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Granular Jamming Feet Enable Improved
Foot-Ground Interactions for Robot Mobility on

Deformable Ground
Shivam Chopra, Michael T. Tolley and Nick Gravish

Abstract—Recent studies on dynamic legged locomotion have
focused on incorporating passive compliant elements into robot
legs which can help with energy efficiency and stability, enabling
them to work in wide range of environments. In this work, we
present the design and testing of a soft robotic foot capable
of active stiffness control using granular jamming. This foot
is designed and tested to be used on soft, flowable ground
such as sand. Granular jamming feet enable passive foot shape
change when in contact with the ground for adaptability to
uneven surfaces, and can also actively change stiffness for the
ability to apply sufficient propulsion forces. We seek to study
the role of shape change and stiffness change in foot-ground
interactions during foot-fall impact and shear. We have measured
the acceleration during impact, surface traction force, and the
force to pull the foot out of the medium for different states of
the foot. We have demonstrated that the control of foot stiffness
and shape using the proposed foot design leads to improved
locomotion, specifically a ≈ 52% reduced foot deceleration at
the joints after impact, ≈ 63% reduced depth of penetration
in the sand on impact, higher shear force capabilities for a
constant depth above the ground, and ≈ 98% reduced pullout
force compared to a rigid foot.

Index Terms—Soft robot applications, biologically-inspired
robots, soft robot materials and design, legged robots.

I. INTRODUCTION

MODERN technology has created robotic systems that
have excellent locomotion performance on flat ground

[1]–[3], open water [4], [5] and air [6], [7]. However, robust
ground-based mobility in realistic environments with flowable,
uneven ground, has seen limited success [8], [9]. Robot
mobility requires generating reliable and stable traction forces
which are complicated on complex natural terrain like sand
and rubble [10].

On the contrary, many terrestrial animals inhabit incredibly
complex environments with surfaces such as rubble, leaf
litter, sand, mud, snow, and grass that pose high demands on
foot placement, joint control, and body control. Particularly,
walking on granular media like sand in a desert (≈ 10% of
the Earth’s land area) is challenging because it behaves like a
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Fig. 1. (a) A foot of a commercially available hexapod robot, (b) Robot foot
with pointy end sinking in granular media (plastic beads of 3 mm diameter),
(c) The proposed foot in flattened state on sand, (d) Schematic showing the
concept of the robot foot which after (I) free fall impacts the granular media
and flattens (II) and then jamming is initiated to rigidify (III), (e) The proposed
foot design in oblong and flattened state

fluid-like flowing medium above a yield stress limit [11]. In
granular environments, off the shelf legged robots can display
poor performance when walking on granular material because
rigid, pointed feet may sink into the grains (Fig. 1a). However,
with appropriate modifications to mechanical design [12] or
control [9], [13] robots can perform well on granular media
but the performance is highly sensitive to the packing fraction
and the limb kinematics of the robot as the yield strength
of granular medium increases with the increase in packing
fraction [14].

Strategies to improve legged robot performance on granular
substrates have included decreasing the size and weight of the
robot [15] to mitigate foot penetration, alteration of legged
gait cycle [9], and using limbless robots to improve contact
area [8]. The use of feet that change shape passively is another
potential strategy that may improve locomotion performance
on sandy surfaces [16], [17]. Many works have been published
on adaptable feet by increasing the number of contact points
per foot [18] and biomimetic foot mechanisms [19]–[21]. From
a bio-inspired perspective, animals like camels and elephants
have thick footpads (digital cushions) allowing them to dis-
tribute forces during bearing weight and to store or absorb
mechanical forces [22]. Further, in the case of camels, the
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footpads are filled with fat which may keep them from sinking
into the soft desert sand. The efficiency of footpads for animal
locomotion in deserts serve as a motivation for this work.
We hypothesize that a passively shape changing and actively
stiffness changing foot can aid in improved locomotion on
granular media.

Adaptable foot designs using granular jamming have been
proposed for better locomotion on rough terrain [23]–[25], but
these have not been designed or tested on deformable ground
such as granular media. Granular jamming is the phenomena
in which an enclosed collection of granular material (coffee
grounds, glass beads, etc.) stiffen (jam) when put under
negative pressure. In previous work, it was shown that granular
jamming feet, when kept in a loose state, leads to better foot
ground contact, and when in an activated (rigid) state leads
to better traction during walking [23]–[25]. Although it has
been argued that damping in the foot is desirable for a non
bouncy behavior [23], a purely soft foot can lead to problems
as the propulsion forces from joint actuators do not push the
body forward, but instead simply cause the robot leg to slip
within the soft foot resulting in no forward motion [20]. Thus,
for locomotion it is desirable to have a soft foot to adapt to
surfaces, and a stiff foot to allow for generation of proper
traction forces [25]. These traction forces are independent of
the shape and surface area of contact for traversing on rigid
ground but for granular terrain it is desirable for the foot to
have least depth of penetration, making surface area of contact
and shape of the foot important factors for maximizing the
locomotion performance on granular media.

In this work we propose a soft robot foot which flattens up
after impact with the medium leading to more surface area
causing less penetration and then actively changes stiffness
(Fig. 1d) using granular jamming. Rigid body impacts with
granular media have been studied in previous works [26] but
soft body interactions with granular media under free fall
impact and drag haven’t been studied, which will be briefly
discussed in this work. We performed a series of experiments
with the proposed foot design for measuring the efficiency of
the robot foot for locomotion in sand by analyzing parameters
like peak acceleration at drop, depth of penetration, shear force
and pullout force after drop and drag.

II. FOOT DESIGN

A granular material enclosed by a flexible air tight sheath
can exhibit unique stiffness and shape changing behaviors
when positive or negative air pressure is applied. When the
granular volume is at ambient pressure the grains within
can behave like a fluid and thus the volume can change
shape easily. However, when a negative pressure is applied
to the volume the enclosing sheath applies a pressure inward
on the granular material which jam, and the high friction
between the grains makes the volume behaves like a solid.
This phenomenon is familiar to anyone who has handled a
vacuum sealed coffee bag, in the vacuum state the bag is
rigid but when the vacuum is released it becomes soft and
deformable. This phenomenon has recently been exploited to
make adaptable robot grippers [27].
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Fig. 2. Experiment to select the filling material for the foot. The plot showing
the mass with the change in height from the ground for three different
materials and a schematic shows the experimental procedure. The mass is
from the weights that are added sequentially

Our proposed foot design was focused on locomotion on
granular media (sandy ground). The design was based on a
granular jamming foot [25] but in addition to stiffness change,
this foot was designed to exhibit shape change on impact. It
consisted of an air tight enclosing membrane and a filling
material for granular jamming. For the enclosing membrane,
we used a commercially available ice pack. The membrane
was made of an inelastic textile material with pleats (Fig. 1e)
such that on impact with the ground, the membrane would
flatten and thus generate a larger surface area in contact,
thus leading to less penetration in sand for a given mass of
robot. The foot was about 8 cm in diameter in the elongated
shape (when not in contact with a surface) and approximately
doubled (13−15 cm) in cross-sectional diameter when when
pressed and flattened against the ground (Fig. 1d-e). We
initially performed experiments with a latex membrane but
ultimately did not use this material for several reasons. The
durability of latex for interaction with complex and rough
ground was problematic as it failed quickly. Furthermore,
the latex membrane elasticity required a substantially larger
fill volume of grains which led to sub-optimal foot shape
change abilities when interacting with the granular media. We
found that an inelastic, tough textile reminiscent of taffeta was
durable yet capable of appropriate shape change.

The filling material selection was based on a quasistatic
loading experiment in which the foot was placed on a rigid
substrate (wood) and was only free to move vertically. Weights
were added on the top sequentially (Fig. 2) and the height
of the foot above the ground was measured using pictures
from a camera and tracking was done using MATLAB (The
MathWorks, Inc.). We chose to test ground coffee, 3 mm
diameter plastic beads, and 210−300 µm diameter glass beads
(Potters Industries with density ρ = 2.51 g/cm3) based on past
use in granular jamming and ease of availability [14], [26],
[28]. As seen in the plot (Fig. 2) for a given mass on the foot,
the change in height of the foot above the ground is highest
in case of glass beads because of lesser friction between the
glass beads compared to other materials which leads to lesser
stiffness of the foot. The filling material was filled up to the
brim of the membrane and a tube was attached to the inlet with
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a sponge inside for jamming activation using vacuum pump.

III. EXPERIMENTAL PROCEDURES

For a robot foot to walk on granular media it is desirable
to have minimum peak vertical force on the joints where the
foot is attached, minimum depth of penetration in the medium,
maximum shear force for forward propulsion in the foot (no
slip), and minimum force required to lift the foot out of the
medium. To determine how stiffness state of the foot affected
these parameters of foot-ground interaction we performed a
series of experiments in two groups as follows: 1) foot drop
experiments in which we allowed a foot to impact the ground
at a realistic velocity, with variable foot stiffness, and 2) shear
and pull out experiments in which we measure the foot’s shear
resistance against the granular surface and the force required
to remove the foot. Below we describe these two methods in
depth.

A. Granular material testing platform

An air fluidized bed of square cross-section 43 by 43 cm
was filled with spherical glass beads of diameter 212−300 µm
(Potters Industries with density ρ = 2.51 g/cm3) to a depth of
20 cm [Fig. 1(a)]. The floor of the granular testing platform
was made of a porous plastic membrane with pore sizes
smaller than the particle diameter. The porous floor was sup-
ported by an aluminum honeycomb structure with an enclosed
volume below. The outflow of a shop vacuum was connected
to the volume below the porous floor. The vacuum was 6.5 HP
and was connected to wall power source through a proportional
relay controlled by an Arduino microcontroller. By varying the
voltage of the proportional relay we were able to control the
air flow through the granular material. The volume fraction
φ of the granular media was determined from image-based
measurements of the bed height by the equation φ = M/ρAh,
where M, A and h are the the the total mass of the grains, area
of the bed, and height of the bed respectively [14]. Before each
experiment air flow through the porous membrane initially
fluidized the medium [9] and then by slowly ramping down
the air flow we got our desired packing fraction φ measured
as 0.58±0.03 which falls in the range of φ of loosely packed
sand observed in desert sand dunes [29].

B. Foot drop experiments

For these set of experiments (Fig. 3a), an accelerometer
(Analog Devics, ADXL326) was attached to the foot assembly
for measuring the acceleration in the vertical direction on
impact. The assembly was then fixed with a 3D printed fixture
to a bearing setup consisting of two linear bearings and two
12 mm diameter steel shafts oriented vertically and clamped
rigidly to the frame. The foot assembly was constrained to
move only in the vertical direction and was supported at
the base of the foot to inhibit tilting of the whole foot
during impact. Further, the foot assembly was attached to a
9.525 mm diameter tube which was connected to a vacuum
pump (Kozyvacu TA350), with 0.25 HP power and 3.5 ft3/min
flow rate, controlled by a custom Arduino program using a

relay, which pressurises the foot from 100 kPa (soft) to 30 kPa
(rigid). A 12 V electromagnet was clamped to the top of the
frame and an iron piece was glued to the top of the foot so that
it could be held by the magnet at the start of the experiment.
The signals from the electromagnet (on/off), the vacuum pump
(on/off) and the accelerometer (analog) were recorded at the
same sample rate of 4000 Hz through a data acquisition device
(National Instruments USB-6001) using a MATLAB program.
A high speed camera (Phantom VEO410L) was used to track
the trajectory of the drop carriage and the diameter of the
foot after impact. For each experiment, the foot was attached
to the electromagnet in the soft state (vacuum off) and the
bed was fluidized. The data collection started as soon as the
electromagnet turned off and the time to turn on the vacuum
pump was calculated in reference to the time of impact from
the ground for different delay times. All the measurements
were taken for free fall of the foot from a height of 30 cm
above the ground from the base of the foot corresponding to
an impact velocity of ≈ 2.4 m/s.

C. Shear force and pullout experiments

For these sets of experiments, a similar setup as to the pre-
vious section was used with some modifications. A horizontal
slider with linear bearings was added in addition to the vertical
slider such that the foot was free to move horizontally and
vertically, as shown in Fig. 5a. A motorized stage (Thorlabs
MTS50-Z8) was attached to a 5 kg load cell that displaced
the foot in shear through a tension wire. The load cell was
connected to a load cell amplifier (FUTEK Inc.) and recorded
using a data acquisition system (NI USB-6001) in MATLAB.
For every trial, the assembly with the horizontal slider and
foot was dropped from a height of 15 cm after fluidizing
the granular bed with glass beads. The inelastic string was
then affixed to one end to the load sensor and the foot on
the other such that the foot could be dragged horizontally
using the motorized stage with trajectory controlled using a
MATLAB program with a constant velocity of 1 mm/s. The
displacement of the foot was tracked using a synchronized
camera and a MATLAB program. The experiment was done
for four cases of foot states, (1) rigid drop and rigid shear (the
vacuum was turned on before drop and remains on for the
whole experiment), (2) rigid drop and soft shear (the vacuum
was turned on before drop and remained on until drop but
turned off for the shear experiment), (3) soft drop and soft
shear (vacuum was never on), (4) soft drop and rigid shear
(vacuum was turned on after drop).

Further, we directly measured the depth of penetration for
all the four cases after dropping from a height of 15 cm using
images from the camera. For the rigid drop cases the depth
was equal to the change in the height of the foot above the
ground as the foot didn’t change shape. For the soft drop cases,
we assumed that the flattened shape of the foot remained the
same when dropped on a rigid surface and on the granular bed.
Using this assumption we calculated the depth of penetration
(Fig. 6a) for these cases using images from the camera.

After the drag experiment was complete, the foot was pulled
out of the granular bed by a force gauge (MARK-10), (Fig. 7a)
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the foot calculated from Fig. 3b for different delay times.

and the force from the gauge was recorded using a data
acquisition software (MESURTMgauge Plus). For calculating
the weight of the foot assembly, the foot was placed on a
rigid substrate and then lifted up using the force gauge. The
pullout force for all four cases was calculated by subtracting
the weight of the assembly from the measured force to lift
the whole assembly from the granular media after the drop-
and-drag tests.

IV. RESULTS AND DISCUSSION

A. Dynamics of foot impacting granular substrate

Fig. 3b shows the acceleration of the foot for four different
delay times of the vacuum pump. We chose acceleration to
be positive in the direction opposite gravity and acceleration
is normalized in terms of acceleration due to gravity (g). In
all four plots, the acceleration drops from 0 g to −1 g as
soon as the drop occurs. When the foot was dropped as rigid
(vacuum on at 3000 ms before impact) on the granular bed
there was a sudden increase in the acceleration to 12±1 g and

then the acceleration decreased because the foot penetrated the
medium and then came back to 0 g as the foot came to rest
which matches well with previous work [26]. On decreasing
the vacuum delay time to 265 ms before impact, we observed a
decrease in the peak acceleration to 5.5±0.5 g and increase in
the settling time (time to come to rest) for the foot. Turning
on the vacuum after the impact resulted in a reduced peak
acceleration (Fig. 4a) and an increase in the settling time until
the foot behaved as a completely soft foot with no prominent
sudden peak and a slow penetration into the granular bed. The
results show that by varying the stiffness state of the foot we
can control the peak acceleration of the foot as it comes to
rest. Such control may be useful to reduce the jerk on the body
when the foot first comes in contact with the ground, in which
case an initially soft foot would minimize this rapid change
in acceleration.

Using the high speed cameras, we also measured the diam-
eter of the foot above the ground after drop for different pump
times (Fig. 4b). For the rigid case the diameter of the foot is
the smallest because the foot doesn’t change shape. As the
vacuum onset time moves closer to the impact time the foot
diameter after impact increased until it saturated to a constant
value because the foot starts behaving like a completely soft
foot as increase in the surface area of the foot leads to lesser
penetration depth.

B. Shear force and pullout force measurements

We measured the shear resistance of the foot after impact
experiments (Fig. 5). Force versus displacement plots for
four different cases of foot state during drop and shear all
show a shear force that increases with displacement (Fig. 5b).
The force here was measured using the load cell and the
displacement of the foot was tracked using the camera during
shear test. For the rigid drop followed by rigid shear case,
the foot penetrates deeply into the granular medium following
impact as seen in Fig. 5c. Because the foot is so deep, and
because it is maintained in a rigid state, thus the shear force
rises very fast until ≈ 2 mm and then goes on increasing
gradually up to 25 N for 30 mm. This continual increase in
shear force with displacement is a result of the growing size of
a pile of grains in front of the foot which causes an increase in
drag. For the rigid drop followed by soft shear, the foot again
penetrates deeply into the granular media, however when the
vacuum is released and the foot turns soft prior to shear, the
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foot starts to slip within the granular medium causing the shear
force to increase more slowly. Similarly to the rigid-rigid case
a grain pile forms in front of the foot causing a slow rise in
force.

For the soft drop followed by soft shear case, the soft foot
impacts the ground and thus is deformed to a flattened shape
after coming to rest. Once the foot is dragged the shear force
rises very quickly and then saturates at 11 N. Since the flat
shape doesn’t sink deep into the medium, the pile of grains
is substantially smaller in this experiment which causes the
shear force to remain relatively constant. Similarly, for the soft
drop followed by the rigid shear case, the impact dynamics
are the same as previously described with the foot adopting a
flattened shape. Upon dragging laterally the shear force rose
to a similar value as the soft drop then soft shear case, but
in this experiment the shear force has a gradual rise over the
full displacement. As can be seen in the snapshots (Fig. 5c),
the pile of grains that forms in front of the foot is larger
for the rigid dragged foot than the soft dragged foot. This is
likely due to the soft foot slipping and deforming within itself.
The results indicate that soft drops are optimal for achieving
maximum shear force for a given height of the foot above the
ground.

The pullout force is highest (Fig. 7b) for rigid drop cases
because it goes deep in the granular bed (Fig. 6b) and requires
about 10 times more force than the soft drop cases as the soft
foot flattens up and doesn’t sink in the medium. Pullout force
gives us an estimate of how much force would be required
to lift up the leg of a robot after a step has been done. As
the energy required to lift a rigid foot out of the sand is about
10 times as compared to a soft flattened foot, a soft foot while
dropping is more energy efficient for locomotion on granular
media.
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V. FOOT PERFORMANCE COMPARISON AND SELECTION

We summarize all our results in Fig. 8, where each bar plot
has been scaled in reference to the maximum value among the
four cases. The shear forces in rigid drops are highest because
of the maximum depth of penetration (Fig. 6b). The drag force
Fd on a cylinder of diameter D is given by Fd = ηρgDd2 [30],
where η characterizes the grain properties (surface friction,
packing fraction, etc.), ρ is the density of the glass beads, d
is the depth of penetration and g is acceleration due to gravity.
Assuming all the parameters to remain the same for these sets
of experiments, Fd = Kd2 where K is the drag coefficient.
A property of generating traction forces on granular material
is that by penetrating deeper in the ground, we can generate
more shear force prior to slipping. But this strategy comes at a
significant cost as removal of the foot is much harder because
of sand pileup and friction, and the effective leg length is
shortened because of deeper penetration of the foot. Thus,
the drag coefficient K indicates how efficient a foot is in
supporting traction force for a constant depth d. We observe
that the drag coefficient is highest for soft drop rigid shear
along with minimum pullout force. Soft drop states come out
to be the most efficient in terms of least depth of penetration
and least peak deacceleration at drop. Soft drop rigid shear
and soft drop soft shear do not have much difference in
performance, however it is desired for a foot to remain rigid
during transmission of propulsion forces so that no energy is
lost in deformation of the soft foot.

VI. CONCLUSION

In this work we have proposed a foot design which can pas-
sively change shape and actively change stiffness for improved
locomotion on granular media. It was shown that the foot in the
soft (unjammed) state damped the vertical impact forces (least
peak acceleration) and flattened up for an increased contact
area and when jamming was initiated the foot turned rigid
to become more capable in transmitting horizontal propulsion
forces. We have shown that using the foot design with pleats
such that it is soft before drop and then rigid during shear
led to reduced foot deaccelerations at the joints, lower pullout
force, lower depth of penetration and greater drag coefficient
at a certain displacement of the foot.

Future directions for this work may include more robophys-
ical testing of the foot by changing the packing fraction of the
granular media and by changing the slope of the bed. Future
work could test the foot on the legs of the robot walking in
desert or beach environment outside the lab thus size of the
foot also needs to be scaled down and appropriate control
schemes for the vacuum pump would need to to be developed
with the gait cycle of the robot
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