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Towards Shape-Adaptive Attachment Design for
Wearable Devices Using Granular Jamming

Joseph Brignone, Logan Lancaster ”, Edoardo Battaglia

Abstract—Attaching a wearable device to the user’s body for
comfort and function while accommodating the differences and
changes in body shapes often represents a challenge. In this letter,
we propose an approach that addresses this problem through
granular jamming, where a granule-filled membrane stiffens by
rapidly decreasing the internal air pressure (e.g., vacuum), causing
the granule material to be jammed together due to friction. This
structure was used to conform to complex shapes of the human
body when it is in the soft state while switching to the rigid state for
proper robot functions by jamming the granules via vacuum. We
performed an experiment to systematically investigate the effect
of multiple design parameters on the ability of such jamming-
based interfaces to hold against a lateral force. Specifically, we
developed a bench prototype where modular granular-jamming
structures are attached to objects of different sizes and shapes via
a downward suspension force. Our data showed that the use of
jamming is necessary to increase the overall structure stability by
1.73 to 2.16 N. Furthermore, using three modules, high suspension
force, and a low membrane infill (~25%) also contribute to high
resistance to lateral force. Our results lay a foundation for future
implementation of wearable attachments using granular-jamming
structures.

Index Terms—Wearable robotics, granular jamming, physical
human-robot interaction.

1. INTRODUCTION

EARABLE devices such as exoskeletons and powered

prostheses have been widely used to quantify move-
ments [1], enhance performance, and assist with impaired motor
functions [2]. Despite their success, fitting a wearable device on
people comfortably while maintaining the device’s function and
stability remains a great challenge [3]. Currently, one of the most
common techniques is to use plastic cuffs that are shaped like
the human body contour for interfacing the device and the body.
Then, straps are added to fasten the semi-rigid cuff on the body,
maintaining device-on-body stability. However, as body shapes
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are widely different among users, cuffs with generic shapes
cannot fully mesh with the body shape of an individual, resulting
in high tightening force of the straps to maintain stability [4].
Even with customized padding (e.g., foam), adverse events like
device-on-body motion still often occur, which significantly
reduces comfort and limits device functions [5].

To improve fitting, personalized cuffs can be designed and
then fabricated based on a 3D body scan [6], [7]. Material like
thermoplastic can also be used to mold the cuffs into an individ-
ual user’s body shape [8]. However, time, expertise, additional
cost, and special tools may be required to accomplish this, which
limits accessibility and usability. These challenges become more
profound when repeating these procedures is necessary.

For example, the body shape can evolve over time due to
factors like growth (e.g., children), aging, or neurodegenerative
diseases (e.g., amyotrophic lateral sclerosis). By contrast, it
is also possible to permanently integrate the device with the
human body directly through means like surgical modification
of the body [9], [10]. However, such an approach comes with
significant risks and added costs (e.g., infection, permanent
change of the body, repeated surgeries) [11], [12].

In this letter, we introduce a new interfacing method to
address fitting challenges in wearable devices. Specifically, we
intended this interface to be adaptive to bodies of different sizes
and shapes, while being able to maintain the device-on-body
structural stability required for proper functions. We achieved
this through granular jamming, where the mechanical properties
of an inflatable membrane filled with particles can be changed
from a soft behavior to a stiff behavior by means of altering
the internal air pressure. Jamming is often categorized into
layer, fiber, and granular types based on the constituents; each
type is suited for different applications. In particular, granular
jamming structures are known to excel at conforming to objects
of complex shapes [13]. Granular jamming has been popularly
seen in the design of universal grippers to grasp a wider range
of objects, as compared to traditional linkage-based robotic
grippers [14], [15], [16]. In the wearable technology space,
granular jamming has mainly been used to modulate joint
stiffness and support the weight limbs [17], [18], [19]. It has
also been used to design a rigid head attachment for safer
image-guided surgeries [20], [21].

Leveraging its ability to switch between soft and stiff states
nearly instantaneously, we propose a new application for gran-
ular jamming to design wearable attachments to allow for wider
adaptability while maintaining the robot’s stability during use.
Asillustrated in Fig. 1, a jamming layer would be integrated into
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Fig. 1. Proposed shape-adaptive robot attachment using granular jamming,

illustrated using the shoulder attachment of a neck exoskeleton [22] as an
example. Suspension forces via elastic straps are used to secure the structure
on the shoulders. During use, motors apply torques to enable head motions
where forces at the interfaces will be transmitted to the shoulders.

the interfacing portion of an attachment (made of semi-rigid
plastic) and could fit around the body while in its soft state.
Added suspension force would strengthen the contact with the
body and the jamming layer’s shape adaptation. A vacuum would
then be applied to change the structure to its stiff state to main-
tain attachment stability during use to avoid device-on-body
movement, which often causes discomfort.

Our goal is to determine design parameters that maximize the
ability of the system to resist external forces aimed to disrupt
structural stability (e.g., torques by the actuators, forces from the
environment). To this end, we designed a bench experiment that
evaluated our proposed system in interactions with a group of
objects of different specific shapes and sizes. A slowly increasing
force was applied laterally to the jamming structure to simulate
forces from the wearable device (e.g., exoskeletons) during
use. We first quantified the effect of jamming (application of
vacuum to jam the particles), then investigated the effects of
membrane infill percentage, number of modules used in the
jamming structure, and downward force exerted on the objects
on the maximum force resisted by the structure. A regression
model was used to explain the experimental data.

Our main contributions here are the novel design of ajamming
structure for wearable interfaces that can adapt to changes and
differences in human body shapes and the determination of
key design parameters that will produce optimal performances.
Important results from this experiment will help inform future
development of jamming-based shape-adaptive attachments for
wearable robots.

II. METHODS
A. Overview

While several potential material choices for the granule and
the membrane have been studied in the literature [23], [24],
the most commonly used granules and membranes are coffee
grounds and latex, respectively. In this study, we chose to keep
these two materials constant while studying how other param-
eters contribute to resisting lateral movement. Specifically, we
chose to study three variables (defined in Section II-B): amount

TABLE I
INDEPENDENT VARIABLES

Jammed Infill Number of Downward
States Percentage (i%)  Modules (n,,)  Force (fy)
On 25% 1 10N
Off 50% 2 15N
75% 3 20 N

100% 4

of granule infill (infill percentage), area of jamming coverage
as determined by the number of modules, and magnitude of
downward suspension force (downward force).

We considered these parameters because they are very rele-
vant to wearable robotics where weight, size, structural stiffness,
and comfort are important [3], [25]. For example, higher granular
infill and area of jamming coverage would increase the weight
and size of the attachment, while higher downward suspension
force and lower area of jamming coverage would increase the
applied pressure on the body, thus decreasing the comfort.

We designed and built a bench model (Fig. 2) so that these
parameters can be physically modified. We conducted an experi-
ment to systematically change these parameters and use external
sensors to measure the outcome variable, which is the maximum
lateral disturbance force (critical force) for which the structure
maintains its interface stability (i.e., without relative motion).

B. Design

This jamming structure was designed to conform around an
object of varied shape and size to simulate different body sizes
and contact geometries. Specifically, it was built to conform
only to the lateral surface area of a cylindrical object, with the
objects being longer than the jamming structure in the longitude
direction. All design parameters and object configurations were
physically changed for each trial (see Table I & Fig. 3).

To ensure consistency across different configurations, we
chose a modular design. Each module contained one jamming
membrane of a determined size and infill, as well as screw
fasteners for attaching springs between the jamming structure
and the inertial frame. The modules would also include tubing,
attaching the membrane to a plastic hose fitting through the cen-
ter of the module. By using this modular design, the flow of the
granules in each module can be confined within the membrane of
that module, unlike a single membrane design where an uneven
distribution of granules could occur due to irreversible granule
movements. This design also keeps the granules roughly in place
when mounting the structure on the objects.

A vacuum pump (ZR370-02PM, Adafruit, New York, NY)
and a pressure sensor (MPRLS Ported Pressure Sensor, Adafruit,
New York, NY) are attached to the other end of the tubing to pro-
vide vacuum and monitor the air pressure, respectively. During
each trial that jamming was applied, the pump was on constantly
to ensure a consistent vacuum and avoid any unforeseen system
leakages (e.g., tubing, wear and tear in balloon membranes).

1) Jammed State: This refers to the application of a vacuum.
In the on or jammed state, the pump applied 100% vacuum. In
the off or unjammed state, the air pressure equals the ambient
air pressure.
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Experimental setup. (a) Schematics. A lateral force f, is applied on the module by a servomotor through a cable-pulley system. hs shows the length of

the spring, h,, represents the height of the object. r, represents the object radius used to calculate the object size, r; is the radius used for the jamming structure
modules, and d is the distance between r; and 7,. (b) An image showing a 4-module, 75% infill, and 15 N downward force, unjammed setup. The motor-pulley
and the force/torque sensor are both fixed to an inertial frame made of 80-20 aluminum beams. Reflective markers are placed on jamming modules, objects, and
the inertial frame. Four springs are attached to the jamming modules to maintain a balanced application of the downward force. The attachments of the springs on
the inertial frame can be adjusted to ensure the downward force prior to data recording.

Fig. 3. Selected object shapes are shown in CAD software. Original polygons
were cut to be 75 mm tall and added to the F/T sensor height (21 mm) for h, =
96 mm. Object sizes were small (r, = 40 mm), medium (r, = 47.5 mm), and
large (r, = 55 mm). The inner shape for each is a portion cutout for mounting
the object to the force torque sensor.

2) Infill Percentage: The granular infill was coffee grounds
(medium coarseness). Identical latex balloons (8 in. diameter at
maximum rated inflation) were used for all jamming pouches.
The infill percentage was calculated by subtracting the weight of
the balloon from the total measured weight of the granule-filled
balloon. A balloon filled to 100% of its unstretched volume
weighed 16 g (measured by a scale), from which increments
of 25%, 50%, and 75% were created. Each infill percentage also
created a height offset between the center of the module circle
with radius r; and the center of the object circle with radius r,
(Fig. 2(a)).

3) Number of Modules: Because the membrane size was kept
constant, the number of membranes was varied discretely using
modules. In turn, these modules increased the contact area on
the object and the total size of the device. The size of the largest
object was set to have an enclosing circle of 70 mm radius, and

each jamming module was designed to cover a 45° arc of the
enclosing circle. We varied the number of modules from one to
four in our tests, placing them as seen in Fig. 2(b). Each module
was created identically except for the end pieces, which do not
have the connection point for another module. The granule-filled
membrane was loaded through a lofted hole in the center of a
module and secured to the tubing. This design choice centers
the jamming membrane under the module. All modules on each
jamming structure had the same infill percentage. The weight of
asingle module was 30.8 g, consisting of the 3D-printed module,
the tubing connector, and the nuts and bolts used to attach each
module.

4) Downward Force: Wearable robotic devices are often de-
signed to allow unrestricted movement and cannot surround the
body rigidly in the target area of the device. To compensate for
this, straps are often added for stability, as previously mentioned.
For our device, the structure only covers a section of the lateral
surface area on the object and also requires suspension force
to secure the jamming structure. The suspension force was
achieved through the use of extension springs attached to the
middle part of the jamming structure, as seen in Fig. 2(b). This
spring placement differs somewhat from straps used on a wear-
able device but allows consistency between the different number
of modules. The rigidity of the 3D-printed parts bolted together
allowed similar force distribution to other placements across all
structure designs in the experiment. The combined weight of the
jamming structure and the force from the springs contributed to
the overall downward force measured by a force/torque (F/T)
sensor (Nano 25, ATI Industrial Automation, Apex, NC). The
motorized pump and tubing weight were negligible since these
rested on the table on which the experiment was conducted.
Because the downward force includes the jamming structure,
the spring length, hg, was adjusted to accommodate for each
number of modules and each infill percentage due to weight
discrepancies. The distance between the object radius, r,, and
the radius of the jamming structure, r;, created by the membrane
infill is also a contributing factor. Each structure was tested with
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a downward force of 10, 15, and 20 N. The maximum downward
force was chosen as 20 N by measuring the downward force of
a neck exoskeleton [22] as an example of a wearable robot.

5) Object Design: Twelve 3D-printed objects of varied
shapes and sizes are used to simulate different contact surfaces
(Fig. 3). The sizes of the object cross-section can be related to
the radius of the enclosing circle of the jamming modules (r;)
and the thickness of the jamming pouch (d),

To =1 —d, (D

where 7, denotes the radius of the enclosing circle of the object
cross-section. Note that d is dependent on the quantity of infill.
In our calculation, the maximum 7, max 1S When there is zero
infill (d = 0), and the minimum 7, in is When there is 100%
infill (experimentally measured). Because we intended the jam-
ming structure to be able to make contact on all objects when
unjammed, we defined our large, medium, and small objects as
when r, = 87%76 max> To = 76%76 max, and o = 65%7 5 max.
respectively. The depth of the cylindrical objects was designed
larger than the inflatable membrane’s diameter, preventing the
membrane from wrapping around the object.

The object height, h,, included the F/T sensor height and was
constrained to 96 mm for all objects to reduce the variability of
hs while switching objects. This height was sufficient so that
the 4-module jamming structure remained touching the object
on all object sizes. The resultant object geometry is not quite
a ‘hexagon’ or ‘octagon’, as a section of extra height is cut off
from the bottom.

C. Experimental Procedures

As shown in Fig. 2, the six-axis F/T sensor was mounted to
the inertial frame. The bias of the F/T sensor was set to 0 after
an object of selected shape and size was mounted on it. Then,
the modular jamming structure was placed on top of the object,
unjammed (ambient pressure, soft state), and four springs were
used to attach it to the inertial frame. The spring attachments
were manually adjusted to ensure an even loading and a set
downward force (i.e., 10, 15, or 20 N). Each membrane was
checked to ensure that it would only mold to the shape of the
object’s lateral surface area and not around the front or back
faces. In jammed trials, a vacuum was applied using the pump
to jam the structure around the object. An absolute pressure of
6.5 £ 0.4 psi was verified at the beginning of each of these trials.
With the pump turned on throughout the trial, the pressure was
observed to maintain this value for all jammed trials.

Next, a lateral force, f,, was applied to the object through
a cable-pulley system where the force was slowly increased
from 0 to 10 N, at a rate of 0.36 N/s (black dashed line in
Fig. 4). The maximum lateral force of 10 N was chosen since this
was the maximum value of lateral forces applied on the user’s
body, calculated based on the neck exoskeleton in our previous
work [26]. Displacement of the jamming structure was measured
by a 12-camera motion capture system (Vero, VICON, Oxford,
U.K.). Reflective markers were placed on the inertial frame,
the object, and the jamming structures (Fig. 2). The interface
force/moment was recorded simultaneously via the six-axis F/T
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Fig. 4. Representative data of one trial. The plot shows the process of deter-

mining the critical force based on measured displacement and interface forces.
The dashed black line shows the force resulting from the commanded torque to
the servo motor and the pulley radius. The dashed blue horizontal line shows the
1 mm threshold, while the green dots show where on the force and displacement
plots the displacement crosses the threshold. The solid black and red lines
correspond to the y-axis of their same color.

sensor. We first collected two blocks, one for each jammed and
unjammed condition; then, we repeated an additional block on
the jammed condition to have more data. Overall, a total of 1,728
trials (576 trials for each of the three blocks) were performed.

D. Data Processing

The motion capture data were processed first by filling gaps
using VICON Nexus (2.16.0). Then, filtering of time trajectories
(force and marker) was performed in MATLAB (2023b, Math-
works, Natick, MA) using a low pass filter (passband = 1 Hz,
stopband = 10 Hz). Data from the first 1.5 seconds were removed
from each trial to exclude data during the cable pre-tensioning
phase. The relative displacement was calculated as the change
in distance between a static marker mounted to the table and a
marker attached to the jamming structure.

The response variable of interest for this experiment is the
critical force, defined as the amplitude of the lateral force that
causes relative motion between the jamming attachment and the
object. To determine this critical force value (Fig. 4), we first
identify the time when a relative motion of 1.0 mm was detected.
We then took the highest measured force before this time. The
threshold was chosen as follows: A human operator examined
video recordings of 10 randomly selected trials and determined
the times at which a relative motion occurred in each trial. Then,
the corresponding relative marker displacements at those times
were found. The minimum displacement was 1.0 mm among the
10 trials, which was used as the threshold for all other trials.

E. Statistical Analysis

We first determined the effect of the use of jamming on
the resultant critical force by running a Welch t-test, which
is robust to violations of normality and homoscedasticity [27],
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TABLE II
FINAL REGRESSION MODEL*

Variable™ Estimate 95% CI p value
Po - (Intercept) 1.821 [1.246 2.396] 7.40e-10
Bi - i% -0.023 [-0.028 -0.018] < 2e-16
Bo - npm=2 1.814 [1.001 2.628] 1.33e-5
B3 -ny=3 2.687 [1.873 3.501] 1.37¢-10
Ba - ny=4 1.885 [1.071 2.699] 6.059¢-6
Bs - fu 0.220 [0.189 0.252] < 2e-16
B - 1%, =2 -0.004 [-0.010 0.003] 0.282
B7 - i%:n, =3 0.018 [0.011 0.024] 1.620e-7
Bs - i%:n, =4 0.013 [0.0065 0.0197] 1.00e-4
Bo - ny =2:1y 0.065 [0.020 0.111] 0.005
Bio - nm =3:f4 1.32e-4 [-0.045 0.045] 0.995
Bii - nm=4:f 0013 [-0.032 0.059] 0.560

* Significant coefficients are in bold.

% = infill percentage, n,, = number of modules, f; =

downward force

[28], comparing the critical forces in the first two blocks. The
statistical significance level was set to be o = 0.05.

Then, we used a linear regression model to evaluate the effect
of three additional design parameters (infill percentage, number
of modules, and downward force) on the critical force under the
jammed condition. Infill percentage and downward force were
modeled as continuous independent variables, while the number
of modules n,, was modeled as a categorical variable, with
n,, = 1 as the reference level. As described in Section II-B, we
sampled at four levels for the infill percentage (25%, 50%, 75%,
and 100%) and the number of modules (one to four modules
placed as shown in Fig. 2), and at three levels for the downward
force (10, 15 and 20 N). Each jamming structure, identified
by a unique combination of the parameters mentioned above,
was tested on twelve different objects with two repetitions,
with a total of 1,152 trials. We started by considering the full
model with up to three-way interactions and used backward
elimination to narrow down to a parsimonious model [29] based
on significance.

III. RESULTS

Critical force values of jammed trials were significantly dif-
ferent from unjammed trials (p < 0.001) with an effect size of
1.94 N ([1.73 2.17] 95% confidence interval). The unjammed
trials had an average critical force value of 4.09 N, while the
jammed trials had an average critical force value of 6.04 N.

Table II shows the final parsimonious model that was pro-
duced as an output of the backward elimination model selection
after we found that the three-way interactions between all factors
and the two-way interaction between infill percentage and down-
ward force were not significant. The top half of Fig. 5 shows box
plots for the main effects of factors (infill percentage, number of
modules, and downward force) on the dependent variable critical
force (as a reminder, this data was obtained in the jammed state).
Significant main effects were found for all three factors. The
number of modules had the largest effect on the critical force,
with three modules showing the largest increase of 2.687 N on
the critical force when compared to the reference level (one
module). The downward force and infill had smaller but still
significant effects on the critical force, with higher downward

IEEE ROBOTICS AND AUTOMATION LETTERS, VOL. 10, NO. 1, JANUARY 2025

TABLE III
SUCCESSFUL GRIPS IN THE CASE STUDY*

Infill Downward Number of Modules
Percentage Force (N) 1 2 3 4

25% 10 0 7 11 5

25% 15 0

25% 20 7

50% 10 0 2

50% 15 0

50% 20 3 .

75% 10 0 2

75% 15 0

75% 20 1

100% 10 0 0

100% 15 0 3

100% 20 0 11

* Darker shades highlight more successful grips.

forces increasing the critical force (0.22 N increase on the critical
force per 1 N increase on the downward force) and higher infill
percentages decreasing the critical force (—0.023 N per infill
percent).

Additionally, some of the module configurations had small
but significant interaction effects with infill percentages and
downward forces. The lower half of Fig. 5 shows interaction
plots, with a focus on the interaction between number of modules
and infill percent that is particularly noticeable for a 50% infill
(the critical force decreases for 3 modules, which otherwise
causes it to increase at different infill levels). This interaction was
further investigated with a posthoc test comparing means from
changes in the number of modules at the four fixed levels of infill,
with Tukey-adjusted p-values as provided by the emmeans
package in R. All pairwise comparisons yielded p <= 0.0001,
except for the following: n,, = 2 vs n,, = 3 for 50% infill (p
= 0.0272), ny, = 3 Vs nyy, = 4 for 75% infill (p = 0.0007),
and n,, = 2 vs n,, =4 for 100% infill (p = 0.0954), which
was the only paired comparison to not be significant at the 5%
significance level.

Lastly, to demonstrate and compare the ability of each jam-
ming design to adapt to different objects, we created the follow-
ing case scenario: assuming a set critical force at 6 N, which
was the average value of the jammed trials, we counted the
number of objects that each design can maintain the set force,
as summarized in Table ITI. The maximum number of objects is
12 due to the number of sizes and shapes of the objects. Using
this table, one can identify parameter combinations for designs
that are more likely to be successful in adapting to a wider
range of objects with a target structural stability. For example,
a design with 2 modules, 25% infill, and a downward force of
15 N was able to resist the set critical force for all 12 tested
objects. Similarly, a design with 3 modules, 100% infill, and a
downward force of 20 N achieved the same. With this set critical
force, the table also shows that 1-module designs are most likely
to fail, only with moderate success when the infill percentage is
low (25%) and the downward force is high (20 N).

IV. DISCUSSION

Our experiment shows that jamming (vacuum) is necessary
to provide a higher ability of the structure to resist lateral
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disturbance. Although unjammed structures are not commonly
used, they are somewhat similar to using padding materials (e.g.,
foam) that have low, constant stiffness. When unjammed, the
membrane(s) of the structure displayed a slipping or rolling
motion upon displacement. This behavior is expected due to
the lower stiffness and pliable composition of granule-filled
membranes. The structure still conforms to shape, especially
if there is a downward suspension force keeping it on the
target object. By contrast, jammed structures appeared to be
rigidly attached to the objects until a breaking point where
the structure was displaced. If the jamming structure was dis-
placed yet remained on the object, the shape of the jamming
pouches would remain intact and the device could not remold
to the object in its displaced position, unlike the unjammed
cases.

Within this experiment, there were cases observed where an
unjammed structure outperforms a jammed structure in terms
of higher critical force. For example, an unjammed 3-module
structure has, on average, a higher critical force than that of a
jammed 1-module structure. This behavior is likely caused by
the difference in underlying mechanics. In the 1-module case,
the structure does not have a large enough contact area to reach
the edges of each object’s lateral surface area. Without edges to
grip onto, the only force keeping the jamming structure on the
object is the friction between the object and membrane, which
is mostly determined by the amount of downward force (given
fixed material properties). In contrast, a 3-module unjammed
structure would have a higher contact area that can grip on the
sides of the object, which creates an additional normal force
to the side to resist the lateral pull. As a result, even when

Top: box plots of percentage infill, number of modules, and downward force vs. critical force for jammed trials. Bottom: interaction plots for the number

the 3-module structure was unjammed, it still generated higher
resistance.

The difference in mechanics for structures with different num-
bers of modules also explains the largest effect of the number
of modules on the critical force in our model. Interestingly, a
higher number of modules does not always mean higher critical
force, as we show that the 3-module designs generally yielded
higher critical force than the 4-module structures, with the only
exception for this being observed for the 50% infill because of
the significant interaction effect between infill percentage and
number of modules. A likely explanation is that a 4-module de-
sign did not always create equal contact with the objects among
all jamming pouches, causing the contact force to distribute
unevenly. This was more profound in small and large object
cases. The pouches barely made contact with the small objects
in all directions, and the large objects left limited space for the
jamming pouches to conform to the surfaces. By contrast, the
3-module designs seem to have the best performance for all
objects tested.

We also observed that a higher downward force increases
the critical force. This influence of the downward force on the
critical force was nearly linear. This is not surprising, as a higher
downward force produces a higher friction force, which is one
of the main forces to resist lateral disturbance, as mentioned
above. One additional note to the downward force is that it is the
sum of the weight of the attachments plus the added suspension
force from the springs. In our experiment, we carefully adjusted
springs for each trial so that the total downward force equaled
the target set force. Our result does not differentiate the effects
of these two downward forces.
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We expected that there is an optimal amount of granule infill
to produce the highest critical force, given that when the infill is
zero or 100%, the jamming structure is nearly rigid and thus not
adaptive to shapes. However, we observed that a lower amount
of granule infill always improves the critical force, although the
influence of this variable is the lowest among the three variables
studied. This result also means that there is possibly an optimal
infill percentage between zero and 25%, although we cannot
verify this with our current data. Nonetheless, less granule infill
could be beneficial for attachment design as it makes the device
lighter.

Small but significant interaction effects were found between
the number of modules and infill percentage and between the
number of modules and the downward force. In particular,
interactions between three modules and infill percentage and
between four modules and infill percentage were large enough to
essentially counteract the negative main effect from the infill per-
centage. From the physical model design standpoint, this could
be partially caused by the (unintended) contact between adjacent
jamming pouches in configurations with multiple modules that
have higher infill percentages (Fig. 2(b)).

While the linear regression model helps predict the critical
force given a set of design parameters, we also created an
example scenario to identify designs that can adapt to the most
objects of various shapes and sizes for a target critical force. We
showed that there are often multiple plausible design choices.
A designer may further select an optimal design given other
factors that are pertinent to their applications. For example,
one may choose a 2-module design over a 3-module one due
to the reduced size and weight of the structure; or choose a 15 N
downward force rather than 20 N downward force due to less
pressure applied on the wearer.

We acknowledge that the metric of critical force may dif-
fer from representations of performance indicators used in
the related literature [13], [14], [18], [21]. While the force-
displacement relationship of each structure was important, quan-
tifying the performance of each jamming structure by one force
value would allow for comparison across the 576 jamming
structures used in this design-motivated experiment.

We used a thresholding method to determine the time when
a relative motion (slippage) happens between the jamming
modules and the object. The choice of threshold would affect
the calculation of the critical force. In our study, we elected
to rely on the detection of a human. The rationale for this is
that although micro-displacements (relative motion less than
detected by a human) could occur, they may not be critical
to the target application of wearable attachment design, where
larger relative motions are more likely to affect comfort and
device function. During our pilot experimental phase, we also
evaluated alternative thresholding methods, such as relying on
the maximum displacement of stationary markers on the iner-
tial frame, which would reflect the measurement noise of the
motion capture. However, this method was too conservative,
where video footage showed visible movement of the jamming
structure after the time detected by this thresholding method.

For the proposed application, a limitation of this study is
that only 3D-printed standard objects were used. Using the
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assumption that most areas of the body where wearable robotics
would be attached could be modeled as elliptical or cylindri-
cal [30], these objects were varied in size and roundness for
representing parts of the body this type of jamming structure
could be applied. Although the size and shape of the objects were
varied, they are all rigid, which are less accurate representations
of parts of the body that have layers of fat and muscles. For
bony areas of the body, such as shoulders, pelvis, forehead,
and shins, the current results may be most translatable. Another
limitation was that the applied force perturbation was only in one
direction and was nearly quasi-static. Hence, three-dimensional
force-moment and dynamic effects that could occur in an actual
human-robot interaction were not studied. Future implementa-
tions of the results of this letter to design wearable attachments
will be carried out and tested on human users in more realistic use
scenarios, which would provide further evidence of the extent to
which the proposed jamming-based attachment would address
the fitting challenge in wearable devices. Beyond the proposed
application, our methodology and results could provide insights
for other jamming applications, such as the evaluation of gran-
ular jamming grippers to resist lateral force perturbations from
the environment.

In future applications, the system design needs to be airtight
to prevent leakages. This will be important for the jamming
structure to maintain a vacuum so that the constant vacuum
through a pump is unnecessary. The vacuum pump creates noise
while powered on that may be disturbing for the user. By sealing
the air vacuum in the device, the pump could be powered off once
the membranes are jammed. Avoiding using the pump more than
necessary reduces the power required for the vacuum pump.
Additionally, work on modular designs could be explored to
better adapt to specific applications on the body or outside of
wearable robotics. Modular designs also provide flexibility for
sizing the jamming structure for intended applications. With
these modifications, extra tubing may be needed, and the air
seals on each membrane would need to be carefully designed
and fabricated.

V. CONCLUSION

This letter presented results from the first experiment, de-
signed to measure the effects of parameters of a granular jam-
ming structure to adapt to the sizes and shapes of different
objects while providing lateral stability. This experiment aimed
to simulate the attachment of wearable devices using this novel
approach to interface with the human body with complex shapes
and different sizes. Future work will involve the implementation
of this bench model into a physical design for wearable devices
(e.g., the Utah Neck Exoskeleton [26]) and evaluate the design
with human participants to demonstrate the effectiveness of such
a wearable interface to adapt to complex body shapes.
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