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Technological applications of adhe-
sion and friction mechanisms mostly 
specialize on one specific substrate, e.g., 
hook-and-loop fasteners, or car tires opti-
mized for different environments and 
conditions, such as high performance 
tires, road tires or mud tires, tires for dif-
ferent temperatures in summer or winter, 
for wet or for dry roads. Similarly, robotic 
systems with optimized foot structures, 
such as gecko-like structures for climbing 
flat surfaces[13,14] or micro spines for 

climbing rough terrain,[15,16] decrease rapidly in performance 
and predictability when used in less ideal environments.

How would an engineered solution using the generalist 
approach need to be designed in order to maximize friction 
forces on all substrates, which could be flat, rough, structured 
or arbitrarily shaped, clean or contaminated?

In this letter we introduce a novel passive load-dependent 
jamming system that is able to create high friction forces on 
a variety of different substrates: the granular media friction 
pad (GMFP). It consists of a thin elastic membrane encasing 
a granular material that reversibly undergoes the jamming 
transition only by varying the normal load of the system. When 
coming into contact with any kind of substrate, the flexible 
membrane conforms to the substrate and creates a large real 
contact area.[17] The granular material encased by the mem-
brane is loosely packed and behaves like a fluid,[18,19] enabling 
it to conform to the substrate, which results in a minimum of 
stored elastic deformation energy at the interface to maximize 
adhesion-mediated friction[20,21] (see Figure 1a). Upon applying 
normal load, the granular material undergoes the jamming 
transition[22,23] and becomes solid-like (see Figure 1b). This 
results in high friction forces generated by both the granular 
material as well as the membrane. The rigidified granular mate-
rial generates these forces by mechanical interlocking and pre-
sumably by energy dissipation due to high friction between the 
densely packed particles.[24–29] The membrane generates fric-
tion forces by the strong deformation of the thin elastic mem-
brane but also by adhesive interaction with the substrate.[30,31] 
Once the normal load is removed, the granular material returns 
to a fluid-like state, and so the sample can be removed easily 
from the substrate without requiring high pull-off forces.

To study this novel friction-enhancing system, we investigate 
the jamming transition of the GMFP. We then characterize 
its friction coefficient on different clean and contaminated 
substrates and examine the interplay of the different physical 
mechanisms by developing a numerical model. To assess the 
GMFP’s performance, we will compare it to two other types of 
samples made from bulk silicone (see Figure 2a): a spherical 
shape resembling the form of an unloaded GMFP, and a 3 mm 
high flat cylinder with the same base area as the GMFP. Details 
regarding the samples employed, the experimental setup as 
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Locomotion often relies on a stable attachment that requires 
the ability of getting grip by creating high adhesion and friction 
forces between two surfaces in contact. In biology, two different 
ways of tackling this challenge are observed: specialized systems 
for a specific, predictable substrate on the one hand, and gen-
eralist systems combining different approaches to cope with a 
broad variety of substrates, e.g., wet or dry, soft or hard, smooth 
or rough, on the other.[1] Specialized systems include the head-
arresting system of dragonflies,[2,3] wing locking mechanisms in 
beetles,[4] or parasitic louse flies holding onto feathers.[5] These 
systems feature specifically shaped, highly effective structures, 
optimized to work with one corresponding substrate but failing 
in contact with other surfaces. Generalist systems however 
achieve grip on a diversity of substrates, using a combination of 
mechanisms each optimized for different substrate types. Typ-
ical examples include insects that, during hunt for food, need 
stable grip on all surfaces to follow their prey. Their feet[2,6–8] use 
claws for mechanical interlocking on rough substrates, elon-
gated hair-like structures for attaching to small surface asperi-
ties, and spatulae for adhesion on smooth substrates. Another 
example for the generalist system is the locomotion of snakes, 
who rely on a combination of muscle-induced local change of 
stiffness,[9] the anisotropy of their scales[9,10] and the scales’ ani-
sotropically microstructured surfaces.[11,12]
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well as the numerical model are discussed in the experimental 
section at the end of this article.

An exemplary friction curve of a GMFP on a clean flat sub-
strate at a normal load Fn = 19.36 N is shown in Figure 1c. The 
friction behavior consists of four regimes: A) First, only the 
jammed granular particles are sheared, leading to a steep incline. 
B) In addition to the shearing of the particles, the flexible  
membrane is being stretched, leading to a low incline in fric-
tion force Fr. C) Marks the point of the transition from static fric-
tion to global dynamic friction (D). Upon removing shear and 
normal load from the system, the membrane’s strain causes the 
GMFP to mostly relax to its initial configuration. To obtain the 
dynamic friction forces, 10s of the sliding force were averaged 
(gray area in Figure 1c).

To demonstrate the GMFP’s jamming behavior, the stiffness 
of the samples was obtained from the slope of the force–dis-
placement curves for different normal loads (see Figure 2b). In 
the first few seconds of the experiment, the force curve of the 
GMFP exhibits a distinct initial linear slope before flattening. 
Here, the forces resulting from the small deformation of the 
membrane are considered to be negligible[32] in comparison to 
the forces generated by the granular material (see Video S1 in 
the Supporting Information). This linear part, which is of dif-
ferent duration depending on the normal load, is fitted and 
the resulting slope is shown in Figure 2c, clearly showing the 
GMFP’s jamming transition.[22,33,34] The increase in normal load 
in combination with the deformation of the encasing membrane 
is sufficient for the particles to undergo the jamming transi-
tion without needing outside forces, e.g., vacuum[18,35] or sur-
rounding solid walls.[23] For low normal loads Fn, the GMFP is 
the softest of the three samples, while at high Fn, the GMFP’s 
stiffness is comparable to the flat bulk silicone sample. The 
spherical sample is rather soft under all normal loads since its 

elongated shape facilitates bending more than the flat sample 
of the same material. For the flat sample, a high  stiffness even 
at low load was expected. The opposite was observed since ini-
tial strain due to fixation of the sample resulted in small and 
unstable contact areas at low normal loads. The spherical sample 
and the GMFP did not exhibit this behavior, since they are much 
less prone to strain by design.

The results of the friction experiments on all substrates are 
shown in Figure 3a–c. At Fn = 19.36 N, resulting friction forces 
on the clean flat substrate exceed Fr > 35 N (see left column of 
Figure 3a) and are of the same order as forces that universal 
grippers using granular jamming in combination with active 
vacuum switching can achieve (see, e.g., Supporting Information 
for [18], where a gripper bag with a radius 4.3 cm is pulled over 
a test sphere achieving maximum friction forces of Fr ≈ 34 N  
with a similar contact area as the GMFP).

On the flat substrate (see Figure 3a), the GMFP exhibits 
extremely high friction forces at low normal load. This can 
be attributed to the high adhesion forces of the GMFP’s flex-
ible membrane.[20,36] While the flat silicone sample would be 
expected to perform equally well, the minimal stress caused by 
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Figure 1. Schematic drawing of the granular media friction pad (GMFP): 
a soft membrane encasing granular material. a) Fluid-like behavior when 
approaching the substrate, b) solid-like behavior under normal load Fn 
resulting in high friction forces Ffr. c) Exemplary friction curve showing 
the phases of the pulling curve at Fn = 19.36 N: A) shearing of granular 
material, B) shearing of granular material and elastic deformation of 
membrane, C) static friction peak, and D) dynamic friction.

Figure 2. a) Photographs of the three samples (40 mm diameter) and the 
three substrates (100 mm × 100 mm). b) Slope of the force curve Ffr at 
the beginning of the experiment. Normal load Fn ranges from the sample 
weight (1 N) up to the maximum load of 112.09 N. c) Initial stiffness of 
the samples showing the jamming transition of the GMFP from very soft 
to stiff, the data points showing the median, the error bars showing the 
minimum and maximum values.
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the fixation of the sample onto the sample holder leads to a slight 
deformation of the flat silicone. The sample’s own weight cannot 
sufficiently flatten the sample to create a larger contact area for 
adhesion-mediated friction. The spherical sample cannot achieve 
large contact areas under any loading conditions, thus achieving 
lower friction forces than the other two samples for all normal 
loads. The GMFP shows a much later onset of sliding friction 
compared to the bulk silicone samples. Also it deforms strongly 
before sliding begins (see Video S2 in the Supporting Informa-
tion), while still being able to create large contact areas during 
sliding (see Video S3 in the Supporting Information).

On the structured substrate (see Figure 3b), friction forces 
are generally lower since contact area between sample and sub-
strate is reduced due to surface corrugations and higher rough-
ness of the substrate. Nevertheless, the GMFP achieves highest 
friction coefficients for all normal loads due to its adaptability at 
contact formation and deformability during sliding.[37,38]

On the flat substrate contaminated by large particles (see 
Figure 3c), the flat and spherical samples exhibit very low fric-
tion, which is mostly dominated by third body friction due to 
the rolling gravel between sample and substrate. The GMFP’s 
performance is entirely different, greatly exceeding that of the 
bulk silicone samples (see Video S4 for a side view and Video 
S5 for a visualization of the contact area in the Supporting 
Information). At low normal forces, the elastic membrane’s 
tension is so high that it only lies atop the contaminating parti-
cles without yet reaching the substrate. At higher normal loads, 
the granular media push the membrane around the particles, 
creating large contact areas and a high friction coefficient. In 
comparison to the rubber bulk samples, the thin elastic mem-
brane requires much less force to squeeze around the particles 
and to get in contact with the substrate even at lower normal 
forces.[17] This high adaptability resulting from the membrane 
as well as the granular material[35] enables the GMFP to achieve 
high friction forces although the contaminating particles are 
half the size of the GMFP’s height.

In addition to the experiments, we newly developed a 
numerical 2D model (see the Experimental Section). This 
minimalistic but realistic model is used to describe how the 
occurring friction forces are composed of forces stemming 
from the granular material as well as from the elastic mem-
brane. This can be seen in Figure 4, where the total friction 
force (Figure 4a) results from the addition of the forces gen-
erated by the membrane (Figure 4b) and of the forces gener-
ated in the granular material (Figure 4c). As can be seen, at 
the beginning of the experiment, friction forces generated by 
the granular media clearly dominate the friction properties of 
the GMFP. Only after a longer sliding distance, friction forces 
from the deformation of the membrane contribute to the total 
friction force, thus clearly showing the relevance of the rigidi-
fied granular material to the total friction properties of the 
GMFP. The range of normal load shown here ranges from 
the GMFP just touching the substrate to the highest compres-
sion numerically and physically reasonable, where the effect of 
rigidification of the granular material is clearly visible from the 
strong increase of the slope at the beginning of the force curve 
in Figure 4c similar to the change in slope of the force curve 
seen in Figure 2b.

To visualize the contact dynamics of the GMFP when sliding 
on a substrate, the motion of the sample when sliding is plotted 
in Figure 4d. Here, the green outer area displays the motion 
of the GMFP over time. Static contact of the elastic membrane 
on the substrate is displayed in yellow, dynamic sliding contact 
in blue. We distinguish between static and dynamic by time-
dependent adhesion. When the membrane stays longer in con-
tact with the substrate, the color transitions from blue to yellow, 
thus indicating a long static contact. When sliding starts at t = 0, 
only the outer regions of the GMFP in contact move on the 
substrate. This can also be seen in the Videos S2–S5 in the Sup-
porting Information of the physical sliding experiments, where 
the sample deforms while the contact area remains static. This 
can also be seen in the simulation in Figure 4d. The contact 
area stays on the same position while the overall sample moves 
sideways. Due to the deformation of the membrane, the static 
contact area grows smaller at the forefront of the sliding 
until eventually global sliding sets in (yellow area completely 
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Figure 3. Friction performance (left column) and resulting friction coeffi-
cients (right column) of all samples on a) the flat substrate, b) the rough/
structured substrate, and c) the contaminated flat substrate.
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vanishes). In contrast to bulk materials such as the investi-
gated flat and spherical samples, the GMFP can remain in 
static contact for a very long time. Where other samples would 
already start with dynamic sliding, the GMFP still remains in 
static contact. While Figure 4d is plotted for the second lowest 
normal force plotted in Figure 4a–c, this behavior could be seen 
for all normal forces. By using particle image velocimetry,[39,40] 
the same behavior could also be shown in the physical sample 
(see Video S6 in the Supporting Information).

To summarize, we introduced a GMFP, consisting of 
granular media encased by an elastic membrane, that shows 
high friction forces on a large variety of substrates. Under 
low normal load, it behaves as a fluid-like material which can 
greatly adapt to the substrate geometry, thus creating large 
contact areas. Under high normal load, the GMFP under-
goes the jamming transition and becomes solid-like. Here, 
the energy dissipation by interparticle friction and mem-
brane deformation leads to high friction forces during pulling 
along all substrates and under varying normal loads. Even on 
substrates covered by 1–2 mm particles, the GMFP is able  

to create large contact areas and shows a robust design  
against stick and slip, since strong deformation has to occur 
before global slipping starts. A numerical simulation confirmed 
these experimental findings and clearly showed the interplay 
between granular material and membrane for creating friction.

For future research, a detailed study will investigate the effect 
of changing the GMFP’s adaptability to substrates by altering 
the membrane as well as by increasing interparticle friction of 
the granular media.[41] In this work we decided to focus on dry 
substrates, however a detailed analysis using a structured mem-
brane well known for its high friction performance on wet sub-
strates will be conducted.[42]

Being able to create high friction on diverse substrates, the 
GMFP is suited for a variety of use cases where stable grip on 
substrates is important. The GMFP is passive and requires no 
control at all, it features easy lift off the substrate after unloading 
since no pressure difference has to be eliminated[43] and shows 
high damping properties.[35,44] Therefore, one possible applica-
tion is the use as a foot for robotic applications. This system is 
especially suited for heavy walking robots[45,46] since a higher 
robot weight leads to a stiffer GMFP with increased friction due 
to particle jamming.

Experimental Section
Granular Media Friction Pad: The GMFP consisted of a 0.45 mm thick 

circular silicone membrane (40 mm diameter) that was fixed at the edge 
on a flat sample holder and filled with 1.7 g of ground coffee. The silicone 
material used to cast the membrane was Dragon Skin™ 30 (Smooth-On, 
Inc., PA, USA) with a Young’s Modulus of (0.53 ± 0.02)MPa. For the 
granular media, ground coffee was chosen (Gold 100% Arabica, Markus 
Kaffee GmbH & Co. KG, Weyhe, Germany). The particle size data were 
obtained by sieving 3 batches of 25 g of ground coffee and is given in 
Table 1. When the GMFP was filled with 1.7g ground coffee, the volume 
fraction was (51 ± 2)%.

In addition, two other types of samples were cast from bulk silicone 
also made from Dragon Skin™ 30 (see Figure 2a): A sample with a 
spherical shape to represent the GMFP in the unloaded state as well as 
a flat cylinder with 3 mm height and the same base area as the GMFP. 
All sample types were produced four times and each sample was tested 
on three different substrate types in random order.

The substrates were chosen to represent a wide variety of surfaces: a 
flat substrate (the flat side of wire mesh plywood), a rough/structured 
substrate (the structured side of wire mesh plywood), and a flat 
substrate contaminated by particles (the flat side of wire mesh plywood 
contaminated by 0.5 g of 1–2 mm gravel particles) (see Figure 2a).

Substrate and sample could freely move on low-friction linear 
bearings that were free of play. The substrate was pulled horizontally at 
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Figure 4. Numerical simulation of the granular friction pad. a–c) Fric-
tion forces in dependence of normal load Fn: a) Total friction force of the 
sample, b) friction force generated by membrane deformation, and c) fric-
tion force generated by the granular media. d) Visualization of the GMFP’s 
contact area: The outer green area represents movement of the whole 
sample, the dark blue center area represents the contact area between 
sample and substrate, and the center transition from blue to yellow shows 
time-dependent adhesion of the membrane in contact with the substrate.

Table 1. Granular media (ground coffee) particle sizes.

Sieve size [µm] Mass [%]

<125 0 ± 0

125 1.5 ± 2

250 46.6 ± 3

500 50.5 ± 4

1000 1.4 ± 1

2000 0 ± 0
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1 mm s−1 for 50 mm using a linear testing machine (Xforce HP 500N, 
ZwickiLine, Zwick Roell, Ulm, Germany) that measured the pulling 
force. The sample could move vertically above the substrate while the 
substrate was slid sideways underneath. Additional weights could be 
placed on the sample to increase normal load during the experiment. 
The friction generated by the experimental setup itself did not exceed 
0.2 N under all loading conditions and due to the much higher friction 
forces caused by the GMFP and the other samples, this is considered 
negligible for the discussion of the results. To achieve precise and 
reliable results, the sampleholder needs to be sufficiently mobile while 
being lightweight to examine a mostly uncompressed GMFP (total 
weight including bearings 1 N) but also sufficiently strong to withstand 
high friction forces at high normal loads. Thus, a small torsion 
at higher loads can be observed (see Video S4 in the Supporting 
Information) but is very small compared to the total deformation of 
the GMFP.

Numerical Simulation: For the numerical simulation, the granular 
particles (N = 200) were modeled by a Gaussian repulsion with 
effective interaction radius r02. The elastic membrane was modeled by 
single points (N = 200) connected by springs with anisotropic elastic 
constants. The membrane connected to the sample holder at both 
ends and membrane and particle properties were adjusted to obtain 
the best coincidence between equilibrium shape of the membrane 
and its form in the physical experiment. After an initiation period, the 
modeled GMFP was pulled over a flat substrate at a constant normal 
load (see the Supporting Information for an illustration of the model 
and the initiation period). Friction was modeled by energy dissipation 
due to velocity νj dependent forces F = ηi(ν1 − ν2) with tunable friction 
ηi for particle–particle, particle–membrane, and particle–sampleholder 
interaction. Friction forces at the contact area between membrane and 
substrate were modeled as dry friction, where motion was initiated after 
a critical force threshold Feff was exceeded. This force threshold consists 
of a material-dependent constant F0 and an adhesion-dependent 
component increasing with contact time τj, resulting in an effective 
threshold force of Feff = F0[1 + B1τj/(1 + B2τj)], which is proportional to 
the time τj at short timescale and saturates after a while, with the time 
defining constants B1 and B2.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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