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Abstract

As the domains in which robots operate change the objects a robot may be required to grasp and manipulate are likely to vary
significantly and often. Furthermore there is increasing likelihood that in the future robots will work collaboratively alongside
people. There has therefore been interest in the development of biologically inspired robot designs which take inspiration from
nature. This paper presents the design and testing of a variable stiffhess, three fingered soft gripper which uses pneumatic muscles
to actuate the fingers and granular jamming to vary their stiffness. This gripper is able to adjust its stiffness depending upon how
fragile/deformable the object being grasped is. It is also lightweight and low inertia making it better suited to operation near
people. Each finger is formed from a cylindrical rubber bladder filled with a granular material. It is shown how decreasing the
pressure inside the finger increases the jamming effect and raises finger stiffness. The paper shows experimentally how the finger
stiffness can be increased from 21 to 71 N/m. The paper also describes the kinematics of the fingers and demonstrates how they

can be position-controlled at a range of different stiffness values.
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1. Introduction
Traditional robot grippers tend to be inflexible meaning they are only suited to grasping a small range of products. This is not a
problem when a robot is always handling the same object but creates a problem if the robot is required to grasp many very
different items. Each item may require its own gripper and this can make the use of a robot prohibitively complex and expensive.
This has led to the development of multi-functional dexterous robot hands such as the Utah/MIT hand [1], Anthrobot Hand [2],
Robonaut Hand [3], DLR-Hands [4] and the Metamorphic Hand [5], to name just a few, which are inspired by the human hand.
However, despite being able to replicate human like motions and grasps these hands have typically used stiff actuators which

behave in a very different manner to organic muscle, meaning all the abilities of the human hand are not replicated.
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Organic muscle is unique in its ability to provide power for creatures which vary in size from insects up to the largest creatures
found in the sea. It is also able to operate in a broad range of climatic conditions. Organic muscle also provides the ability to
modulate both stiffness and position, which means an organic systems can switch between being highly compliant or much stiffer
depending upon the task to be undertaken. This ability is of potential interest to roboticists as it would allow robots to be
compliant when safe human interaction is required but stiffer when the task demands it. Unfortunately organic muscle is not an
engineering technology and so not suited to machine operation. There have been many attempts to develop new actuators which
superficially replicate the performance of organic muscle. One of the more promising are pneumatic muscles, developed in the
1950s [6,7] which attempt to emulate the ‘soft” compliant structure of muscle and combine this with the power, robustness,
accuracy, and endurance of mechanical drives. Pneumatic muscles have a range of characteristics which make them of interest

to robotics researchers [8]:

o They are available in any length and diameter with larger diameter muscles producing higher contractile force.
o They have exceptionally high power and force to weight/volume ratios.

o Displacement (contraction) is typically 30-35% of the dilated length and this is comparable with natural muscle.
o They are highly flexible, soft in contact and have excellent safety potential.

o Contractile force to cross-sectional area can be over 300N/ cm? compared to 20-40N/cm? for natural muscle.

) They can operate safely in many environments and are safe in explosive/gaseous states.

There have been examples of multi fingered dexterous grippers that are actuated by pneumatic muscles in the past, for example
Davis et al [9] and the Shadow Hand [10]. These dexterous hands have demonstrated impressive functionalities and replicate the
human hand closely. However, the human hand should not be considered the perfect gripper and exact replication of the human
hand may not be the best approach to developing a multi-purpose dexterous gripper. Dexterous grippers based on the human
hand have limitations, they tend to grasp objects using a relatively low number of point contacts. This means there are areas of
localised force on the object being grasped which can lead to damage if the object is fragile. Also in the future robots are likely
to work collaboratively with people and it is essential that this interaction be safe. These dexterous robot hands also tend to have

high masses and associated inertias which means they are not suited to close human interaction [11].

The relatively new field of soft robotics has the potential to address the problems of safe human interaction and the ability to
handle delicate objects. Researcher in the field of soft robotics take inspiration from biology, particularly animals which do not
have rigid skeletons, and attempt to develop robots without rigid links [12]. Examples include robots based on caterpillars [13],

the octopus [14] and worms [15] among others.
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Soft robots tend to be lightweight and have low inertia, they are also highly compliant and can conform to surfaces they come
into contact with. This ability can help to address the two issues highlighted above. In terms of safety it means in a collision with
a person contact stresses are distributed over a larger area, minimising localised forces and lowering the chance of injury [12].
The ability to distribute grasp forces over a larger area can also reduce the chance of damage as localised forces are again reduced.

The larger contact area can also result in a more secure grasp.

There have been a number of these biologically inspired soft robot grippers developed including tendon driven grippers [16],
[17], tendon and pressure actuation for a bio-inspired manipulator based on an antagonistic principle [18] and fluid powered
grippers [19]-[22]. In most cases these grippers are unable to change their stiffness and whilst highly compliant fingers may be
desirable for grasping some products, others (e.g. highly deformable products) may require a stiffer gripper. One approach to
achieving this was presented by Al Abeach [23] who developed a multi fingered dexterous gripper which used both extending
and contracting pneumatic muscles to allow the fingers to vary their stiffness. Shiva introduce another approach where the

stiffness control is achieved using pneumatic and tendon actuation operating antagonistically [24].

This paper explores the use of pneumatic muscles to actuate a soft dexterous gripper and granular jamming to vary its stiffness.
Granular jamming exploits the fact that in a fixed volume container, granules of material can move easily relative to each other.
However, if a pressure is applied to the granules which forces them tightly against each other they become much more difficult

to move.

Granular jamming techniques have previously been used in the development of grippers and variable stiffness robots. Jiang
proposed a high DOF variable stiffness joint, and demonstrated its use in a miniature snake-like robot [25]. The variable stiffness
ability was achieved by using granular jamming, they applied a vacuum to a granular-filled membrane which resulted in increased
stiffness due to the jamming of the granules. They demonstrated a stiffness increase of 400%. Cheng proposed a continuum soft
robot arm based on the use of the granular jamming techniques to construct the arm [26]. Tension cables and spooling motors
were used to control the bending of the continuum arm and granular jamming allowed the stiffness to be tuned.

Brown proposed a universal gripper constructed from a granular material placed in single nonporous elastic bag instead of using
individual fingers [27]. The gripper achieves gripping by deforming around the object to be held before granular jamming is
used to solidify it using a reduction in air pressure. A 0.5% reduction in volume of the gripper was found to be associated with
the jamming allowing the gripper to grasp the object that it had enveloped. The gripper was able to successfully and securely
grasp a range of objects whose shape was not known a priori. Other jamming techniques have been developed which exploit
layer jamming [28]. These systems consist of concentric layers of material which when forced against each other increase the

level of friction in the system and this results in increased stiffhess.
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This paper first details the concept of using granular jamming to create a variable stiffness finger. The amount by which the
stiffness of the finger can be varied is then determined experimentally. The kinematics of the gripper are then briefly discussed
before the paper describes the design of a three fingered variable stiffness soft gripper which uses soft pneumatic muscles to
control flexion of the fingers. The ability to accurately control the position of the fingers at a range of stiffness values is then

explored experimentally before some simple grasps are demonstrated.

2. Granular Jamming Finger Design
The method to be used to vary the stiffness of the proposed end effector is granular jamming. A single granular jamming
continuum actuator based finger was constructed to investigate the variable stiffness capabilities experimentally. Figure 1 shows

the materials used to construct the granular jamming continuum finger.

The rubber bladder in figure 1 is 10mm in diameter and 160mm in length, it is used to contain all the granular material and
is nonporous. The granular material is then inserted into the rubber tube to completely fill it, the granular material chosen to be
used in this prototype is rice, due to its relatively small size compared to the diameter of the bladder. Furthermore rice was
previously used by the authors to investigate varying the stiffness of pneumatic muscles [29]. An investigation of different
granular materials can be found in the work of Jiang et al [30]. Two 3D printed plugs were inserted into the open ends of the
bladder, and secured in place, to seal it. One of the plugs contained a hole which would allow air to be passed into and out of the
bladder. The granular jamming effect requires that a vacuum be applied to the bladder to reduce the air pressure in it, however,
that would have the effect of sucking the granular material out of the finger. For this reason a foam plug was used in the air inlet
to prevent granular materials leaking out during operation of the vacuum valve. A woven nylon shell was then added to form an
out layer of the granular jamming continuum finger. This braided shell is not needed for successful operation of the granular
jamming finger but it was included for two reasons, firstly it provides some limited protection to the rubber bladder, reducing
the chance of punctures, but it also allowed the attachment and correct routing of the tendons which are used to flex the finger,
this will be discussed in further detail in later sections.

The system is compliant because the granular materials are able to move/flow. This means when an external force is applied
to the finger its position will change and the granules inside will become rearranged. At atmospheric pressure this is relatively
easy to achieve as the only thing hindering motion of the granules is the friction between adjacent grains. However, when
vacuum is applied, the grains are pressed together and this results in an increase in the frictional forces between the grains and
this makes it harder for them to move, as can be seen in figure 2. The fact that a greater force is needed to deform the finger

means that it has become a stiffer structure.
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The system is superficially inspired by a muscular hydrostat such as the human tongue or an elephant’s trunk. Although the
system does not include a fluid, the granules are able to flow in a manner analogous to that of a fluid. At greater jamming

pressures the granules flow less easily and the system appears stiffer.

3. Granular Jamming Finger Stiffness Characteristics

The test rig used to analyse the bending stiffness of the fingers can be seen in figure 3. The granular jamming continuum
finger was positioned so as to protrude vertically upwards. A tendon cable was then attached to the fingertip which passed over
a pulley to a vertically suspended load. As the load is increased it increases the force on the tendon and as a result the horizontal
force applied to the fingertip is increased. This resulted in a lateral displacement of the fingertip which could be measured from
the unloaded position using Vernier callipers. From this measured displacement and the known force being applied via the tendon
the lateral finger bending stiffness could be calculated. The test rig also consisted of a venturi based vacuum generator and a
pressure gauge which allowed the negative pressure in the finger to be controlled manually. This allowed the stiffness
experiments to be performed at a range of granular jamming pressures. The height of the aluminium pulley could be adjusted to
ensure that the tendon was always horizontal and so force was consistently applied to the fingertip in a lateral direction. If the
height of the pulley was not changed as the finger flexed the tendon would not remain horizontal and therefore only a component
of the load force would be applied laterally to the fingertip. The pulley’s height was adjusted each time a new load was applied
to ensure the force was always applied in the correct direction. Despite this approach, it is not possible to have the tendon angle
equal to exactly 90 degrees, for this reason all experiments were repeated five times and an average value taken. This approach

minimises the effects of the angular error in the final results.

The experimental procedure began by removing any load and then venting the granular jamming continuum finger to
atmosphere to ensure that the grains were in their least jammed configuration, allowing them to move as freely as possible. The
load was then increased in 0.25N increments from zero up to a maximum of 1.5N. After each load was applied the height of the
pulley was manually adjusted to ensure the force FLoap Was applied laterally to the fingertip. This force caused the finger to
bend, as can be seen in the figure, and the lateral displacement of the fingertip was then measured and recorded. The load was
then reduced in 0.25N increments back down to zero and the displacement at each load was again recorded. This procedure was
repeated five times and an average displacement value was calculated. The experiment was repeated at reducing jamming
pressures, down to -80 kPa in decrements of -20 kPa. The displacement of the finger as force is applied for each of the five
pressure values can be seen in figure 4. It can be seen that at lower pressures, i.e. greater jamming pressures the finger displaces

less that at higher pressures when the same load is applied.
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It can be seen that the relationship between displacement and force is approximately linear. It is therefore possible to add
linear lines of best fit to each of the five sets of data. The bending stiffness for the granular jamming continuum finger can then
be calculated by taking the gradient of each linear approximation. Figure 5 shows the calculated bending stiffness of the granular

jamming continuum finger as the pressure inside the finger is reduced.

From the figure 5 it can be seen that reducing the pressure and therefore increasing the amount of jamming force has a significant
impact on the stiffness, increasing it from 21 to 71N/m as the pressure is reduced from atmospheric pressure to -80kPa. It can
also be seen that a relatively small pressure change has a much more significant impact on the stiffness at lower pressures than
it does at higher one. For example reducing the pressure from 0 to -20kPa results in a stiffness increase of just 2N/m, however,

reducing it from -60kPa to -80kPa (the same 20kPa reduction) results in a stiffness increase of 33N/m.

Figure 6 shows the percentage increase in the granular jamming finger bending stiffness as the pressure in it is decreased. It
can be seen that decreasing the jamming pressure to -80 kPa results in an increase in stiffness of 235%. Again it is clear that the
relationship is highly nonlinear. A 20kPa reduction in pressure from a OkPa staring pressure increases stiffness by 9% where as

a 20kPa reduction from a starting pressure of -60kPa results in a substantially higher increase of 155%.

This section has proven that the proposed granule-filled finger is able to significantly vary its stiffness through granular
jamming. However, the finger is unactuated, the next section will discuss the kinematics of the finger and show how through the

use of tendons the finger can be made to flex.

4. Finger Kinematics

In the proposed gripper each finger will be a continuum link with the body of the link being formed from the granular jamming
bladder. Tendons are then used to transmit actuation forces to the finger. Three tendons are used to apply force to the finger,
these are equally space (120° apart when viewed from the end of the finger) around the circumference of the finger. Three
tendons are used as this is the minimum number required to allow the finger to bend in all directions. The three tendons are
secured to the tip of the finger and then run along the length of the finger to the actuators. As each tendon is pulled it will cause
the finger to flex in one of three directions. If multiple tendons are displaced the finger will move in multiple direction

simultaneously this means that by an appropriate combination of tendon motions the finger can be made to move in all directions.

In order to control the position of the end of the finger it is vital that a kinematic analysis is performed which will relate motion
of the tendons to the magnitude and direction of finger bending. The analysis assumes that the finger has a constant circular

cross-section, the tendon remains in contact with the sides of the finger at all times (the way this is achieved will be discussed in
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the next section) and that as the finger bends it forms a perfect arc. Figure 7 shows a schematic of the proposed actuated finger
which has three equally space tendons around its circumference. The lengths of tendon 1, tendon 2 and tendon 3 that travel along
each side of the finger is given by L1, L, and L3 respectively. The overall length of the finger measured from the centre of the
finger base to the centre of its tip is defined by L. The radius of the finger (i.e. the distance of the tendons from the central axis

of the finger) is represented by ro.

The kinematic analysis developed here is based on the approach presented by Godage et al [31]. Four properties are used to
describe the position of the free end of the finger relative to the base. The length of the finger, which will remain constant, the
radius of curvature of the finger is defined as A, @ is the difference in angle between the base and end of the finger and 0 is the

angle in which the finger points relative to the base coordinate frame.

The kinematics of finger are described using the following four equations presented by Godage et al [31]:

(L1+Lz+L3)To

1= @
2\/L12+L22+L32—L1L2—L1L3—L2L3
2\/le+L22+L32—L1L2—L1L3—L2L3
0= )
_ —1 (V3(L3-L3)
6 =tan (L2+L3—2L1) ®)
L=29 (4)

If equations (1), (2) and (4) are combined then an expression describing the finger length can be determined:

L=m ®

Equation (5) suggests that it is possible to reduce the length of the finger by reducing the lengths of all the contractor muscles.
However, this is not possible because the grains inside the finger are incompressible and so the volume of the finger is a constant.
Instead of shortening the finger would buckle if L, L and L3 are all reduced simultaneously. It is therefore vital that when
controlling the position of the fingers equation (5) is used to ensure the finger length remains constant. That is to say if a tendon
shortens, to create bending the two other tendons must increase in length to ensure L remains unchanged.

Equations (1)-(3) can be combined to give the Cartesian positions (Xi, yi, zi) of the fingertip in the base coordinate systems as

follows:

x; = (A —Acos¢p)cosb (6)
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yi = (A —Acos¢)sinb @)
z; = Asin¢ 8

5. Gripper Design
There are many actuator types that could be used to apply tension to the tendons but the actuators chosen for use in this research

are soft pneumatic muscles. There are a number of reasons why this type of actuator was chosen. Firstly it is lightweight and has
a high power to weight ratio [8], which keeps the weight and therefore associated inertia of the gripper low which is vital for

safe operation near people. The second reason is that the actuator is compliant.

Although it is granular jamming that allows the stiffness of the finger to be adjusted, the system must use compliant actuators.
Consider the case where the finger is bent as shown in figure 7. If a force is applied to the end of the finger in an attempt to
straighten it, this will apply a tension to tendons 1 and 2 which will try to extend them. If the tendons are inextensible and the
actuators used to displace them are stiff, L; and L will remain fixed and the tip of the finger will not move. This will mean that
despite the variable stiffness abilities of the finger the actuators actually mean the gripper is stiff. If compliant actuators are used
however, when the force is applied to the fingertip the actuators will displace elastically, allowing the tendons to move and the

finger to be repositioned (i.e. it is compliant).

The conceptual design of a single finger for the gripper is shown in figure 8. The finger is formed from a granular jamming link
as descried in the previous sections. The finger has a diameter of 15mm and a length of 160mm. Three equally spaced nylon
tendons are attached to the end of the finger and pass along its sides and through a fixed position plate at the base of the finger.
To ensure the tendons remain in contact with the sides of the finger at all times they pass through a series of tendon loops. These
loops are positioned at regular intervals along the length of the finger. These are formed from nylon cable ties which are fed

through adjacent openings in the braided shell placed on the outside of the finger.

The finger is attached to a forearm like structure which contains all the pneumatic muscles used to flex and extend the finger.
Each muscle has a maximum unpressurised length of 240mm and a contracted length at 400kPa of 180mm and each muscles has

a maximum force output Fc of approximately 200N at 400kPa (determined experimentally).

The complete gripper consists of three fingers and so the forearm contains nine pneumatic muscles arrange in three groups of

three, with each group providing power to one finger.

The complete gripper can be seen in Figure 9, as can be seen, linear potentiometers are located between the pneumatic muscles

and the fingers. Each tendon is attached to one potentiometer which is used to measure the contraction of the muscles and thus
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using the kinematic analysis above, the position of the finger. These sensors are vital for closed loop control of the finger

positions.

Each muscle is attached to an individual MATRIX 3-3 solenoid valve allowing air to be supplied to or vented from a single

muscle when required. The valves are pulse width modulated to allow the flowrate of air into and out of the muscle to be varied.

Overall control of the hand is achieved using an Arduino UNO linked to MATLAB. To allow the Arduino to generate the
necessary PWM signals to drive all of the 18 pneumatic valves (9 fill and 9 vent) two Adafruit 16-channels PWM/Servo Shields
were used to expand the PWM capacity of the Arduino. Amplifier circuits were also required to amplify the voltage and current

output to that required by the valves.

6. Control and Performance Evaluation of Variable Stiffness Granular Jamming Gripper

To allow the gripper to be used practically it needs to be controllable in a closed-loop manner. A PID controller was
programmed to control the displacement (length) of each of the contractor muscles. Although it is widely accepted that PID is
not best suited to soft robots PID controllers have been used successfully in the past to control pneumatic muscles as their
force/displacement/pressure characteristics can be approximated to linear relationships [8].

The position of each fingertip is determined by the relative length of the three pneumatic muscles used to power it. The
controller reads the length of the muscle from the potentiometer and then generates the necessary PWM control signals to vary
the flow of air in and out of the muscles. The PID controller was tuned using the Ziegler-Nichols method [32].

In order to assess the performance of the controller, the response to a step position change and the ability to track a sinusoidal
input were tested. In the experimental procedure used in all the following tests the gripper was suspended in a test rig so that it
was pointed vertically downwards as seen in figure 9. The finger was then programmed to flex and extend. This required that
the kinematic equation (5) be used to ensure that as a single muscle contracted in order to flex the finger the other two muscles
relaxed/elongated to ensure the finger length (L) remained constant.

For the proposed end effector to operate in various stiffness modes, it is vital that it can be controlled irrespective of the
pressure in the granular jamming continuum actuators. To determine if this was possible, step and sinusoidal response
experiments were conducted over a range of different granular jamming pressures.

Figure 10 shows the system response when a step input is applied to each contractor muscle. The first contractor muscle
causes flexion of the finger whilst the other two muscles cause extension. The step signal applied to the first muscle was 180°
out of phase to the signal applied to the second and third muscles. This caused the finger to repeatedly flex and extend. These

first results were obtained with a granular jamming pressure of 0.0 kPa.
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It can be seen that the response is broadly similar for the three muscles with each overshooting briefly before settling at the
target position after approximately 0.5 seconds. It can also be seen that the response when the muscles extend from 20mm back
to Omm displacement is not as rapid as when moving in the other direction. The reason for this is the muscles are only capable
of contracting, extension is caused by the antagonistic force from the other muscles.

The experiment was repeated with a -40 kPa pressure applied to the granular jamming continuum fingers, from figure 6 this
represented an increase in the finger’s stiffness of 34% over the previous test. Figure 11 shows the step response for the first
contractor muscle (muscle causing finger flexion). It can be seen that despite the increased finger stiffness the performance of

the controller is broadly the same as when the jamming pressure is zero.

Figure 12 shows the controller step response when the finger jamming pressure was at -80 kPa; this represents a 235%
increase in stiffness compared to the stiffness at a jamming pressure of 0.0kPa. Again it can be seen that, even when employing
a relatively basic form of controller, the finger responds to the step position change with a similar degree of accuracy and response

time at all jamming pressures.

The following figures show the ability of the controller to track a sinusoidal input signal. The range of motion is across 18mm
of muscle displacement from 2 to 20mm which resulted in the finger flexing and extending. This caused the fingertip to move
by approximately 80 mm. The experiment was conducted at a frequency of 0.33 Hz. During the experiment the other two muscles
were provided with target positions which were calculated using the kinematic analysis to ensure the finger length (L) remained
constant. If this was not done then the finger would be compressed and likely buckle.

Figure 13 shows the ability of the controller to track a sinusoidal input signal that induced flexion and extension of the finger
when no vacuum was applied to the finger (i.e. a jamming pressure of 0.0 kPa). It can be seen that the system tracks the input

signal well.

The experiment was repeated with a jamming pressure equal to -40 kPa, again representing an increase in finger stiffness of
34%. The result are shown in figure 14. Finally the experiment was repeated at a -80kPa jamming pressure which resulted in a

235% increase in finger stiffness, these results can be seen in figure 15.

From Figures 13, 14 and 15 it can be seen that the tracking is equally good during the rising part of the cycle i.e. where the
muscle is contracting. However, as the target position returns to the minimum value there is a tracking error which becomes
more significant at lower jamming pressures. It is likely that this is the result of friction. The muscles cannot actively extend,

instead the muscle which caused flexion relies on the force from the other two muscles to act antagonistically to straighten the
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finger, thus applying force to the tendon which in turn extends the muscle used to provide flexion. At a jamming pressure of
OkPa there is relatively little friction in the finger and so as the finger extends easily and the antagonistic force is transmitted to
the flexion muscle extending it. However, at -80kPa the finger becomes more difficult to flex due to friction caused by the
granular jamming. This friction is likely preventing the edge of the finger which was previously flexed from extending fully and
so the flexion muscle is not pulled back to its initial extended length.
7. Grasping

The control hardware and scheme described preciously was extended to all three fingers to allow closed loop position control
for the whole three-finger gripper. This was necessary to allow the gripper to be used practically to grasp objects. Figure 15
shows the gripper grasping two different objects. In figure 16(a) the gripper is grasping a ball where the contact area extends
along the entire length and width of the fingers and a low finger stiffness (OkPa jamming pressure). It can be seen that as the
fingers make contact with the ball they deflect around it thus maximising the contact area. Figure 16(b) shows the gripper
grasping a deformable paper cup using only the fingertips. In this scenario the fingers had a high stiffness (-80kPa jamming

pressure) ensuring the finger remained more rigid and the grasp consisted of three point contacts.

8. Conclusion

This paper has presented the design, analysis and testing of a variable stiffness, three fingered soft gripper. In low stiffness mode
the fingers are highly compliant meaning they will deform around objects, this is particularly useful if the object is fragile or
delicate.. However, compliant fingers are not suited to grasping all objects and at times a more rigid grasp is required. For this

reason the gripper is able to vary its stiffness through the use of granular jamming.

Each of the gripper’s fingers is formed from a cylindrical rubber bladder filled with a granular material. The paper has shown
that decreasing the pressure inside the finger increases the jamming effect and raises the stiffness of the finger. The paper has
shown experimentally that the stiffness of each finger can be increased by 235%. Each finger is actuated by three pneumatic
muscles which apply forces via tendons to each finger to allow it to bend in all directions. The paper introduced the basic
kinematic equations to describe the position of the fingers and described how these must be used when controlling the three

actuators to ensure the finger does not buckle when in operation.

The paper has demonstrated that the gripper can be controlled using a PID controller as the operation of the pneumatic muscles
can be approximated to linear. However, the use of other control techniques will be part of future work. It has been seen that due
to the effects of friction the position accuracy when extending the fingers (i.e. opening the grasp) reduces when the stiffness of
the finger is raised. The paper has only demonstrated position control but future work will also seek to implement other types of

control on the gripper such as force and slip.
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Figure 1: Granular jamming finger’s components.
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Figure 2: Stiffness changing mechanism in the granular jamming finger.

Figure 3: The granular jamming finger test rig.
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Figure 6: Percentage increase in the granular jamming continuum actuator bending stiffness.

Figure 7: The kinematics for the continuum finger.
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Figure 8: Conceptual design of a single actuated granular jamming finger.
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Figure 10: The response of the three contractor muscles when producing a step change in the finger displacement with a 0.0

kPa pressure. In the experiment bending was in the direction of the first muscle hence the first muscle caused finger flexion
and the other two muscles caused finger extension.
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Figure 11: The response of muscle used for finger flexion with a -40.0 kPa jamming pressure causing a 34% stiffness increase.
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Figure 12: The response of muscle used for finger flexion with a -80.0 kPa jamming pressure causing a 235% stiffness
increase.

25

N
o

Displacement (mm)

Time (s)

Figure 13: The response of the muscle used for finger flexion tracking a sin wave with a jamming pressure of 0.0 kPa.
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Figure 14: The response of the muscle used for finger flexion tracking a sin wave with a jamming pressure of -40.0 kPa.
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Figure 15: The response of the muscle used for finger flexion tracking a sin wave with a jamming pressure of -80.0 kP
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Figure 16: Granular jamming grippergrasping objects in different stiffness modes.



