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Abstract: This article presents a materials optimization for the universal jamming gripper, one of
the most versatile tools for robotic grasping. For this purpose, we analyze both the granular interior
material and its surrounding deformable envelope. We combine four different granulate sizes (glass
balls ranging from 0.2 to 1 mm) with four envelope materials (three silicones and latex), resulting in
16 prototype combinations. We use a tensile test machine to recreate the robot’s vertical movement in
a real scenario situation. Thus, we can have precise control of the gripper’s immersion depth, forces,
and displacements. Thanks to the tensile test, we extract the critical parameters to evaluate every
material combination and the gripper’s performance. Therefore, we provide an experimental guide
to selecting the right materials and rule out bad combinations for soft robots and specifically for the
universal jamming gripper.

Keywords: universal jamming gripper; jamming effect; soft robotics

1. Introduction

Most of the parts and components in industrial assembly lines appear inside boxes.
Robots are familiar with manipulating them in well-organized and structured scenarios.
Nevertheless, the interior of these boxes is chaotic and supplier-dependent. Thus, interact-
ing with industrial parts becomes a non-structured and complicated scenario for robots.
Automated systems might deal with pick&place, opening boxes, or depalletizing clamped
parts. In addition, the bill of materials can grow exponentially depending on the industry
sector. Therefore, robots must deal with different geometries, textures, weights, and other
part restrictions. Simultaneously, the industrial sector demands minimum cycle times and
increasingly independent systems. These restrictions mean that robot systems must be fast,
effective, and versatile.

Academia and industry have established common spaces to share ideas about tack-
ling robot warehouse automation [1,2]. Nevertheless, the issue is still far from finding a
general solution: component geometries range from large-size elements such as bottles
to tiny parts such as threaded nuts. In addition, chaotic scenarios show different entropy
degrees. Entropy describes the lack of structure and depends mainly on shapes. Thus,
the scenarios a robot must face may include unstable arrangements (Figure 1A) vertical
overlaps (Figure 1B) or coplanar overlap (Figure 1C). These scenarios mean the robot might
displace a component when trying to catch it or not even be able to approach the part
because the grasping point is unreachable (see, for instance Figure 1C, where the center
object is unreachable for a two-jaw parallel gripper). Therefore, entropy could make a
whole grasp cycle unsuccessful.
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Figure 1. Chaotic samples. Challenging scenarios for robots with different degrees of entropy:
unstable arrangement (A), vertical overlap (B), and coplanar overlap (C).

Thus, robots need to include feedback when they move to react on the fly, so some
solutions include onboard cameras. In addition, robot grippers must include force feedback
when grasping soft or delicate components such as foams or plastics [3]. Finally, robots
might face restrictive scenarios for their kinematics, so Reinforcement Learning (RL) has
emerged as a new tool to drive robotic arms in challenging scenarios [4]. The coordination
of these solutions shows strategies to reliably catch parts in chaotic scenarios and approach
the unsolved question of how to catch parts individually when chaos appears. Over the last
several years, the following areas have brought improvements to solve this open question:

• Data acquisition: Automated stations usually rely on RGB cameras to input data into
the systems. These devices can feed deep learning models to estimate object posi-
tions [5] or contours [6] and, thus, command the robot’s movement [7]. Depth images
and point clouds are a standard complement to RGB images. With this information,
models can also estimate the orientation of the objects and improve versatility [8].

• Grasping point strategies: Some models rely on the power of Convolutional Neural
Networks (CNNs) to determine the quality of several grasping points for an object [9].
On other occasions, the model first estimates the location and orientation of the
object and then, with this information, locates the grasping point. In most cases,
synthetic data generation has reached a prominent position as a tool to create and
label datasets [10]. Finally, in those cases where the positioning or the complexity of
the part is high, some solutions explore the coordination of two robots [11].

• Robot kinematics: For the last few decades, RL has mimicked the mammal’s brain
response to positive stimuli. RL has become a popular tool to orchestrate robotic move-
ment based on trial and error as well as adequate reward policies. Some achievements
include reaching tasks, pick&place tasks, or even higher-level tasks such as opening
doors [4]. Again, the experience gathered through virtual simulators has reached a
prominent relevance [12], although some approaches have opted to acquire real-life
experience [13]. In addition to these techniques, other projects have developed ad
hoc strategies for particular picking tasks [14] or multiagent strategies for static and
dynamic collision avoidance [15].

• Gripper designs: Some of the most important developments have come from the soft
robotics field [16]. This technique replicates nature to reproduce soft bodies with no
rigid structure [17]. The main characteristics describing these bodies are silicones as
materials and air pressure as the actuation system to generate movement [18,19]. In ad-
dition, some solutions have implemented paper folding and paper cutting techniques
(origami and kirigami). These techniques have provided both grippers with larger
contact surfaces [20] and grippers capable of adapting their geometry and passively
modulating the force they apply [3]. Finally, also inspired by nature, other projects
base the gripping ability on geckos’ traction technique. Here, the gripper is a thin
sheet of deformable biphase material that changes its properties by heat application.
Temperature variations produce phase changes that increase Van der Waals forces,
allowing this prototype to grasp different geometry objects [21].

These strategies help solve some of the most complex scenarios of grasping objects.
Nevertheless, the industry is not only interested in robots gripping parts in chaotic scenarios.
The industry requires individual gripping so that the number of parts is under control at
any given time. Thus, robots can create batches with the exact number of parts to precisely
feed the assembly line. However, some of the mentioned solutions require a significant
time and money investment when implemented or are not suitable for generalization.
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We believe that gripper development needs more prominence to reach generalist
solutions. Thus, we have developed research to study alternative gripping tools prior to
this publication. In that research, we aimed to detect the tool with the most significant
potential to grasp parts individually. We defined our specific parameters and developed an
ad hoc decision matrix to judge the best suitable solution, as the literature does not provide
an adequate framework for a selective grasping application [22]. We include this outcome
in the Appendix A. In this prior research, we concluded that the best tool for this purpose
is the jamming effect gripper, a soft robotics solution [23]. The physical principle behind
this soft robotic manipulator is known as the jamming effect. The gripper can work in two
modes or phases. In the first phase, in which the inner pressure is the atmospheric one, the
gripper behaves as a relaxed body that can adapt to any geometry. In the second phase, the
granulates inside the envelope are compact since the vacuum effect removes the air in the
interior. Here, the gripper is petrified, and the jamming effect arises; the manipulator can
then take advantage of its ad hoc shape to potentially grasp any object it covers. Figure 2
shows the universal jamming gripper used. Its geometry is further described in Section 3.1.

This gripper can adapt its shape to different geometries and provide high-quality
grasps. In addition, there is the potential for embedding tactile sensors on it [24,25]. These
properties make this gripper a great candidate for solving the chaotic scenario problem,
including knowing the number of parts the gripper touches and where they are located.

Figure 2. Universal jamming gripper. Two key elements comprise the robotic manipulator: the white
translucent envelope and the granulate material it wraps (refer to Figure 3). In addition, the image
also shows the upper attaching part, which contains the air filter and allows for a hermetic seal (refer
to Figure 4).

Figure 3. Granulate dimensions. From (A–D): 0.2–0.3 mm, 0.3–0.4 mm, 0.5–0.75 mm, 1.0 mm.
All images taken at 20× zoom magnification.
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Figure 4. Gripper assembly. Subassembly A is the rigid body anchoring the gripper and encasing
the vacuum filter. Subassembly B is the soft body described in this publication. We provide further
details about the entire assembly in the Supplementary Materials section.

As a previous step in developing these concepts, we study the gripper’s components:
both the inner granular one and the deformable material that covers it. In this way, we
aim to find a good combination for different use cases where object properties (weight,
geometry, or rigidity) vary.

We summarize our main contributions as:

• Primary Contribution: We provide a robust empirical foundation for material selection
in applications involving elements of soft robotics, particularly those requiring lax
compression, vacuum application, and traction under the jamming effect, such as in
robotic grasping scenarios.

• Unique Gripping Cycle Analysis: Unlike other studies, this research closely replicates
the gripping cycle of a robot, including lax compression (simulating grip deformation)
and traction with an active jamming effect (representing the maximum gripping force).
We test the prototypes with this optimization goal, and our methods and designs align
with this goal.

• Introduction of a New Metric: We introduce an unexplored metric in this context—the
energy absorbed in the grip—proposed as a quality measure for assessing grip efficacy.

• Extensive Material Combination Study: We research an extensive range of material
combinations (16 in total), a significantly broader scope than most literature, examining
both filler (four glass ball diameters) and enveloping materials (four different materials).

• Detailed Analysis of Filler Material Dimensions: Unlike common studies that focus on
glass balls larger than 1 mm, this research delves into finer details, analyzing up to
three sizes of glass beads below 1 mm, enhancing material optimization sampling.

• The Thinner the Better for Optimizing Weight Lifting: Our research suggests that
envelopes with thinner walls allow the internal granulate to manifest in the external
texture of the prototype, increasing its coefficient of friction. In other words, the
selection of internal material not only affects the forces that can be developed during
the jamming effect phenomenon (internal influence) but also has a very notable effect
on what happens in the prototype piece contact (external influence) when the envelope
wall is thin.

2. Related Work

The jamming effect is a phenomenon that appears in granular materials when the
interaction of the particles prevents their movement. These particles’ size order of mag-
nitude may vary between micrometers (coffee grounds when packed) to meters (rock
jetties). Jaeger [26] reviewed the scope of application of the jamming effect and summa-
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rized it in three major fields: architecture [27], energy dissipation, and soft robotics. On
the other hand, soft robotics is the group of actuators based on biology that replicates
soft bodies with variable stiffness. Previous works introduced extensive revisions on soft
robotics: Kim et al. [17] made a comprehensive review of bio-inspired soft robots, while
Shintake et al. [16] focused on the application of this technology to robot grippers. In ad-
dition, Fitzgerald et al. [28] merged both concepts (jamming effect plus soft robotics) and
developed a specific review on the jamming effect on soft robots.

Brown et al. [23] introduced one of the most relevant prototypes in the soft robotics
gripper field: the universal jamming gripper. This gripper comprised a flexible envelope
plus a granular material in the interior: the conjunction of materials allowed the gripper to
adapt to any geometry. Once deformed, this gripper can grasp the object by vacuuming the
interior chamber and thus increasing the gripper stiffness. Some subsequent works included
more refinements as positive pressure [29]. This feature allowed the breaking of the jammed
structure when no vacuum was applied, thus recovering the relaxed gripper shape. Due
to the versatility of the gripper and its agnosticism to object geometry, Amend et al. [30]
attempted to commercialize it.

In the field of soft robotics, vacuum is the most commonly used driving force to
produce the jamming effect. Nevertheless, other works have proved that this technique is
not the only one capable of generating it. Choi et al. [31] developed a visually similar gripper
to Brown’s. However, instead of granular material as filler, they used a magnetorheological
fluid, and instead of vacuum, they used a magnetic field to solidify the gripper. In addition,
Choi et al. also studied the effects of including magnetic properties in the elastic envelope.
In line with this methodology, Nishida et al. [32] studied the impact of non-magnetic
particles on the magnetorheological fluid. Here, they looked at the influence of particle
materials and sizes on the gripper’s behavior. In addition to this technique, Li et al. [33]
observed that external forces applied to a confined granular material could also obtain the
jamming effect. In this way, they presented a prototype where inflatable soft actuators put
pressure on the filler chamber to modify robot stiffness. Bartkowski et al. [34] presented
the known e-morph, an electromagnetically-controlled actuator, that combines a granular
core with a silicone outer shell, featuring channels filled with liquid metal. This design
enables rapid changes in shape and stiffness, driven by electromagnetic forces and a
jamming mechanism.

Other works have focused on the independent influence of both the granular material
and the flexible envelope. Regarding the granular material, Götz et al. [35] studied the
impact of deformable particles on the maximum weight a universal jamming gripper could
lift. In addition, Loeve et al. [36] studied the influence of different granulate geometries
and sizes to maximize the bending moment in worm-inspired soft robots for endoscopic
application. Furthermore, Misking and Jaeger [37] developed an evolutionary algorithm to
design molecule-style particles. Thus, they could control the compaction factor by changing
the number and orientation of spheres comprising a particle. In addition, Hudson [38]
studied a range of granular materials, including various sizes of glass beads (most with
diameters over 1 mm), silica blasting media, sand, and ground coffee, subjecting them to
different vacuum pressures. His experiments were conducted under compressive loads,
thus not covering traction tests.

Regarding envelope studies, Howard et al. [39] developed a genetic algorithm to
design the universal jamming gripper’s geometry. In addition, they used a 3D printer
to manufacture the silicone sac, while most soft robotics manufacturing processes use
molds. Additionally, Jiang et al. [40] studied the influence of envelope materials on the
mechanical performance of soft tubular specimens. Finally, Xiao et al. [41] worked on the
geometry of soft actuators. As a result, they developed pneumatic twisting muscles with
helical geometries.

Regarding the jamming effect, several other research studies and soft robot prototypes
include its properties. Wei et al. [42] proposed a three-finger gripper that complies with
objects’ geometries better than traditional stiff finger grippers, while Cheng et al. [43]



Machines 2024, 12, 52 6 of 20

developed a trunk-inspired hyper-redundant manipulator. Furthermore, Licht et al. [44]
applied the universal jamming gripper to collect objects in deep-sea scenarios. In addition,
Cheng et al. implemented a prosthetic hand system by using the same gripper proto-
type [45]. Finally, some projects have mixed the capabilities of soft robots and the jamming
effect with state-of-the-art deep learning algorithms. Thus, Jiang et al. [46] took advantage
of the radial symmetry and deformation of the universal jamming gripper to develop a
hardware-agnostic algorithm for robust grasping.

While state-of-the-art research in material optimization for jamming effects has been
extensive and diverse, it often varies in operational conditions. Some studies focus on
prototypes operating under compressive loads with jamming effect [38], others on bending
loads [36], and some integrate magnetic particles [31]. As a result, the outcomes of these
studies are highly influenced by their specific optimization goals.

On the other hand, our research is specifically tailored for robotic gripping, requiring
a precise operational sequence for effectiveness:

• Gripper compression against the part without the jamming effect;
• Creation of a vacuum, preparing the gripper for action under the jamming effect;
• Traction while the gripper is engaged with the object, with the jamming effect active.

This operational sequence highlights the unique application of the jamming effect
in robotic gripping. Our focus is on traction, which distinguishes our approach from
studies centered on other forms of stress, such as bending or compression, under the
jamming effect.

3. Methodology

As Amend et al. [29] stated, three physical effects can contribute to successfully
grasping an object using a universal jamming gripper: friction force (microscopic level),
geometry irregularities (macroscopic level), and vacuum cameras. Figure 5 illustrates these
physical phenomena.

A B C
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Figure 5. The prototype’s grasping principles. According to Amend et al. [29], physical phenomena
that allow a universal jamming gripper (black contours) to pick up parts (green contours) include:
static friction by deriving friction forces (A), geometric constraints by allowing for the application of
normal forces (B), or vacuum chambers by producing pressure differences (C).

Different research projects prove that the jamming effect differs based on the material
used [35,36,40]. Nevertheless, these works have always tested both materials (granular
material plus envelope) in a separate way. Here, we test different options by changing both
elements to find optimum combinations.

Thus, the materials used to manufacture the envelopes are latex and three different
silicones (Shore 00-10, Shore 00-50, and Shore A-25). As shown in Table 1, every envelope
has a particular wall thickness due to manufacturing restrictions and tearing resistance. In
addition, Table 1 shows other silicone features, such as density and roughness.
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Table 1. Envelope properties: density, wall thickness, and roughness for every tested envelope.

S. A-25 S. 00-50 S. 00-10 Latex

Density [ g cm−3] 1.18 1.07 1.04 0.96
Thickness [mm] 1.0 2.0 2.0 0.15
Roughness [µm] 6.15 29.01 15.26 32.06

Regarding the granular material, this research is only interested in analyzing grain size
comparison. Therefore, choosing a unique material for the different diameter samples is
critical. Using the same granular material allows for exploring the size influence on gripper
performance without introducing any bias related to other granulate properties. We explored
several material options, including organic ones like beach sand and synthetic ones like silica
gel. We chose to use glass balls since this material allowed us to scan the diameters of interest
for this research, and the needed formats were readily available on the market. Figure 3 shows
the different sizes of glass balls used under a 20× zoom magnification. Although the granular
material used in this study is segmented into four different size groups, polydispersity is
a potential phenomenon that could arise. This phenomenon, as studied by Hermes and
Dijkstra [47], suggests that the occurrence of different particle sizes can lead to higher packing
densities and alter the mechanical behavior of the prototypes: a higher packing density results
in more contact between particles and, potentially, more frictional forces arise between them
in the prototype’s interior. Although this behavior might be considered beneficial in certain
scenarios, this study opts to analyze the different filler sizes separately. To confirm this, a
sampling of the glass balls was performed under a microscope (Figure 3) to verify that the
dimensions of the glass beads indeed matched the manufacturer’s specifications. While it is
true that some beads of different size might appear, their population density was not very
notable, thus leaving the effects of polydispersity outside the scope of this work.

3.1. Gripper Geometry

As shown in Figure 4, two subassemblies comprise the prototype: the rigid support
and the deformable body. At the top is the rigid support, which anchors the gripper to the
robot or the tensile tester. In addition, the rigid support includes the necessary components
to guarantee the hermetic sealing of the deformable body and the vacuum filter. We include
a detailed exploded-view assembly drawing as supplementary material.

On the other hand, the soft body comprises the two elements relevant to this research:
the envelope and the granulate material. The envelope houses the different samples of
granulate material shown in Figure 3. As previously mentioned, the materials considered
for the envelope are flexible and deformable: silicone and latex (Table 1). The geometry
of the envelope is conical in such a way that it is possible to grip parts of different sizes:
from the smallest (using the gripper tip to avoid excessive compression) to the largest
(compressing the gripper to the base, where the diameter is more prominent, and the
contact region increases). The choice of this gripper geometry is motivated by its potential
pliability, its collapse capabilities (which favor the embracing of the mushroom-shaped test
part), and its radius reduction to minimize volume and weight. After several iterations
in which we changed the aspect ratio of the tool (radius vs. length), we opted for this
geometry that satisfied our criteria. Furthermore, as Brown et al. [23] did with their original
design, we chose a geometry with radial symmetry to favor the kinematics of any potential
robot. The envelope tip includes a slight concavity that aims to ease the collapse of the soft
body when it makes contact with any object. On the other hand, the top of the envelope
includes a lip that, compressed against the upper body, allows for a tight seal of the vacuum
chamber. The silicone envelopes are manufactured by molding, while the latex version
requires an immersion technique due to curing limitations.
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3.2. Setup Description

The testing setup is composed of several elements; Figure 6 shows them and their
arrangement. The elements involved in the vacuum effect generation are an air compressor
and a Venturi device. The air compressor works in the 6 to 8 bar range. The Venturi device,
attached to the compressor’s output, ensures a negative pressure of at least 0.8 bar at every
moment. A vacuum line connects the pressure system to the gripper. The tensile force
tester allows for precise vertical placement of the gripper, constant velocity during tests,
and force versus displacement recording. The load force sensor used has a maximum value
of 0.5 KN. The tester’s upper part is the moving one, and the force sensor and, in turn, the
gripper attaches to it. On the other hand, the test specimen is located at the fixed lower
part of the machine.

C

B

D

E

F

G

H A

Figure 6. Setup components: (A) tensile force tester, (B) mushroom-shaped test specimen, (C) gripper,
(D) force sensor, (E) moving end of the tensile force tester, (F) vacuum line, (G) Venturi device,
(H) compressor.

We designed the test specimen according to the Amend et al. findings [29] displayed in
Figure 5. As presented in Section 3, the three phenomena allowing the gripper to grasp objects
are: static friction, geometric constraints, and vacuum chambers. Since we want to test the
prototype’s resilience, the test specimen’s shape tries (on purpose) to reproduce the worst-case
scenario. This scenario means that the gripper cannot always rely on favorable geometric
constraints or vacuum chambers since the most complicated parts to grasp hardly ever include
these features. Thus, the gripper can only rely on the traction force between the gripper and the
specimen’s surface and, occasionally, on the geometric constraints its mushroom shape provides.
To recreate the desired behavior, we designed the specimen by focusing on the mentioned
parameters—static friction, geometric constraints, and vacuum chambers—as follows.

• Static friction: The machine used to manufacture the specimen is a Multi Jet Fusion
3D printer. The material used is powdered nylon PA12. The combination of the
process and the material results in a linear roughness of 78 µm, providing an isotropic
and uniform friction factor along the contact area. The contact zone provided by the
specimen is limited to the region marked in green in Figure 7A.

• Geometric constraints: We wanted to reward only those gripper combinations with
good deformation behavior. Thus, we designed the specimen so that there are no
easily reachable geometric constraints. Instead, we hid the constraint behind the
convexity of the mushroom head. Figure 7A defines the angle φ. This parameter
describes the ability of the gripper to occupy the geometric constraint provided by
the specimen. Figure 7B explicitly shows how prototypes can occupy the gripper
zone called Region A. Only those prototypes with adequate fluidity and pliability can
reach this zone. This fact allows their performance to improve. As shown in Figure 8,



Machines 2024, 12, 52 9 of 20

prototypes manage to increase the gripping distance d and maximize the stored energy
E (both parameters are defined in Figure 9).

• Vacuum chambers: We decided not to consider any vacuum chamber effect. To prevent
the formation of any pressure chamber, we included a convex shape at the top of the
test specimen.

Ref. z = 0.0 mm

Ref. z = 45.0 mm

z

φ Region A

Frictional
spherical 
zone

A B C
Figure 7. Mushroom-shaped test specimen. Interaction between gripper and test part specimen.
(A) Definition of specimen design parameters. (B) Section drawing showing the interaction between
gripper and specimen at the maximum compression position. (C) Comparison between the initial
and final positions of the gripper after the pull-off test; between the two positions, deformation of the
gripper occurs while the jamming effect manifests.
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Figure 8. Pull-off force test raw results. The four–row by four–column matrix gathers the results from
the prototypes’ pull-off force tests. Every column corresponds to a different granulate size, while
every row corresponds to a different envelope material. Granulate size increases from left to right.
Envelope pliability improves from bottom to top. Every element in the matrix represents a material
combination test. We tested every prototype five times: each test corresponds to a different green
curve. By coloring them in red, we highlight those tests reaching an optimum value (lifted weight,
stored energy, or deformation force).
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Figure 9. Generic pull-off force test plot. The force versus displacement plot provides all parameters
describing the behavior of the prototypes. The traction curve (dark green color) increases until it
reaches the maximum value. From that point, the force decreases until it stabilizes. A residual tensile
force becomes apparent at this point (the gripper weight, represented by light green). The relevant
parameters are the lifted weight (F1), the stored energy (E), and the deformation force (F2). Two
other complementary parameters are the distance the gripper manages to grip the mushroom-shaped
specimen (d) and the total weight of the prototype (F3).

3.3. Pull-Off Force Test

The tensile test machine can show the features of every gripper by performing a (con-
ceptually similar) stress–strain test. The main difference here is that the sample specimen is
not a single metal or composite part; instead, it is two detachable parts: the soft gripper
and the mushroom-shaped part. The tensile tester machine pulls until both parts, initially
attached, lose contact. Thus, the pull-off force test can evaluate the grippers’ extreme case
abilities. Here, the candidate grippers’ parameters to be optimized are:

• Lifted weight: This variable is the maximum weight a gripper can lift. The gripper
reaches this value during the tension testing phase.

• Stored energy: The second relevant parameter is the stored energy in the pull-off
process. This value means the energy needed to pull off the gripper from the test
specimen, i.e., the energy required to make any grasped object drop. This parameter
is relevant since it expresses the quality of the grasp. In a real-life scenario, when a
robotic arm attaches to the gripper, this external energy might be revealed in vibrations
or inertial forces associated with linear accelerations and rotational movements. The
higher the energy value is, the better the quality of the grasps.

• Deformation force: This parameter is the force a gripper needs to adapt its initial
shape to the desired object. The tensile test machine obtains this value during the
compression phase when the gripper is relaxed. The deformation force value is
relevant since some industrial applications require robotics systems to grasp delicate
parts such as brittle or deformable objects.

Developing these tests means following a precise sequence of steps. The following
methodology guarantees the repeatability of the tests and makes possible the comparison
between the different material combinations:

• First step: The volume of glass balls inside the envelope must be uniform for every test
combination and equal to 153 mL. This is the theoretical interior volume (measured in
CAD) that the envelope can wrap.

• Second step: The envelope must be clean every time a test starts. Cleaning it with
alcohol guarantees that no particle from the surrounding environment is attached to
the surface, and thus, no friction losses happen.

• Third step: Once the surface is dry, the upper part of the tensile tester machine
starts its movement downwards. This movement compresses the gripper against the
mushroom-shaped test specimen while the gripper is still relaxed. The movement



Machines 2024, 12, 52 11 of 20

stops when the displacement is equal to 45 mm from the reference position. Figure 7A
shows the reference position (z = 0 when the gripper tip is tangent to the mushroom
head). The maximum displacement any gripper can handle without entering the
nonlinear compression force region is 45 mm (Figure 10 indicates the typical gripper
behavior during the compression phase). The downwards velocity of the gripper at
this stage is 250 mm/min.

1 2 3 4 5 6 7 80
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100

Displacement (mm)
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rc

e 
(N

)

0 10 20 30 40 50 60 70 80

A

Pliability:
A: High
B: Low

B

Figure 10. Generic compression plot. Compression force versus tester moving part displacement.
During the compression phase and before the pull-off force test, the prototypes behave differently
depending on their abilities to collapse. Thus, those combinations of granulate material plus an
envelope with proper fluidity and pliability are likely to behave like the light green curve (curve A),
while the less fluid granulates and less pliable envelopes tend to behave like the dark green one
(curve B). In order to set a standard procedure, we avoided the non-linear compression region and
compressed every prototype until the tester moving part reached 45 mm from the zero position
(Figure 7A).

It is also relevant to remark that a displacement d′ on the tensile tester upper part is
not equivalent to the same displacement on the gripper prototype (d′′). Even though both
parts are attached, the prototype’s deformation properties (for instance, envelope pliability
or granulate fluidity) lead to different displacement correlations, i.e., d′ ̸= d′′.

Figure 8 illustrates this. Even though the tensile tester’s upper part always moves
45 mm downwards, the gripping distance d (defined in Figure 9) is different for every
material combination. This parameter d highly depends on the prototype’s ability to make
the angle φ (Figure 7A) as big as possible, which also depends on how the gripper collapses
and how the gripper radially expands its volume when the machine compresses it.

• Fourth step: When the gripper is in position, the vacuum valve activates. Then,
the gripper stands in this position for 40 s. Even though the petrification is almost
immediate, the 40 s delay allows the system to reach a steady-state compression force.
This compression value reveals the deformation force defined above (F2 in Figure 9).
Vacuum pressure in our case study (robotic grasping) has an influence on two points:
internal influence on the mechanical capabilities of the jamming effect and external
influence on the gripper piece contact.
In the first phenomenon, the higher the vacuum pressure, the more pronounced
the jamming effect. This behavior can be qualitatively observed in the results of
Hudson [38], where a progression of mechanical performance with increasing vacuum
pressure is demonstrated. (Hudson’s results serve here to qualitatively guide the
intuition of the effect of pressure, as his work studies the jamming effect only under
compression and not under tension, as in our case).
On the other hand, an increase in vacuum pressure in some prototypes favors an
increase in the friction coefficient between the gripper and the grasped piece, as an
increase in vacuum pressure causes the internal material to manifest on the external
surface of the gripper, increasing its macroroughness (especially in cases of enveloping
materials with lower hardness and thinner wall thickness, as shown in Figure 11).
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A B C

Figure 11. Consequences on friction performance due to granulate–envelope interaction. Different
combinations of materials produce a different response in surface waviness. Thus, the material
combination’s ability to provide a higher or lower level of waviness conditions the friction force that
prototypes can exert. Latex is the envelope that allows a higher level of waviness (A,B). The presence
of bigger granulate materials emphasizes this behavior. On the other hand, when the envelope
material is silicone ((C), with wider walls due to manufacturing constraints, Table 1), the influence of
the interior material is hidden (due to the ability of the wide silicone walls to pad the granular effect).

In any case, in this work, we assume that the effect of increasing vacuum pressure
tends towards a limit in which both phenomena saturate. In this study, the research on
the influence of pressure is beyond the scope, and we work with a uniform pressure
value of 0.8 bar provided by the Venturi device.

• Fifth step: The setup is ready to start a conventional tensile force test with a 20 mm/min
quasi-static speed rate.

4. Results and Discussion

As stated in the Section 3, the tests developed in this work try to optimize three
parameters in the pull-off force test. These parameters are lifted weight, stored energy,
and deformation force. In a real-world scenario, when the gripper grasps an object, these
parameters can translate into the maximum weight the grasped object can be, the energy
needed to detach the object from the gripper, and the minimum force required to adapt the
gripper to any given shape.

Figure 9 shows the output of a generic pull-off force test. In this figure, the relevant
parameters are:

• Lifted weight (F1). This parameter corresponds to the peak value in the tensile
force curve.

• Stored energy (E). This parameter is the area between the tensile curve and the final
traction value derived from the prototype’s weight (F3).

• Deformation force (F2). This value is equal to the difference between the weight (F3)
and the initial value of the tensile curve.

Figure 9 also shows two other complementary parameters:

• Gripping distance (d). This parameter shows the distance over which the prototype can
grip the mushroom-shaped specimen along its frictional spherical zone (Figure 7A).

• Total weight of the prototype (F3). This value includes the weight of the assembly
shown in Figure 4 plus other components that attach it to the tensile tester.

As stated in the methodology, the material combinations result in a four-row by four-
column matrix. Every element in the matrix gathers five experiments. Figure 8 shows the
outcomes of the pull-off force test in the following arrangement: ball particle diameters
increase from left to right, while envelope pliability increases from bottom to top. The three
relevant parameters to assess the material combinations emerge from these plots, and the
following lines discuss them individually. Figures 12–14 show four box-and-whiskers plots
each. Each plot corresponds to one complete envelope performance, and they are arranged
in such a way that the pliability of the envelopes increases from left to right. Inside every
plot, granulate size also increases in the same direction.
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• Lifted weight: Figure 12 shows the maximum lifted weight results following the
guidelines stated above. Here, the three plots on the left (silicones) show the best
performance for the 0.3–0.4 mm diameter balls, followed by some pick-up cases for
the 1 mm balls.
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Figure 12. Lifted weight results. Four charts summarize the results of the lifted weight. Each chart
corresponds to a different envelope material, with increasing pliability from left to right. Each chart
shows maximum force versus granulate size in the form of a box–and–whisker plot. Within each plot,
the granule size also increases from left to right.
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Figure 13. Stored energy results. Four charts summarize the stored energy results. Each chart
corresponds to a different envelope material, with increasing pliability from left to right. Each chart
shows energy versus granulate size in the form of a box–and–whisker plot. Within each plot, the
granule size also increases from left to right.
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Figure 14. Deformation results. Four charts summarize the deformation force results. Each chart
corresponds to a different envelope material, with increasing pliability from left to right. Each chart
shows deformation force versus granulate size in the form of a box–and–whisker plot. Within each
plot, the granule size also increases from left to right.

Nevertheless, the best behaviors appear with latex (plot on the far right), doubling
the best results reached by the silicones. This plot shows a correlation between ball
diameter and force output, reaching the best performance with diameters larger than
0.4 mm. Thus, the best combination to optimize the maximum weight the gripper can
lift is a latex envelope in addition to the 1.0 mm diameter glass balls (if 0.5–0.75 mm
outliers are discarded).
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Figure 12 does not show a clear trend for the influence of the granulate size on the
lifted weight, at least in those prototypes manufactured with silicone. However,
the opposite happens in the case of the latex envelope. If compared, envelopes are
different in the material used to manufacture them but also in their wall thickness (it is
relevant to remark here again that these wall thicknesses are the minimum achievable
due to manufacturing restrictions; Table 1). Thus, we consider that the main reason
the latex shows better results is its wall thickness (0.15 mm). This hypothesis assumes
that smaller envelopes’ wall thicknesses allow the relief of the granular material to
manifest more easily on the outside. Consequently, different grain sizes allow us to
achieve different friction coefficients.
As indicated in Figure 7A, the lifted weight is due to the frictional force established
between the test specimen and the prototype. Thus, this force is directly proportional
to the value of the static friction coefficient (µ), which can be qualitatively related to
the roughness and waviness values of the prototype surface while the prototype is in
the jamming phase (vacuum on).
We performed waviness measurements of the prototypes for different granulate mate-
rials. In these measurements, we are only interested in the waviness values (and not in
the roughness ones). This bias is because we consider the grain size sufficiently large
(from 0.2 to 1.0 mm) to consider its effects on a macroscopic scale. Thus, we discard
roughness values, as we consider them to reflect the influence of the envelope surface
on a microscopic scale. In addition, since we want to see the influence of the granulate
size on performance, it does not make sense to consider any contribution coming from
the envelope side.
The analysis of the prototypes showed minor waviness variations in the silicone cases
(wall thicknesses of 1 and 2 mm). This result is due to the thick silicone wall’s cushion-
ing effect, preventing the granular material’s relief from manifesting on the outside
(Figure 11, diagram C). However, in the case of latex, significant waviness changes
appear when analyzing the different granulate sizes (Figure 11, diagrams A and B)
since the latex’s wall thickness is unable to provide any cushioning effect. Table 2
gathers the waviness results for the four different granulate and latex combinations.

Table 2. Latex prototype waviness for the different granulate materials. Waviness values obtained
with a cut-off value (λ) equal to 0.8 mm.

0.2–0.3 mm 0.3–0.4 mm 0.5–0.75 mm 1.0 mm

Waviness [µm] 9.54 28.81 23.55 74.86

• Stored energy: Figure 13 shows the energy results of the tests. This figure follows
the same format as the previous one. Again, the behavior of the silicones (three plots
on the left) differ from the latex and display an inverse correlation between Shore
hardness and energy absorption. The two hardest silicones (Shore 00-50 and Shore
A-25) find it difficult to reach 2 mJ, but it is relevant to remark on the 0.5–0.75 mm
diameter balls’ inability in both scenarios. There, the energy absorption is null.
On the other hand, still analyzing silicones, the outcomes of the Shore 00-10 silicone
improve the results of the hardest ones. The plot shows a properly defined maximum
value for the 0.3–0.4 mm diameter one, multiplying by almost three the best results of
its competitors.
Figure 13 shows remarkable differences between silicones when absorbing energy.
This difference lies in their plasticity. Analogously, we can refer to tensile tests on
metals: more ductile metals obtain higher energy absorption values than brittle ones.
Similarly, silicones with lower Shore hardness (more plastic and deformable) obtain
better results than those with higher Shore hardness (more rigid).
Finally, latex shows outstanding behavior compared to silicones. The results im-
prove for every ball diameter, except for the smallest one, and the best combination
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(0.3–0.4 mm diameter) performs over 10 mJ in almost every case. Finally, it is also
interesting that the 1.0 mm diameter balls step up after a sharp drop. This fall is
due to the 0.5–0.75 mm balls, which tend to worsen the energy performance for
every envelope.
The simplified energy formula E = Fd explains the better latex performance. In
this formula, F is the lifted weight, and d is the gripping distance. Here, latex is
the envelope that obtains better results because of both parameters: F and d. Lifted
weight has already been explained in the previous point, and, on the other hand, latex
maximizes the gripping distance d due to its ability to obtain better angle φ values
(Figure 7A) and to take advantage of Region A (Figure 7B).

• Deformation force: Figure 14 shows deformation force results. Again, this figure
follows the same format as the previous figures. As stated before, the optimum defor-
mation force is most likely to be the one with the minimum value. The deformation
force results allow for breaking off the previously seen silicone cluster, i.e., the silicones
produce the best and the worst performance here. The hardest silicone (Shore A-25)
suffers the most significant deformation values: in addition to 0.2–0.3 mm balls, the
force goes over 20 newtons. Conversely, on the opposite side of the hardness scale,
Shore 00-10 silicone results in close to zero forces. In addition, the other materials (latex
and Shore 00-50 silicone) show a less attractive behavior, reaching values between 5 to
10 newtons.
The parameter discussed here shows a clear correlation between the force values
and the envelope plasticity. If considered a membrane, the more rigid the envelope
is, the more tension appears in the deformation process. This tension restricts the
movement of the inner particles, producing higher forces in those cases where the
inner particles’ relocation is blocked. Thus, when the envelope adapts its form to the
mushroom-shaped part, the glass balls find a limp boundary in the case of Shore 00-10
and a less permissive one in the case of Shore A-25. This difference in the boundary
tension leads to particles’ movement behavior and the consequent results in Figure 14.
Contrary to what happens with the envelope materials, it is not possible to extract
a behavior trend for the glass balls. At first glance, the friction force between inner
particles might arise as the leading cause contributing to the gripper deformation
force. Since friction force is proportional to area, reducing the contact area between
balls might be an interesting way to decrease the gripper deformation force. Thus, the
larger the glass balls’ diameter, the lower the gripper deformation force. Even though
the plot on the right in Figure 14 may confirm this hypothesis, the others discredit
it. In this way, the relation between the balls’ diameter and gripper deformation
force seems more complex. A new hypothesis might consider the interaction between
envelope material and balls (instead of just balls). Thus, the envelopes’ roughness
might enter the scene and explain the diameter influence. However, the confirmation
of this hypothesis is left for future work.

5. Conclusions

This publication introduces a general guideline for material selection for soft robots
in general and universal jamming grippers in particular. We conducted empirical tests
for every possible envelope and granulate material combination to obtain this guideline.
Both granulate and envelope materials showed a substantial influence on prototype per-
formances: envelope material is critical for obtaining parameters such as the deformation
force or the stored energy, while the granulate material size reveals its influence on the
prototype’s ability to reach higher lifted weight values.

This last discovery was achieved by testing the latex envelope, an envelope with a
wall thickness of just 0.15 mm. Thus, this publication reveals that wall thickness is crucial
for optimizing results and allowing granulate materials to reach their potential. Narrow
envelope walls allow the waviness provided by the granular material to become visible
on the outer surface. Thus, by changing the size of the granules, we can achieve different
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waviness values and, therefore, different static friction coefficients. In this way, varying the
inner material means optimizing the friction force and, consequently, the maximum lifted
weight. On the other hand, wide-walled envelopes are insensitive to this effect since they
cushion the relief the different grain sizes provide.

Due to these observations, we conclude that latex is the material with higher energy
absorption and weight lifting performance. In addition, we remark that latex is not the best
envelope for every application; the choice of the material must fulfill the requirements of
the specific scenario. Therefore, the hardest silicones still apply when wearing resistance is
required (for instance, in tasks with a high number of cycles). On the other hand, softer
silicones still have their application niche for grasping fragile objects.

As improvement points, future studies could focus on new manufacturing processes to
obtain thinner envelopes (so that any prototype can take advantage of granulate influence
on static friction). This research does not consider thickness variation analysis for the same
envelope material, but its optimization could enhance results. Furthermore, we also intend
to decrease the passivity of the gripper by discretizing its actuation volume. In addition,
as future developments, the authors intend to improve the performance of the universal
jamming gripper by implementing tactile sense and obtaining feedback and a closed-loop
control over its performance.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/machines12010052/s1. Video S1: The video shows the test
process described on the Section 3 in the paper. File S1: The exploded view of the prototype,
gathering all elements needed in the assembly.
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Appendix A. Alternative Gripping Techniques and Decision Matrix

As stated in the paper’s introduction, industry and academia still face a significant
problem in automating robotic processes. Chaotic and non-structured scenarios still pose
the unsolved question of how to make robots catch parts individually when chaos appears.

To solve this open question, we initially analyzed alternative gripper prototypes prior
to the development of this publication and the experiments described in it. We developed a
decision matrix to tackle the chaotic scenario issues and included eight different parameters:

• Complex geometries, flat parts, and soft parts: evaluates the ability of the grippers to
grasp parts with these features.

• Selectivity: describes the ability of the gripper to grasp a unique object in a random
and chaotic scene.

• Active response: indicates if the prototype includes any system to actively react or
adapt its behavior depending on the object to grasp.

• Readiness: describes the ability of the prototype to grasp two completely different
objects without requiring intermediate steps, i.e., this indicator punishes those grippers
needing an intermediate step to adjust their performance. An intermediate step might

https://www.mdpi.com/article/10.3390/machines12010052/s1
https://www.mdpi.com/article/10.3390/machines12010052/s1
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be a tool change or any adjustment not done on the fly. On the other hand, this
parameter rewards designs with few to no intermediate steps.

• Sealing: when applicable, this indicator shows the ability of the design to prevent
airflow and pressure losses. This parameter often relates to selectivity since air leaks
attract an undesired number of objects. Of course, as this factor is not applicable to
every prototype, the scores awarded in this section are not computed to choose the
final candidate.

• Compactness: evaluates the ability of the prototype to develop its actions without
interfering with other objects surrounding the robot. It also rewards those alternatives
with fewer components and mechanisms to trigger the grasping action.

• Sensorization: describes the potential and predisposition of the prototype to include
sensors that might help enrich the system’s data acquisition.

Five different prototypes were tested and analyzed under the chaos criterion, with
three based on the suction airflow principle, and the other two on the universal jamming
gripper effect. Figure A1 shows the prototypes we explored. Figure A2 shows the analysis’s
qualitative results in a decision matrix.

A B C D E

Universal Jamming Gripper

Suction Airflow Principle

Figure A1. Prototypes. From left to right: mechanical shutter (A), interchangeable nozzles (B),
deformable nozzle (C), universal jamming gripper (D), universal jamming gripper with vacuum
cup (E).

A C EB D

Complex geometries

Flat parts

Selectivity

Active response

Readiness

Compactness

Sensorization

Sealing n/a n/a

Soft parts

Figure A2. Decision matrix. Each prototype (A–E, as Figure A1 shows) obtains a score according
to the capabilities shown. The universal jamming gripper (D) shows the best potential to solve the
initial problem: how to grasp one unique part in a chaotic scene with multiple objects.

On the one hand, the suction airflow principle makes it possible to manipulate compo-
nents independently of their geometry. The components are held in place by the pressure
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difference created by a suction airflow. However, this operation has limitations when
operating with different part sizes, as there is a risk of picking up objects when their size is
small. We propose three different prototypes based on this approach.

First, we propose a model based on a mechanical shutter (Figure A1A). This model
regulates the airflow section by controlling a mechanically driven blade set. In this way, it
can narrow or widen the suction section depending on the size of the object to grasp. Despite
its good performance when dealing with big objects, this model presents a significant
drawback: its selectivity worsens when grasping small parts.

The second alternative we propose is a system of interchangeable magnetic nozzles
(Figure A1B). The prototype uses a set of nozzles with different diameters to cover the
range of part sizes. The main limitation of this alternative is the need to have as many
nozzles as size ranges. Consequently, it is necessary to perform an intermediate step to
change the nozzle each time the part size changes.

The last proposal based on suction airflow is a deformable soft robotic nozzle
(Figure A1C). In this case, we aim to make the diameter of the nozzle malleable to adapt it
to different sizes. Although it reduces the mechanical complexity seen in the mechanical
shutter prototype, the soft nozzle, as the second alternative, requires an intermediate step
to deform its shape. In addition, its deformation abilities do not prevent the prototype from
struggling to enhance the selectivity shown by the shutter prototype.

On the other hand, the second method to grasp objects is a soft robotic-based solution:
the universal jamming gripper. This design seeks to manipulate components using a
deformable body that adapts its geometry to the shape of the components to grasp.

First, we explore the original universal jamming gripper solution: a cone-shaped
gripper made of a highly malleable material filled with different granulates (Figure A1D).
We describe its behavior in the publication.

Finally, the last proposal is similar to the previous one but incorporates a vacuum cup
system looking for a hybrid solution (Figure A1E). However, this modification reduces the
system’s deformation capacity, worsening the gripper’s ability to grasp parts using the
jamming effect.

As shown in Figure A2, the best prototype is the universal jamming gripper with a
final score of 17 points, followed by the mechanical shutter, the interchangeable nozzles,
and the universal jamming gripper with vacuum cup (16 points for each of them; remember
that sealing points are not computable in the final score and are only valid to distinguish
between airflow prototypes). Finally, the least appealing prototype, the deformable and
soft robotic nozzle, reaches 15 points.
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