¢. Therefore, the most effective
procedure to reach stable grasping is the third procedure, whereas the first and second
procedures fail to attain a stable grasping condition as the load carried by the grasped
object increases.
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Figure 6. The dynamic response of the flexible two-finger hand with an applied load of (a) 1.5 N, (b)
2.5N, and (c) 3.5 N, showing control procedures that were able to achieve stable grasping.

The dichotomy between the transient response of the vacuum-assisted jamming pro-
cess and the torque applied by the servomotor is the prime decider of the success of a
control procedure as a function of the applied load. In other words, the combined effects of
the servomotor torque and vacuum pressure lead to the stable grasping condition, where
the induced grasping force depends on the vacuum pressure inside the finger cavity for a
specific servomotor torque applied. However, the timing difference in applying the torque
and pulling the vacuum is inherently crucial, given the dynamic nature of the investigated
grasping process. For example, it was found that the time required for the servomotor to
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reach its maximum torque supply of 1.42 N-m was 45 ms, while the vacuum pump took
150 ms to reach a maximum pressure of 0.5 bar in the fingers’ cavities. It is important to
note that these are limitations of the constructed experimental setup and can be improved
by adopting different servomotors and vacuum pumps; the hardware evaluation was
beyond the scope of the current research. Hence, the second procedure could not attain
a stable grasping condition for two of the loads applied to the grasped object. In the
second control schema, the vacuum pump was first activated due to the time needed to
reach maximum vacuum pressure being longer than the time required to apply maximum
torque. Subsequently, the load was incrementally applied to the grasped object, resulting
in slippage before reaching force equilibrium. That is, the lag between attaining vacuum
pressure and applied torque resulted in unstable grasping. In contrast, the third procedure
was able to sustain loads up to 3.5 N, or, in other words, attain stable grasping even when
relatively high loads were applied to the object. Collectively, this points towards the ability
of the investigated novel two-finger robotic hand to stably grasp cylindrical objects without
crushing them while adjusting grasping force on demand. Future research will focus on
investigating the effect of the nominal diameter of the granular media as well as the quality
of the hardware on achieving effective grasping at higher loads applied to numerous other
grasped object geometries.

5. Conclusions

This research investigated a novel approach to grasping based on the jamming of
granular media packed within an elastic membrane using vacuum pressure. A two-finger
robotic hand was designed, tested, and controlled to achieve stable grasping without
slippage by leveraging each finger’s structural and contact stiffness. It was found that
finger stiffness has a dominant effect on attaining a stable grasping condition. This stiffness
was found to increase almost linearly with increasing vacuum pressure. In order to extend
the applicability of the current two-finger hand, the load-carrying capacity to attain a stable
grasping condition was also investigated, which was accomplished using three different
control procedures. It was found that the maximum load-carrying capacity was 3.5 N and
1.8 N for applied torques of 1.42 N-m and 1.16 N-m, respectively.

Each of the control procedures alternated the sequence of applying the vacuum pres-
sure and the applied grasping force on each finger. When the vacuum pump and the
applied torque were applied concurrently, i.e., in the third procedure, the highest load-
carrying capacity was achieved, as compared to the other two procedures. The relatively
low load-carrying capacity reported herein was associated with the limitations imposed by
the specifications of the components used in this mechanism rather than the approach to
achieve stable grasping. In other words, jamming granular media using vacuum pressure
while concurrently applying a gripping force can stabilize grasping even in high load-
carrying applications. The latter can be achieved by using different hardware components
with higher operational characteristics. Overall, the outcomes of this research indicate a suc-
cessful control scheme to attain stable grasping conditions through the variable flexibility
of a two-finger hand without crushing or breaking the grasped object.
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