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Abstract
Granular jamming has been identified as a fundamental mechanism for the operation of robotic grippers. In this work, 
we show, that soft particles like expanded polystyrene beads lead to significantly larger gripping forces in comparison to 
rigid particles. In contradiction to naive expectation, the combination of jamming and elasticity gives rise to very different 
properties of the jammed phase, compared to hard-particle systems. This may be of interest also beyond the application in 
robotic grippers.
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1 � Idea and state of the art of granular 
grippers

An important and challenging problem in the context 
of robotics is to grip objects of various and sometimes 
unknown shape and surface properties with a single manipu-
lator. Frequently, this problem is addressed by grippers that 
mimic hands with multiple fingers (e.g. [27]). However, 
complex mechanics also require complicated software that 
manages the interplay of sensory and actuating elements. In 
2010, revisiting some earlier ideas [7, 28, 32], Brown et al. 
[6] suggested a different approach based on the jamming 
transition of granular materials. Here, granulate is loosely 
enwrapped into an elastic membrane. The filled membrane 
is then pressed onto an object such that the granulate flows 
around the object in a fluid-like manner. To grip the object, 
the air within the membrane is evacuated and eventually 
the granulate gets compressed and enters a solid-like state 
due to jamming. This solidification causes forces that can 
effectively grip and hold the object. More information on the 
underlying jamming transition in granular materials can be 

found, e.g., in [3, 23, 24]. As described by Brown, this type 
of gripper mimics the limit of a robotic hand with infinitely 
many degrees of freedom [6]. In contrast to ordinary robotic 
grippers, these degrees of freedom need not to be controlled 
explicitly. Instead, they automatically adapt to the object and 
they are collectively activated by evacuating the membrane. 
It has been shown in many subsequent publications [1, 6, 15, 
18, 21] that these grippers can operate for a wide range of 
shapes, fragile objects and even multiple objects at a time, 
without any reconfiguration or learning phases.

Brown et al. [6] have shown that, depending on the prop-
erties of the object to be gripped, three different mechanisms 
are essential: 

1.	 geometric interlocking between the object and the solidi-
fied granulate,

2.	 static friction between the object and the membrane, and
3.	 suction effects, where the membrane seals the surface of 

the object air-tight.

It was further shown, that the holding forces due to geo-
metric interlocking and suction are significantly larger than 
those resulting from static friction [6, 22]. Therefore most 
attempts to optimize the gripping performance were focused 
on interlocking and suction [18, 21]. For those two mecha-
nisms the strength of the particle material in its jammed state 
is crucial [6]. Consequently, almost all works use particles 
from rather rigid materials like steel beads, glass beads, rice, 
salt or sugar. In the current paper, we consider particles from 
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soft materials instead of rigid ones and show that this leads 
to a squeezing effect between the gripper and the object, 
i.e., the object is firmly pressed by the gripper due to its 
volume reduction (particles and membrane) when vacuum is 
applied. This effect significantly increases the static friction 
between the object and the membrane and turns gripping 
by static friction competitive with the other mechanisms. 
We study this gripping force enhancement by means of 
experiments, particle simulations, and continuum mechani-
cal theory. By that, we add one further mode of operation 
for granular gripping that makes it possible to tightly hold 
objects whose shape and material properties neither allow 
for suction effects nor geometric interlocking.

2 � Holding force enhancement due to soft 
particles

In this section, we experimentally compare the performance 
of soft and rigid particles in a granular gripper by measuring 
the maximum holding force achieved in a gripping process. 
To that, we reconsider the simple form of a granular grip-
per which has already been discussed by Brown et al. [6], 
where a single elastic and air-tight membrane of spherical 
shape (diameter (73.0 ± 0.5)mm ) is filled with granulate. 
The granulate we consider are glass beads of diameter 
(4.0 ± 0.3)mm and expanded polystyrene (EPS) beads of 
diameter (4.2 ± 0.5)mm . The object to be gripped is a steel 
sphere of diameter (19.99 ± 0.01)mm whose surface was 
roughened to avoid suction effects between the membrane 
and the object. To measure the holding force, we use the 
apparatus shown in Fig. 1. One measurement cycle consists 
of the following steps: first the membrane is pressurized to 
fluidize the enwrapped granulate, then the z-stage is used to 
push the object into the gripper. Once the desired indentation 
depth is reached, the z-stage is stopped and after a relaxation 
phase the membrane is evacuated, such that the pressure dif-
ference between outside and inside is pvac ≈ 90kPa , which is 
the maximum pressure difference, that our vacuum-pump is 
able to achieve. After evacuating the membrane, the z-stage 
is moved downwards until the contact between the object 
and the gripper ceases. During the interval where the grip-
per is in touch with the object, the force acting between the 
object and the z-stage is measured.

Figure 2 shows the result for both, EPS beads and glass 
beads. Additionally, the characteristic phases of the grip-
ping process are indicated for the measurement with both 
type of beads. First, the object is pushed into the granu-
late (immersion phase) which corresponds to an increasing 
force in z-direction. At the beginning of the relaxation phase, 
the force decreases suddenly due to the abrupt stopping of 
the z-stage. In the relaxation phase, the force in z-direc-
tion continuously saturates to a constant value due to the 

reorganization and deformation of the particles. For the EPS 
beads, this process takes much longer as compared to the 
glass beads. The same holds true for the subsequent evacu-
ation phase: in both cases, the force in z-direction decreases 
smoothly until a constant value is reached. As before, this 
process is much quicker for the glass particles due to their 

membrane
filled with 
particles

vacuum

object
z-stage

load cell

Fig. 1   Experimental setup for automatic holding force measurements

Fig. 2   Force in z-direction as measured by the load cell shown in 
Fig.  1. The blue curve shows the force signal for EPS beads, the 
orange curve the force signal for glass beads. The blue rectangles 
in the background and the blue text at the bottom indicate different 
phases of the gripping process (see text). The blue dot marks the 
maximum holding force ( ≈ 14N ) for the EPS beads (colour figure 
online)
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higher stiffness. Note that for the EPS beads the sign of 
the z-force attains negative values in the evacuation phase, 
which corresponds to a lifting force onto the object even dur-
ing the evacuation phase where the z-stage is not moved at 
all. This is due to the softness of the EPS, which causes the 
whole gripper to shrink significantly while the evacuation is 
performed. After the membrane is evacuated to the desired 
pressure, the z-stage is lowered and the force, as measured 
by the load cell (see Fig. 1), decreases continuously in both 
cases, glass and EPS. Only now, the force for the glass beads 
decreases to negative values corresponding to a lifting force 
onto the object. If the z-stage is lowered down further, the 
gripper is no longer able to hold the object, the contact 
between the object and the gripper suddenly ceases and the 
measured force quickly vanishes. The minimum of the force 
in z-direction corresponds to the maximum possible holding 
force of the system. Note that for the glass beads we observe 
a significantly lower maximum holding force compared to 
the EPS beads.

Figure 3 shows the maximum holding forces for six inde-
pendent experiments for both, glass beads and EPS beads. 
The data indicate, that on average, the holding force is 
increased by a factor of approximately 19 for the EPS beads.

3 � Operation principle for soft particle 
granular grippers

In this section, we first explain the holding force enhance-
ment by means of a simplified continuum mechanical model. 
In the second part, we use particle simulations to show that 
the results are valid also for the granular system.

3.1 � Continuum mechanical description

We consider the simplified model of the granular gripping 
system illustrated in Fig. 4. The membrane of the gripper 
encloses the volume of a hemispherical shell, i.e. the vol-
ume between two concentric hemispheres of radius rin and 
rout . The object to be gripped is a sphere, such that only 
its upper hemisphere is in contact with the gripper and 
interlocking between the object and the gripper is not pos-
sible. We further assume, that there are no suction effects 
between the object and the membrane. In the experiment, 
this can be achieved, e.g., by using a porous object or an 
object with a rough surface. With these preconditions, the 
remaining gripping mechanism is due to friction between 
the membrane and the object. According to Coulomb’s 
law, the friction is limited by the normal force Fn . In the 
following, we therefore derive the normal force the gripper 
exerts onto the object. This force results from the evacu-
ation of the membrane. Due to the applied vacuum and 
the atmospheric pressure, there is a pressure difference 
pvac acting onto the surface of the membrane. To com-
pute the resulting deformation of the gripper, we assume 
that the bulk of the granular material inside the membrane 
behaves like a linear elastic material with Young’s modu-
lus E and Poisson’s ratio � . Further, we now consider the 
full spherical shell (gripper part plus dashed line in Fig. 4) 
to simplify the boundary conditions. The problem we have 
to solve now corresponds to a pressurized hollow sphere 
where the pressure pin is acting onto the inner surface at 
r = rin and pout is acting onto the outer surface at r = rout 
(see Fig. 5). For this spherically symmetric linear elastic 
problem, the displacement field � in the sphere reads (e.g. 
[4])

Fig. 3   Maximal holding forces for glass beads (orange triangles) and 
EPS beads (blue circles) for six independent measurements. The solid 
lines indicate the mean value of the holding force which is noted left 
to the line (colour figure online) Fig. 4   Sketch of the simplified model for the granular gripper
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Here we use spherical coordinates where r is the radial coor-
dinate and êr is the unit vector in radial direction (see Fig. 5).

We now assume, that the sphere we grip (see Fig. 4) 
is ideally rigid, i.e., it does not deform under load. In our 
simplified, spherically symmetric geometry, Fig. 5, this 
corresponds to the case that the hollow sphere is filled by 
an undeformable smaller sphere. In this situation, we have 
to fulfill the constraint

For finite Young’s modulus, the hollow sphere will be 
deformed according to Eq. (1) due to the external pres-
sure. The evacuation of the membrane corresponds to 
pvac ≡ pout = pin . To comply with the criterion Eq. (2), the 
object inside the hollow sphere has to react with a counter-
pressure pc such that it does not get compressed and, there-
fore, pin = pvac + pc . If we solve Eq.  (2) for the counterpres-
sure pc we find

Naively one would expect the counterpressure to depend 
on the the Young’s modulus of the material of the hollow 
sphere, however, this is not the case and pc only depends on 
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the vacuum pressure pvac , geometry and the Poisson ratio � 
of the material.

For pc > 0 , the object (inner rigid sphere) gets squeezed 
by the outer hollow sphere. This mechanism also applies for 
the hollow hemisphere shown in Fig. 4 and, hence, for the 
simple model of the granular gripping system sketched in 
Fig. 4. Figure 6 shows the counterpressure, pc , as a function 
of rout

rin
 and the Poisson ratio � . The white lines at rout

rin
=

3
√
2 

and � = 0.5 indicate where pc changes its sign, and, thus, 
where the squeezing effect ( pc > 0 ) occurs. In turn, the 
squeezing effect causes frictional forces between the mem-
brane of the gripper and the object to be gripped. These 
frictional forces make it possible to hold and lift the object 
even in situations where neither interlocking nor vacuum 
effects between the gripper and the object are possible. In 
the following, we calculate the gripping force which results 
from the frictional forces between the object and the 
membrane.

The force on a small element of surface of the object d� 
resulting from the compression of the hollow hemisphere 
is given by −pcd� . In spherical coordinates, the element 
of surface reads d� = r2 sin 𝜃 d𝜙 d𝜃 êr , where we use the 
notation defined in Fig. 5. This force that acts normal to the 
surface of the object results in a frictional force −pc𝜇dA ê𝜃 
which is proportional to the normal force and points in nega-
tive ê𝜃-direction. Here, � denotes the coefficient of friction,

Adding up both contributions the force on one element of 
the surface of the object is given by

(4)êr =

⎛⎜⎜⎝

sin 𝜃 cos𝜙

sin 𝜃 sin𝜙

cos 𝜃

⎞⎟⎟⎠
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.

Fig. 5   Sketch of a pressurized hollow sphere including mathematical 
notation

Fig. 6   Counterpressure p
c

p
vac

 (color coded) as a function of rout
r
in

 and the 
Poisson ratio � . The white lines indicate where p

c
 changes its sign, 

see text (colour figure online)
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Thus, the total force on the object reads

where we integrate the upper hemisphere of the object. 
The first two components of the integral vanish as 
∫ 2�

0
d� sin� = ∫ 2�

0
d� cos� = 0 and for the remaining 

z-component of the force we obtain

To grip the object, F needs to point in positive z-direction, 
i.e. 𝜇 >

2

𝜋
 . For friction coefficients below the value �c ≡ 2

�
 , 

the object will be pressed out of the gripper. For 𝜇 > 𝜇c we 
obtain a gripping force which is proportional to the applied 
vacuum pressure according to Eq. (3).

The constraint Eq. (2) can also be fulfilled in a trivial 
way: for E → ∞ , i.e. the case that the hollow sphere itself is 
made from an ideally rigid material, there is no deformation 
at all, independent on the value of the vacuum pressure pvac . 
As there are no materials with infinite Young’s modulus this 
solution seems artificial and not relevant at first glance, how-
ever, almost all experiments on granular grippers use granu-
lar particles from rather rigid materials such as glass beads, 
see e.g. [10, 14, 20, 22], and compared to the forces resulting 
from the vacuum, i.e. the ambient air pressure, dense pack-
ings of glass or steel particles may very well be considered 
as undeformable and rigid. Thus, in this case, the applied 
vacuum does not lead to the squeezing effect which is pre-
sent for soft granular particles and the holding forces are 
reduced. To our knowledge, there is only one publication 
where particles from soft materials were tested [33], without 
discussion of the resulting gripping forces.

3.2 � Particle based simulations of the gripping 
process

To explain the gripping force enhancement, we so far 
assumed that the bulk of the granulate inside the mem-
brane behaves like a linear elastic solid. Of course, a 
granulate does not obey this simple constitutive law in 
general. While from a fundamental theoretical point of 
view the continuum description of granulates is question-
able [11], there are many examples where hydrodynamic 
descriptions of granular systems yield reliable results, e.g. 
[12, 13] and references therein. In these cases, however, 
other constitutive relations than those of a linear elastic 
solid are applied, and finding better constitutive laws for 

(5)dF = −pcd� − pc 𝜇 dA ê𝜃 .
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granular systems (especially for dense granular flows) is 
still a subject of ongoing research e.g. [2, 16, 17, 25, 31]. 
To justify our simplifying assumption of a linear elastic 
solid we, therefore, perform corresponding particle simu-
lations in this section.

Simulation technique
As described in the review article [10] up to date there 

is lack of tools for the detailed simulation of granular 
gripping processes. In this section we therefore describe 
a new simulation technique that includes the physics of the 
granulate on the particle level as well as the mechanics of 
the membrane and the interaction of the membrane with 
both, the particles of the granulate and the object.

To simulate the particle dynamics we apply the discrete 
element method (DEM). The main idea of DEM is to solve 
Newton’s equation of motion to obtain the trajectory, �i(t) , 
for each particle,

where F ext
i

 is an external force, such as gravity, acting on 
the particle and Fij is the force acting on particle i due to 
its contact with particle j. A similar equation applies to the 
rotational degrees of freedom. For a more in-depth intro-
duction of DEM we refer to e.g. [26, 29]. Regarding the 
interactions, a variety of contact models including normal 
and tangential forces are available. In our work we choose 
the Hertz–Mindlin no-slip contact model [9].

In order to simulate the granular gripper’s flexible 
membrane enclosing the granular specimen, we need a 
method that integrates well with the above described con-
cept of DEM simulations and still yields accurate results. 
In order to achieve this, we employ a mass spring model 
which, by design, is easily incorporated into DEM simu-
lations. Additionally, these mass spring models may be 
used to accurately simulate elastic materials both in 3D 
and 2D [19]. Here we chose the computationally cheaper 
2D approach, because a thin membrane can be treated as 
a 2D object to a good approximation.

A mass spring model can be seen as a network consist-
ing of particles carrying mass as vertices and springs as 
edges, which are used to interconnect the vertices, as 
shown in Fig. 7. This concept can be integrated easily into 
DEM simulations by adding a force term F spring

ij
 for the 

springs to the equation of motion. With this term, which 
is non-zero only if particles i and j are connected, Equa-
tion (8) becomes

(8)mi

d2�i

dt2
= Fi =

N∑
i=1, j≠i

Fij + F
ext
i

,

(9)mi

d2�i

dt2
= Fi =

N∑
i=1,j≠i

Fij + F
spring

ij
+ F

ext
i
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With correctly chosen parameters, this concept may be used 
to represent a membrane, where the interaction between the 
membrane and the enclosed granular specimen is automati-
cally defined by the contacts between the vertex particles 
and the granulate. In fact, this approach has been used in 
recent literature, e.g. [8, 30], to simulate triaxial tests. How-
ever, this approach may lead to problems. It is, for exam-
ple, possible that the vertex particles move far apart, due 
to stretching of the membrane, such that particles from the 
inside may slip through. More importantly for our applica-
tion, this setup leads to a membrane with a potentially large 
thickness, depending on the size of the used particles. This 
would impede a proper simulation of the interaction between 
the granular gripper and an object that is gripped. Addition-
ally, this approach does not give any smooth surface, which 
is vital for an accurate simulation of the frictional forces 
between the membrane and the gripped object. In order to 
overcome these issues, the vertex particles do not interact 
with any particle outside the membrane itself. For calculat-
ing interactions between the membrane and other particles, 
we instead use additional wall elements, whose edges are 
defined by the springs that connect the virtual vertex parti-
cles. By tracking the collisions between the vertex particles 
and the wall elements, this approach additionally allows 
to detect self intersections of the membrane. To model the 
bending strength of the membrane, we added additional 
springs that penalize the bending between two neighboring 
wall elements. The bending penalty is added as an additional 
force term to the equation of motion and is quantified by the 
relative angle between two elements. For a mathematical 
description of this force, we kindly refer the reader to previ-
ous work on cloth simulations done by Bridson et al. [5]. 
Figure 7 schematically displays the whole setup together 
with the definition of the angle. The dynamics of the mem-
brane are mapped to the following steps for each time step 
iteration of the DEM simulation: 

1.	 The position of the wall elements is updated according 
to the positions of the vertex particles. Similarly, the 
velocity is passed on to the wall elements as it is needed 
for the calculation of the (frictional) contact forces.

2.	 Contacts between wall elements and other objects in the 
simulation are detected and computed using the Hertz–
Mindlin non slip model.

3.	 The forces acting on the wall elements are distributed 
to the surrounding vertex particles according to the bar-
ycentric coordinates of the contact point.

4.	 Additional forces due to the angle between adjacent wall 
elements and the displacement of the springs are calcu-
lated and added to the node particles.

5.	 The equations of motion are integrated and the positions 
and velocities of the vertex particles are updated.

The vacuum, which is vital for the gripping process, causes 
a pressure difference �p between the inside and the outside 
of the membrane which, in turn, leads to forces acting on 
the membrane. In our model, these forces are determined 
on a per wall element basis: The magnitude is calculated 
by multiplying the element’s surface area with the pressure 
difference �p . The direction is determined by the element’s 
inwards pointing normal vector. The resulting forces are 
then applied in step 3. This procedure reproduces the cor-
rect force magnitude when compared to reality, merely the 
force direction is expected to deviate locally, due to the flat 
wall elements’ finite size.

Using this setup we were able to simulate the gripping 
process. Figure 8 shows simulation snapshots for the differ-
ent phases of the gripping process. First, we reconsider the 
model scenario of the pressurized hollow sphere from the 
previous section (see Fig. 5). However, we now replace the 
linear elastic material by two spherical membranes of radius 
rin ≈ 0.02m and rout ≈ 0.034m where the space between the 
membranes is filled by granulate. Compatible to the inner 
membrane also the inner object has a radius of 0.02m . The 
membranes are represented by 1280 triangles each, and the 
stiffness constant k for the springs that interconnect the ver-
tices of the triangles is chosen to be k = 325

N

m
 , such that 

a membrane of thickness t = 0.3mm , an elastic modulus 
E =

2
√
3

3t
k = 1.25 × 106 Pa and the Poisson ratio � = 0.33 is 

approximated [19]. The space between the two membranes is 
filled with particles up to random close packing. The param-
eters of the simulated particles are given in Table 1.

Now a pressure gradient �p = 90 kPa is applied in the 
simulation. Figure 9 shows the resulting pressure on a rigid 
spherical object inside the hollow sphere. If the stiffness of 
the material of the particles is larger than approximately 
108 Pa , the bulk of the granulate may be considered as a 
rigid material and the pressure vanishes as described for 
the case of a linear elastic material in the previous section. 
If the stiffness E of the particle material decreases below 

Fig. 7   Sketch of the mass spring model of the elastic membrane. The 
mass particles are ordered on a hexagonal unit cell. Distance springs 
are indicated. Two neighboring triangle faces enclose the relative 
angle � defined by the relative direction of their surface normals
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108 Pa , the pressure increases as 1
E
 . This again coincides with 

the theoretic prediction for a linear elastic solid instead of 
the granulate (see Eq. 1). In our simulations, we assume 
spherical particles and overlaps of the spheres are inter-
preted as mutual deformations of the spheres, which, in turn, 
cause repulsive forces. This interpretation of the overlap is 
only valid for overlaps, which are small compared to the 
size of the particles. If the stiffness of the particles mate-
rial is below ≈ 5 × 106 Pa this is no longer valid and our 
simulations results are not reliable anymore. We therefore 

limit Fig. 9 (and the later Fig. 10) to elastic moduli above 
E ≈ 5.0 × 106 Pa.

Next, we determine the maximal holding force for 
the granular gripping process shown in Fig. 8. For this 
purpose we fill a spherical bag of radius r = 0.04m with 
granulate, evacuate it and thereby grip a spherical object. 
The parameters of the membrane and the particles are the 
same as for the hollow sphere simulations. Additionally, 
the membrane’s friction coefficient is set to 1.16 and the 
particles’ coefficient of restitution is changed to 0.926 to 

Fig. 8   The characteristic phases of the granular gripping process as obtained from the particle simulations. From left to right: initial state, 
immersion of the object into the granulate, evacuation of the gripper and release of the object

Fig. 9   Pressure onto the surface of the rigid sphere inside the granu-
lar gripper according to the model setup shown in Fig.  4. The blue 
circles show the data obtained from particle simulations, the dashed 
grey line shows a hyperbolic fit to the data (colour figure online)

Table 1   Parameters used for the simulation

Property Value

Radius (m) 0.002
Elastic modulus (Pa) Between 106 and 1010

Poisson’s ratio 0.245
Coefficient of restitution 0.5
Friction coefficient 0.16

Table 2   Simulation parameters of the gripped sphere

Property Value

Radius (m) 0.01
Elastic modulus (Pa) 2.8 × 10

9

Poisson’s ratio 0.38
Coefficient of restitution 0.67
Friction coefficient 1.2

Fig. 10   Maximal holding force for the granular gripping process 
shown in Fig.  8 as a function of the stiffness of the material of the 
granular particles. The blue circles show the data obtained from parti-
cle simulations, the dashed grey line shows a hyperbolic fit to the data 
(colour figure online)
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mimic the material properties of latex. The parameters of 
the gripped object are given in Table 2.

Corresponding to the linear elastic theory of the previ-
ous section and in agreement with the course of the pres-
sure curve shown in Fig. 9, we again identify the limit 
where the bulk of the granulate behaves ideally rigid for 
Young’s modulus E > 108 Pa , see Fig. 10. In this regime, 
the squeezing effect and, correspondingly, the holding 
force, is small. Note that unlike the case where a linear 
elastic solid is considered instead of the granulate, the 
holding force is small but does not vanish. Similarly to 
the pressure, for Young’s modulus 107 Pa < E < 108 Pa , the 
holding force increases like 1/E.

4 � Summary and outlook

Most research on application examples for granular grip-
pers use particles of rather rigid material. This approach is 
obvious, as for stiff particles the gripper hardens well, from 
which a strong gripping performance is expected. However, 
this only works well in situations where geometric interlock-
ing between the object and the gripper or suction effects 
between the membrane and the object are possible. If this 
is not possible due to the shape of the object or its surface 
properties, friction is the only way to build up significant 
holding forces. Significant friction however, is only possi-
ble, if the membrane is distinctly pressed onto the object. 
In this work we have shown that this is not possible if rigid 
granular particles are used. By experiments, theory and par-
ticle simulations we have revealed that using soft instead of 
almost rigid particles unavoidably leads to a squeezing effect 
and, hence, to significant friction and holding forces. In the 
course of that, we developed a new and promising method 
for the simulation of granular gripping processes.

Apparently, the holding force enhancement due to soft 
particles is limited: On the one hand, the soft particles 
increase the holding force, but on the other, they make the 
gripper deformable in its entirety and a trade off between 
both effects is necessary.
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