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This article presents a novel soft robotic gripper with a high
payload capacity based on the layer jamming technology. Soft
robots have a high adaptability, however suffer a low payload
capacity. To overcome these conflicting challenges, here we intro-
duce a 3D printed multi-material gripper that integrates jamming
layers for enhancing payload capacity. By inflating the internal
air chamber with positive pressure, the finger can be actuated to
a large bending angle for adapting complex shapes. Layers of
jamming sheets are bounded on the finger structure and are then
sealed inside a vacuum bag. When a high payload is desired, air
inside the vacuum bag is drawn out and a negative air pressure
is applied to the jamming layers, which leads to the gripper
locked at the actuated shape. To evaluate the performance of the
gripper, we conducted extensive tests including actuation, stiffness
variation, typical payload capacity, and adaptability. The results
show that our gripper is not only highly adaptable just like most
soft grippers but also more importantly capable of grasping
heavy (about 6–10 kg) objects comparable to rigid-body counter-
parts. [DOI: 10.1115/1.4053857]

Keywords: compliant mechanisms, grasping and fixturing, robot
design, soft robots

1 Introduction
Soft robots have been a widely studied solution to numerous

complex tasks that require high adaptability [1,2]. For the soft
robots to interact with environments in a safe manner, materials
such as textiles, elastomers, or any other highly flexible materials
are used [3]. Due to the materials’ flexibility, soft robots are less
likely to damage fragile payloads or cause human injuries [1,4].
Soft robots also have the advantages including low cost, light
weight, and easy customization for different applications [5].
However, there are some limitations associated with their high com-
pliance. Actuators based on smart materials are limited on driving
strokes and loading capacities [6]. Tendon-driven grippers require

sophisticated control algorithm [7]. Additionally, soft actuators
tend to have undesired large deformation under external loads.
To enhance load carrying capability of soft actuators, interest has

been drawn to exploring variable stiffness technologies. Blanc et al.
[8] classify controllable stiffness methods based on the change in
intrinsic properties, either the geometry-related or material-related
ones. However, the solutions from the two categories have issues
including high system complexity [9], low durability [10], and
low strength [11].
Increasing attention has been drawn to locking-based solutions.

Jamming solutions control the interactions of locking mediums con-
tained in the seal volume. Friction force among the locking
mediums is related to applied force or pressure. The structure’s stiff-
ness can be controlled as the result of the tunable interaction. Exten-
sive studies have been done on granular jamming [12–17] and fiber
jamming [18]. However, these designs have relatively low stiffness
change. In contrast, layer jamming [19–26] has shown potential for
achieving high stiffness change. Kim et al. [20,21] developed a
surgery manipulator using layer jamming which can assume a flex-
ible state for insertion without causing injury and a stiff state for
high positional accuracy. Zeng et al. [27] designed a parallel-guided
mechanism with layer jamming and proposed a mathematical model
to describe the stiffness change. Gao et al. [28] proposed a cable-
driven gripper with three fingers equipped with layer jamming
which achieves good load capacity enhancement. However, using
both servo motors and pneumatic pumps adds the weight and
increases the complexity to the system. In addition, under a large
payload, the servo motor can still be damaged since it cannot be
reversely driven.
Another metric on gripper’s performance is the response rate

which depends on the diffusion rate of the compressed gas [29].
This also applies to layer jamming which is only effective as the
gas is removed from the control volume. By using a high-flow
vacuum generator, the response time of a compliant mechanism
with layer jamming has been increased to about 0.25 s [27]. There-
fore, a pneumatically actuated soft actuator equipped with layer
jamming is proposed as the basic configuration of the high adapt-
ability and payload gripper.
In this paper, we present a pneumatically actuated and jammed

soft robotic gripper design for achieving both high adaptability
and high payload. The shape control is driven by compressed air
while the shape locking is activated by a vacuum pressure. The
entire finger structure is 3D printed with two materials, which
greatly simplifies the fabrication process and reduces the cost.

2 Design Goals and Details
2.1 Motivations and Design Goals. Traditional rigid-body

grippers are designed for high performance in terms of large
payload and high positioning accuracy, but they also suffer
several shortcomings such as low adaptability and high system
complexity. On the other hand, recently emerging soft grippers
address these shortcomings of rigid-body ones by introducing com-
pliance (using either soft materials or compliant mechanisms) to
robotic structures. Soft grippers typically weigh much less due to
reduced part count. However, this excellent adaptability is at the
cost of performance not only including payload capacity but also
positioning accuracy, control bandwidth, etc.
Variable stiffness soft grippers well address these two competing

metrics: adaptability and payload performance. While having the
advantages of soft grippers, they can be stiffened up for enhanced
performance such as carrying a higher payload and reducing
energy consumption. An ideal variable stiffness solution should
satisfy four main criteria: high load capacity, high adaptability,
quick response, and low design overhead (system complexity or
extra weight). The current variable stiffness solutions rarely
satisfy all these four criteria.
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2.2 Design Principles and Details. Here, we present a high
performance soft gripper enabled by variable stiffness based on
the layer jamming technology [20]. The gripper’s actuator or
finger is sealed inside a vacuum membrane which is connected to
a vacuum source. When the differential pressure across the mem-
brane is created, friction layers are pressed against the finger
body. The relative motion of the layers is constrained by the internal
friction forces thus locking the finger’s shape. This results in a
higher structural stiffness, hence a higher payload capacity.
As shown in Fig. 1(a), the design features a 3D printed finger body

with one end being clamped in the connection and fixture blocks and
the other end being free. The finger body is printed in soft material
(60A Shore Hardness, see the next section for fabrication process).
By virtue of the inherent cushioning of the soft material, the
gripper is expected to conform to objects and obtains robustness
by absorbing energy at low cost. Drawing compressed air in and
out of pressure zone 1 controls motion. To vacuum down or replen-
ish, the pressure zone 2 controls the payload capacity. The inflation of
the soft finger combined with pneumatic-actuated layer jamming is
foreseen to resist a higher external load.
A series of supporting shells is fixed to the finger body in order to

provide a continuous supporting surface for the jamming layers.
Positive pressure, indicated with the arrow pointing into the
gripper, is supplied to the actuation port to drive the finger to a
desired position. Vacuum pressure is supplied to the jamming
port to press the jamming layers, thus enhancing the payload of
the finger, which is explained by the blue arrow. Our hypothesis
is that (1) large payload capacity enhancement can be achieved
by combining layer jamming with flexible finger design, (2) high
adaptability is not affected by the extra components such as the sup-
porting shells, jamming layers, and vacuum membrane, (3) quick
response of actuation and jamming can be obtained by the design
of the internal air channels and the use of the high-glow vacuum
generator, respectively, and (4) the system’s compactness and
ease of control is achievable.
Aside from being the actuator which is driven by compressed air,

the soft finger body printed with soft material serves two other pur-
poses: (1) to restore the gripper to its un-deflected shape upon releas-
ing the vacuum pressure and (2) to significantly increase the
effectiveness of layer jamming. This is due to the finger body’s
large thickness which can leverage the resistance moment resulted

from friction forces in jamming layers. The supporting shells, with
the functionality illustrated in Fig. 1(c), are critical for the jamming
layers to work with the finger body. When the finger body bends,
the openings between the adjacent chambers would enlarge. This
would create an unsupported portion under the jamming layers.
These unsupported layers tend to buckle which would significantly
decrease the gripper’s payload capacity. With the supporting shells
in place, a continuous supporting surface is provided and even the
finger bends to its maximum range of motion.

2.3 Functioning Stages. As shown in Fig. 2, the gripper has
five functional stages: (1) relaxing (ready to grip), (2) shape actu-
ation (conform to the grasped object), (3) shape locking (stiffened
up to secure grip), (4) transportation (hold the object and move
with robotic arm), and (5) releasing (release the object to the
target area).
The state of valves for each stage is also given in Fig. 2. For

instance, the actuation valve is ON and the jamming valve is OFF
when the gripper needs to be actuated. Supplying compressed air
bends the gripper inwards, letting it wrap around and grip the
object. The grasping is done in a form-fitting and gentle manner,
a result from using elastic materials including the silicone
vacuum membrane and the thermoplastic polyurethane (TPU)
finger body. Once the gripper is fully bent under the actuation pres-
sure, the jamming valve is turned on. Venting the air caused the
jamming layers to stiffen up and to lock the gripper at the actuated
position. Stiffness change from low to high, state (2)–(3), takes
0.25 s due to the high flowrate of the vacuum generator used. The
actuation valve can be ON or OFF during the shape locking
stage. While the shape locking effectiveness is mostly attributed
to the jamming, the actuation pressure can reinforce the locked
shape, hence further increases the payload capacity. During the
transportation stage, both the actuation and the jamming valves
are shut off to prevent air leakage. Once the object reaches the
target, both valves exhaust the air, and the object is released.
Now let us discuss the energy consumption of the gripper at dif-

ferent stages. For a conventional rigid-body gripper, energy is con-
sumed throughout the entire process except the “ready to grip” step
since the gripper must be active to secure the grip, which is quali-
tatively graphed in Fig. 2. For our gripper, energy is consumed

Fig. 1 Design overview; (a) Key components including the finger body, supporting shells, jamming layers, and connection
and fixture blocks, (b) the gripper mounted on the UR-5 robotic arm, and (c) the configuration of the support shells and
jamming layers
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Fig. 2 The schematic view and energy consumption of five functioning stages: (1) relaxing, (2) shape actuation, (3) shape
locking, (4) transportation, and (5) releasing

Fig. 3 Fabrication process: (a) assembled shells and jamming layers, (b) testing the supporting shells, (c) printed finger body,
(d) bridging process, (e) the mold used to make the silicon vacuum membrane, (f) the valve-box that contains the actuation
valve, jamming valve, and vacuum generator, and (g) the assembled prototype
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only for the two steps: “shape conforming” and “securing grip.”
Once a robust grip is secured, the vacuum source can be shut off
(with valves remaining closed to maintain the vacuum) for
picking up and transportation. Theoretically, it consumes zero
energy during the transportation stage which is the most energy
consuming one of the entire functioning cycle. Moreover, during
the “releasing object” step, only a short burst of electric energy is
consumed to exhaust the actuation valve and jamming valve to
the atmosphere. The restoration to the un-deflected position is real-
ized by the compliant structure of the gripper.
Comparing with a pure soft gripper, a variable stiffness gripper

equipped with layer jamming needs to consume slightly more
energy such as using higher actuation pressure to stretch the
vacuum membrane. The layer jamming gripper has no energy con-
sumption advantage over a soft gripper when picking up small
weights. The real advantage of layer jamming gripper is to grip
heavy objects which a soft gripper is unable to handle.

3 Fabrication Process and Prototype
The design aims to serve as a universal gripper on industrial robot

that handles medium-duty tasks (5–10 kg payload) such as UR-5.

The dimensions are determined in the way that the prototype can
be readily connected on UR-5’s mounting flange. Figure 1(b)
shows the proposed robotic gripper mounted on the UR-5.
Figure 3 shows the overall fabrication workflow: (a) 3D printed

supporting shells (material: polyethylene terephthalate glycol
(PETG)) and laser cut jamming layers (material: polyethylene) are
joined with adhesive. (b) The supporting shells are temporally
assembled to test the dimension tolerance. (c) The finger body is
3D printed with two materials. The thin layer on the bottom of the
finger body is printed in polyethylene terephthalate glycol (PETG)
that aims to increase the rebound elasticity and stability. The soft
transparent material, thermoplastic polyurethane (TPU), is used to
print the air-tight chambers and channels. CoexFlex™ 60A TPU is
selected due to its high tensile strength (35 MPa), excellent tear
strength (40 N/mm), and good wear performance. (d) The bridging
of soft TPU is difficult. To have the top of the chambers properly
sealed, the bridging process must be configured with extra slow
print speed and high cooling flow. Table 1 summarizes the key
print parameters. The complex internal structures including the
chambers and channels would be very difficult to make with
molding method. 3D-printing allows fast design and test iterations
by changing the design parameters. (e) Vacuum membrane is
made with a silicone rubber molding process. The vacuum mem-
brane needs to be air-tight to maintain the vacuum pressure and
needs to be extremely elastic to not constrain the bending motion
of the finger. Dragon Skin 20 silicon is selected as the membrane
material due to its high tear strength, low modulus, and high elonga-
tion. (f) For quick response, both actuation and jamming have been
optimized. The actuation valve is connected to a compressed air
source capable of supplying air at 70 psi with the flowrate of 10
cubic feet per minute (cfm). The vacuum created by the vacuum gen-
erator can bring down the jamming pressure to −12.5 psi with the
maximum flowrate of 1.2 cfm. Internal channels have also been
designed to facilitate fast air moving.
The final prototype is assembled without any moving parts and is

weighed at only 522 g including the interface base and tubings, and
only 231 g for the finger body.

Table 1 3D printing parameters

Parameter Value or selection

Material TPU Shore Hardness: 60A
Nozzle temperature 225 °C
Bed temperature 80 °C
Support None
Layer height 0.1 mm
Perimeters 3
Infill 100%
Perimeter speed 20 mm/s
Bridges speed 5 mm/s
Non-print move speed 200 mm/s
Cooling fan speed 0%
Bridges fan speed 100%
Extrusion multiplier 1.25

Fig. 4 Gripper shapes corresponding to actuation pressures
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Fig. 5 Stiffness variation test: the tip loading force versus the tip deflection

Fig. 6 Payload capacity tests with and without layer jamming. (a)–(c) Grip force test. (d)–(f) Pulling force test.
(g)–(i) Encompassing grip test.
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4 Performance Evaluation
4.1 Actuation Tests. In this section, a series of metrics includ-

ing blocking force, stiffness, and payload capacities in various
working configurations are measured.
The gripper is actuated from 10 psi to 70 psi with an increment of

10 psi. A fixed camera is used to capture the videos of the actuated
gripper. An object position tracking software, named Tracker, is
used to extract the shape information. Figure 4 summarizes the
gripper shapes corresponding to input pressures. The vacuum pres-
sure is not supplied to engage the layers during this test. This is
due to the decoupled actuation and stiffness change of the gripper
meaning the stiffness change only occurs until the gripper moves

to the target position. Therefore, the stiffness variation has no
impact on the range of motion of the gripper. The gripper can bend
to almost a full circle at 70 psi. The gripper is rated to handle
85 psi by destructive tests on several prototypes. The upper limit
of the actuation pressure is then limited to 70 psi for safety concern.

4.2 Stiffness Variation Tests. To measure the effect of the
layer jamming, the following test is designed. On the left portion
of Fig. 5, the gripper is fixed through the finger fixture. The force
sensor combined with a deflection sensor moves laterally pushing
the tip of the gripper and measuring the reaction force or the tip
loading force versus the tip deflection. This test measures the

Table 2 Payload capacity improvement with LJ (layer jamming)

Payload (kg)

Actuation pressure: 35 psi Actuation pressure: 70 psi

Payload test Without LJ With LJ ×Times increase Without LJ With LJ × Times increase

Grip force test 1.81 6.47 3.57 3.91 6.65 1.70
Pulling force test 3.23 9.27 2.87 5.34 9.35 1.75
Encompassing test 0.21 10.71 51.00 1.65 11.02 6.68

Fig. 7 Selected demonstrations showing the high adaptation feature of the gripper (LJ stands for layer jamming, ON and OFF
indicate the actuation status of layer jamming)
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resistance of the gripper to the external lateral load. A large external
load with the gripper bending to the same deflection (20 mm) indi-
cates a higher load resistance.

4.3 Payload Tests. The following three payload tests aim to
benchmark the gripper in three typical load carrying task settings.
Multiple data collections are made from 0 psi (0 Pa) to 12.5 psi

(86.2 kPa) with an increment of 2.5 psi (17.2 kPa). Under these
vacuum pressures, the reaction force–tip deflection curves are
drawn. With vacuum pressure at 0 psi (vacuum pressure is not
applied), the external load increases linearly with tip deflection
resulting in a constant stiffness of 0.0503 N/mm. This is due to
the layer material’s low friction characteristic that minimizes the
jamming effect under zero pressure. For non-zero vacuum pres-
sures, the curves exhibit three loading phases. The curve with the
vacuum pressure at 12.5 psi, for instance, initially rises linearly
with a slope of 3.76 N/mm (non-slipping phase), then advances
non-linearly (transitional phase) represented by the curvy transi-
tional section between 4 mm and 10 mm. And finally, the curve pro-
gresses linearly again but with a lower slope than that of
non-slipping phase. Under small deflection, the non-slipping
phase slopes increase by 75 folds from un-jammed to fully
jammed state. The large stiffness variation is expected to enhance
the payload capacity of the gripper, when the layers are fully
jammed, but without affecting the adaptability.
The first test is called “grip force test” which measures the pinch-

ing force at the fingertip as shown in Figs. 6(a)–6(c). In Fig. 6(a),
the gripper is oriented horizontally with a container attached to
the gripper tip. The initial actuation pressure is supplied so the
gripper bends up. Then weight is gradually added to the container
to lower the gripper tip. When the gripper tip reaches the 50 mm
height, the weight is recorded. Figure 6(b) shows that without
layer jamming, the payload is positive proportional with the actua-
tion pressure. The payload reaches its max value of 3.91 kg at 70 psi
actuation pressure. With layer jamming enabled, the payload capac-
ity jumps to around 6 kg. With the flat curve, it indicates that the
payload capacity in this setting is dominated by the jamming
effect rather than the actuation pressure. This finding is further
investigated by fixing the actuation pressure at 35 psi and 70 psi
and test the payload capacity with respect to the jamming pressure.
Figure 6(c) shows that without jamming pressure, at jamming pres-
sure at 0 psi, the payload is closely dependent on the actuation pres-
sure. But with jamming fully enabled, even with the minimum and
maximum pressure enabled respectively, the payload capacity is
mainly dominated by the jamming effect.
The second one is called “pulling force test,” which measures

how much weight the gripper can pull up. The gripper is oriented
vertically down as shown in Fig. 6(d ). Similarly, a container is
attached to the gripper tip. The initial actuation pressure is supplied
so the gripper curls up. Then weight is gradually added to the con-
tainer to lower the gripper tip. When the gripper tip reaches the
150 mm height, the weight is recorded. Similar trend on payload
capacity is observed. The payload increases with actuation pressure
without the jamming layers enabled. The payload curve flattens out
with jamming enabled with payload capacity almost doubled.
The last one is called “encompassing grip test” which is designed

to test the gripping capacity of enclosing a round shape. The gripper
initially bends and surrounds a slightly tapered cup which holds
extra weight inside. We then gradually add weight to the cup
until the cup fully slips off the grip. This final weight is defined
as the slip payload. Figure 6(h) shows that even at the maximum
actuation pressure, the gripper can only grip 1.65 kg weight in the
cup. But with layer jamming enabled, the slip capacity jumps up
to around 11 kg. This significant increase in slip payload is due to
the large stiffness change of the gripper in the gripping configura-
tion. Also, from Fig. 6(i), it is seen that at the higher end of the
slip payload, the dominant factor is the jamming pressure. At the
lower end of the slip payload, the actuation pressure is the dominant
factor instead.

Table 2 summarizes the overall performance improvement of all
three payload tests. By utilizing the layer jamming (at vacuum pres-
sure 12.5 psi), the payload capacity of the gripper has been
increased from 2.87 to 51 folds at actuation pressure of 35 psi
and from 1.7 to 6.68 folds at actuation pressure of 70 psi. As
one can see, its payload capacity in the grip force test is much
higher than that of soft grippers (mGrip P2 from soft robotics
grips 0.8 kg and weighs 334 g), even higher than some small-scale
rigid-body grippers (Hand-E from ROBOTIQ grips 5 kg and
weighs 1 kg).

4.4 Adaptability Tests. To demonstrate the high adaptation,
we ran tests of many grasping cases. Some of them are shown in
Fig. 7. In all gripping demonstrations, the gripper does not need
to be precisely positioned and oriented. A simple “on” signal is
sent to the solenoid valve to release the pre-regulated pressured
air. This simplifies the gripping control compared to most rigid
grippers.
In Figs. 7(b) and 7(c), the gripper presents two different gripping

postures under the same input pressure and same simple control
algorithm. The gripper also exhibits high payload capacity as
shown in Figs. 7(a), 7(d ), and 7(e). In these cases, once the
gripper closes its form and adapts to the shape of the objects, the

Fig. 8 The extra grip when the layers are jammed
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vacuum port is opened to remove the air from the jamming mem-
brane. This results in two effects: first, the differential pressure
across the jamming membrane presses the jamming layers, thus
stiffens the gripper; second, the differential pressure across the actu-
ation chamber is further increased by this vacuum. The gripper
bends even more due to the increased differential pressure provid-
ing an extra grip while the gripper is being stiffened. An illustrative
explanation of the mechanism is presented in Fig. 8. The extra grip
is preferable in the friction gripping cases in which the friction force
balances the weight, such as the cases in Figs. 7(a), 7(e), 7(g), and
7(i). See the supplemental video available in the Supplemental
Materials on the ASME Digital Collection for more demonstrations
and grasping cases.
From these tests, we conclude that our gripper is as good as most

soft grippers in terms of gripping objects with various shapes.
However, our gripper is much stronger than all current soft grippers
as shown in the payload tests.

5 Conclusions
This study demonstrates that layer jamming as the technique of

actively tuning the stiffness, combined with 3D printed soft
finger, is an effective approach for improving payload capacity of
soft grippers. The prototype is flexible enough to grip a broad
range of geometries, exhibits high payload capacity, holds objects
in place without consuming energy, and requires minimal control
effort. It combines the advantages of soft and rigid-body grippers
and achieves both high adaptability and high payload capacity.
Weighted at around 522 g, this design features an exceptional
high payload capacity (6–10 kg), and a very high response speed
without affecting the compactness of the gripper. The novelty lies
in (1) the use of 3D printed extremely soft material with the shore
hardness of 60A which allows the large actuation range under a rea-
sonable actuation pressure and (2) the design of the supporting
shells that provide a continuous supporting surface for the
jamming layers without constraining the range of motion of the
gripper. We conclude that the proposed gripper is as adaptive as
most soft grippers even with the one-finger configuration. More-
over, the proposed gripper has much higher payload than all
current soft grippers.
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