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Selectively Stiffening Garments Enabled by Cellular Composites

Junghan Kwon, Inrak Choi, Myungsun Park, Jeongin Moon, Bomin Jeong,
Prabhat Pathak, Jooeun Ahn, and Yong-Lae Park*

Recent efforts on wearable robots have focused on augmenting the motor per-
formance and/or protecting the wearer’s body with lightweight structures. How-
ever, providing human-scale force and structural stiffness usually conflicts with
the wearability. Inspired by sandwich-structured composites with high structural
strengths, widely employed in both nature and man-made structures, a mecha-
nism of selectively stiffening garments (SSGs) utilizing anisotropic cellular cores
and rubber-laminated face sheets is proposed. While the proposed mecha-

nism shows a high compliance allowing for conformity to the wearer’s body
when unjammed, it provides a significantly high force density when jammed,
compared to conventional jamming methods, allowing for the ability to adjust
mechanical properties based on the designs and materials. In this paper, various
designs of the sandwich jamming structures for the SSGs with analytical char-
acterizations and experimental validations are introduced. Potential applications
for force and motion assistance are also demonstrated and impacted mitigation.

1. Introduction

What if a garment can harden itself depending on the task that
the wearer undertakes? One of the long-term goals of functional
garments is to improve the wearer’s physical performances.!!
For example, compression sportswear reduces muscle strain
by providing heat?l and stabilizes the joints by stiffening the
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structure.l’) Orthoses assist specific body
parts by limiting the ranges of motion.
Rigid protective gears, such as hip and
chest guards, protect the wearer by distrib-
uting or absorbing impacts.’! However,
conventional functional garments always
maintain their mechanical properties the
same, since their performances heavily
rely on the inherent material properties.
Therefore, these permanent properties
often cause discomfort and limit the
wearer’s activities in spite of the benefits
in certain situations. Performance aug-
mentation of a human body is also one of
the long-standing challenges in robotics
that researchers have tried to tackle with
various technologies of wearable robots.[®!
The main purpose of wearable robots is
to provide additional forces for the wearer
through active mechatronic systems for different motions, such
as lifting,”! grasping,®! or walking.[*1%

The concept of this article, the selective stiffening garment
(SSG), draws upon the synergy between functional clothing
and soft robotics!! (Figure 1). We hypothesize that the wearer
can benefit from the garment in two different aspects. First,
it provides a physiological advantage in the musculoskeletal
system (Figure 1a). The stiffening structure can selectively lock
the kinematic chain of the body and support the weights of the
body segments, reducing the level of muscle activation. Second,
the garment can play a role of a protective layer. The hardened
structure can form a hard outer shell that provides the wearer
with additional protection and force, as shown in the “second
skin” examples (Figure 1b).

The SSG can be realized by the mechanism of variable
stiffness.!!l While several approaches have been proposed,
including mechanical locking,””! magnetorheological fluids,"*!
electrostatic adhesion,™ and thermally activated materials!'>-"!
one promising method is vacuum-based jamming of using
particles,['®-24 fibers,*>-"] layers,**-! fabrics,1*>*% or even com-
binations of two or more of these methods.?**! The major
advantages of fast transition between states, low cost, easy fab-
rication, and safe interaction with humans, make the jamming
method attractive for various applications, including wearable
devices,3¢73 grippers,“)l and manipulators.[*42]

To be practical, the SSG should meet several requirements.
First, the garment should be lightweight and comfortable
so that it does not degrade the wearer’s own physical ability.
Second, when activated, the garment should be stiff enough
to withstand the bending moment applied by external impacts
as well as the wearer’s body weight. Third, the garment should

(10f14) © 2022 Wiley-VCH GmbH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadmt.202101543&domain=pdf&date_stamp=2022-03-18

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

www.advmattechnol.de

arm support

rubber-laminatied face sheets

EEEEE

bt

E*

]
E—
Hrmny

object falling \

proximity sensing

second skin
for protective garments

U I

unjammed jammed

selective hardening glove

Figure 1. Two applications of selective stiffening garments with the sandwich jamming structure. a) Medical professionals, such as surgeons and
dentists, are required to maintain a raised arm position while performing dexterous motions, which puts an added tension, particularly on the muscles
around the shoulder girdle. An arm support to eliminate the muscle force required for weight-bearing can reduce the static-dynamic tension on the
shoulder muscles. b) While the rescue workers are required to move swiftly for their missions in extreme environments, they also should be protected
from unexpected collisions, and sometimes destroy obstacles to escape. A selective stiffening garment providing hard surfaces on top of skin can not
only protect the wearers but also help them create a large impact force during a collision. c) The proposed sandwich jamming structure is composed

of an anisotropic core and two rubber-laminated face sheets inside an outer enclosure.

be highly compliant allowing a large range of motion when
deactivated. Although previously proposed jamming struc-
tures®*=37] meet part of these requirements, it is highly chal-
lenging to satisfy all while maintaining a compact form factor
as a garment. The garment will be too bulky and heavy with
particle jamming to provide sufficient strength due to the
low force-to-weight ratio. Although layer jammingl3! provides
increased stiffness, its limited degrees of freedom (DOFs)
when unjammed may restrict motions, causing discomfort to
wearers. This limitation has been overcome by the multi-DOF
layer jamming design,[”’] but additional efforts are neces-
sary to achieve a smaller device weight and a higher bending
stiffness.
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To achieve high bending stiffness (or strength-to-weight ratio)
when jammed but a high compliance when unjammed, we
particularly focus on cellular composites,*** easily found in
nature.” They are also often employed in engineering struc-
tures, including building panels and aircraft.sl While such indus-
trial sandwich structures are constructed by permanent bonding
of the cores to the face sheets, recent studies have shown that
composite structures could be stiffened by external stimuli, such
as electroadhesion™l and vacuum-based jamming“#! Vacuum
is an effective means of jamming sandwich structures for high
structural bending stiffness. However, there has been little con-
sideration on designs of cores and face sheets that can deform
in various shapes to easily conform to different body areas when

© 2022 Wiley-VCH GmbH

85UB017 SUOWIWIOD BAEa.D 3|t (dde aup Aq peusanob afe ss[ole VO ‘88N JO Sa|ni Joj Afeiq1T 8UIUO 48]/ UO (SUOIPUOD-PUB-SWLIBY WO A8 | 1M AlRIq Ul [UO//:SdNY) SUORIPUOD PUe SWS | 84} 885 *[9202/20/T0] Uo ARiqiauljuo AB|IM BIuIojIED JO AN AQ £7STOTZ0Z 1UPe/Z00T OT/I0P/W0D A8 |ImAeIq 1 Ul |UO peoUeApe//SAnY WOy pepeojumod ‘6 ‘2202 ‘X60LS9ET



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

the structure is unjammed. In addition, it is necessary to pro-
vide a method of increasing the bonding force between the core
and the face sheets when the structure is jammed to make the
vacuum-based jamming even more effective.

In this paper, we propose a sandwich jamming structure
composed of an anisotropic cellular core and rubber-laminated
face sheets (Figure 1c). The lightweight anisotropic core pro-
vides a low bending modulus allowing for high structural com-
pliance when the structure is unjammed but can be highly stiff
with jamming. Compared to particle and layer jamming struc-
tures, the proposed structure provides a significantly increased
performance in terms of the stiffness/strength-to-weight ratio
as well as the stiffness change ratio between the unjammed
and the jammed conditions (Note S1, Supporting Information).
Moreover, the friction between the core and the rubber on the
face sheet even further increases the bending strength. Along
with the analysis and characterization, we demonstrate three
SSG examples using the proposed cellular composite. The
first garment, a wearable arm support, significantly reduces
the muscle activation levels while not degrading the wearer’s
physical dexterity. In the next example, an active protector made
of the SSG can quickly stiffen itself by detecting a dangerous
object approaching to the wearer before collision. Lastly, we
demonstrate a selective-hardening glove that can deliver a high-
impact force to external objects.

2. Results

2.1. Anisotropic Cellular Core

Figure 2a shows the sandwich jamming structure with a light-
weight core patterned by staggered rectangular cells. The cell

www.advmattechnol.de

geometry elongated in y-axis provides anisotropic properties
for the core. The proposed core exhibits three main properties
that make the jamming structure flexible in the unjammed
state and rigid in the jammed state. First, the low structural
modulus in x-axis E,, makes the bending stiffness of the core
structure considerably low, allowing for compliance similar
to that of a flexure hinge, when unjammed. Second, the high
modulus in z-axis E,, prevents the core structure from being
deformed in z-axis, maintaining the distance between the two
face sheets, when jammed. Finally, the high shear modulus
in the x—z plane G,, minimizes shear deformation when the
core and the face sheets are jammed together. The high E,, and
G,, consequently increase the bending stiffness of the entire
structure.[*4

These properties have a benefit compared to other types of
structures with isotropic core materials, such as foam. Soft
foam is flexible in an unjammed state but its low E,, is not
suitable for maintaining the gap between face sheets when
a vacuum pressure is applied. The structure is also easily
deformable with a shear stress due to the low G,,, resulting
in degraded bending stiffness. Conversely, rigid foam is
too stiff to allow flexibility even in an unjammed state. The
sandwich jamming structure with the proposed anisotropic
cellular core meets the three design requirements of light-
weight, high flexibility when unjammed, and high stiffness/
strength when jammed.

We first analyzed the structure with an analytical model
based on the Euler—-Bernoulli beam theory (Note S2, Supporting
Information) and finite element analysis (FEA) (Note S3, Sup-
porting Information). We then validated the analytical model
and the FEA result through three-point bending experiments,
as presented in Figure 2c. In the jammed state, the stiffnesses
obtained from the model, the FEA, and the experiments were
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Figure 2. The effects of the anisotropic core in a sandwich jamming structure. a) Sandwich jamming structure with an anisotropic core and two face
sheets. The properties of the structure were analyzed through a three-point bending test. b) Stress contour plots indicate that the stress level in the face
sheets is much larger than that in the core structure. c) A comparison of the analytical model, FEA, and experimental results. d) Stiffness and yield force
increased with respect to the core thickness. e) Bending stiffness did not change significantly with respect to the cellular width of the core structure.
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18.6, 14.9, and 13.3 N mm™., respectively, and the yield forces
were 11.7, 10.4, and 9.6 N, respectively. The differences may be
due to the estimation errors in the material properties, the fric-
tion coefficients, and simplicity of our model.

The sandwich jamming structure showed an elastoplastic
behavior when jammed. The entire structure acted like a solid
material in the elastic region, meaning the load—displacement
relation can be derived based on the Euler-Bernoulli beam
theory*! as

F:‘Z—?ow (0) (1)

where F is the applied load, L is the support span, D is the
bending stiffness, and w,(0) is the displacement at the center
of the structure.

Assuming that the Young’s modulus of the face sheet Eis
much larger than that of the core E_, and the thickness of the
core t. is much larger than that of the face sheet t;, the approxi-
mated D is then expressed as

2
bEfztftc 2)

D

n

where b is the structure width.*! From Equations (1) and (2),
the slope of the load—displacement curve in the elastic region
is linearly proportional to D governed by t., which places the
two face sheets off the neutral plane. Therefore, a high bending
stiffness can be achieved by increasing the core thickness t,
(Figure 2d). The effective bending stiffness, when unjammed,
can be derived by simply summing the stiffnesses of the
internal components (e.g., core and face sheets) without consid-
ering their interactions.

The internal components are firmly attached to each other by
friction in the elastic region. However, they slip if the in-plane
shear force between the core and the face sheet exceeds the
maximum static friction force, causing plastic deformation, 3140l
decreasing the bending stiffness, as observed in both FEA and
experiments (Figure 2c).

The yield force Fcq, the transition point between the elastic
and the plastic regions, can be derived as

Fyu = 2U.P Dt )

where (i is the friction coefficient between the core and the
face sheet, and P is the input vacuum pressure.*! The experi-
mental results show that the yield force is proportional to
the core thickness and the vacuum pressure when the other
parameters are fixed (Figure 2d and Figure Slc, Supporting
Information).

Figure 2e shows the experimental results when the cel-
lular width b, varied with a vacuum pressure of 75 kPa.
Although the bending stiffness of the cellular core slightly
increased when b, increased due to the effective Young's
modulus, the difference was not significant. The yield forces
of the three conditions are also similar. Therefore, the resisting
force between the core and the face sheet can be regarded as
Coulomb friction; the decrease in the contact area between the
core and the face sheet was counterbalanced by the increase in
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the contact pressure. The results suggest that the increase in
width makes the structure light and cost-efficient by reducing
the density if the effective modulus of the core is small enough
and no defect is on the face sheet.[***)

2.2. Face Sheets with Rubber Lamination

To maximize the yield strength, we can optimize design
parameters, such as the friction coefficient between the
internal components, the input vacuum pressure, and the
core thickness. However, changing the design parameters may
raise several issues: a material with high friction (e.g., rubber)
has relatively low tensile and shear moduli, leading to decrease
in the structural stiffness; the maximum pressure difference
between the inside and the outside of the enclosure is limited
to 1 atm; and increase in the core thickness increases the form
factor.

To address these issues, we used a composite for the face
sheet, a rubberlaminated polycarbonate sheet (Figure 3a).
The thin rubber layer laminated on one side of the face sheet
provides large friction against the core while maintaining the
high modulus of the original material (i.e., polycarbonate) for
resisting compression and tension. From the force-displace-
ment plots (Figure 3b), we obtained the stiffnesses of the
proposed structure using the model, the FEA, and the experi-
ments: 15.5, 13.4, and 15.5 N mm™, respectively, and the yield
forces: 31.3, 378, and 32.9 N, respectively (Figure 3b). The
measured stiffness and the yield force increased by 17% and
243%, respectively, compared to the structure with bare face
sheets (Figure 2c) although the rubber layer slightly increased
the weight and the thickness.

Furthermore, the compressive force induced by jamming
deforms the rubber layer and forces it to conform to the core
(Figure 3c and Movie S1, Supporting Information). The geo-
metric deformation of rubber changes the contact angle
between the core and the rubber, increasing the maximum static
friction by the wedge effect (or the capstan effect)**!l Under
a normal pressure of 75 kPa, the friction coefficient between
the rubber and the proposed cellular core was 5.6% higher
than that between the rubber and a plain surface (Note S4,
Supporting Information). In the plastic region, continuous
rubber deformation occurs during sliding, increasing the fric-
tion by energy dissipation due to the hysteresis.*>>3 Otherwise,
the rubber surface remains flat when unjammed so that the
friction can be minimized.

We also observed that a high frequency vibration caused
by stick-slip motions was substantially reduced in the plastic
region (Figure 3d). This is promising, since vibrations often
make robotic systems unstable during control, and it is chal-
lenging to actively eliminate them by control. We hypothesize
that the reduction resulted from localized and unsynchronized
stick-slip motions at the contact surface between the cells of the
core and the rubber sheet.’l

The addition of rubber also enables tuning of the mechan-
ical properties. Figure 3e shows the characteristics of the
rubber laminated face sheet with different moduli. The slope
in the elastic region varied according to the modulus of the
rubber layer. Considering both bending and shear deformation
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Figure 3. The effects of rubber-laminated face sheets. a) Sandwich jamming structure with rubber-laminated face sheets. b) A comparison between
model, FEA, and experimental results in three-point bending tests. c) Strain contour plots indicate the soft rubber layer deforms with respect to the
shape of the cellular core. This deformation of rubber can increase friction between the core and face sheets with a wedge effect. The change of rubber
deformation can also increase friction with a hysteretic effect. d) Three-point bending test results with respect to the level of vacuum pressure. Natural
rubber was laminated on the face sheets. e) Different performances for rubber materials with different Young’s moduli. f) Jamming structure has
viscoelastic bending strength with the lamination of nitrile butadiene rubber.

Another interesting feature of rubber lamination is viscoe-
lasticity, shown with the sandwich structure with a laminated
nitrile-butadiene rubber sheet (NBR) (Figure 3f). Rubber mate-
rials show various viscoelastic behaviors during sliding or
deforming.>>>% We tested different types of rubber materials,
including natural rubber, NBR, and silicone elastomers, and
NBR showed a velocity-dependent performance that was not
clearly observed in the other materials. This velocity-dependent
bending stiffness is useful for protection garments. When
an impact is applied, the instantaneous bending stiffness is
expected to be larger than that under a nonimpulsive load.
The increased resisting force at a high speed is hysteretic, so
the jamming structure can dissipate the impact energy more
effectively.

of rubber, the load-displacement relation of the sandwich
structure is derived as

L Y
F:(E 48—D) w(0) (4)

2
D= zbEftf(%”Hr) (5)

Gy £

S=b (tc+tf)(5°+t,) ()

T

where D, S, and G, are the pure bending stiffness of the
structure, the shear stiffness of the structure due to the shear
deformation of the rubber sheet, and the shear modulus of

the rubber (Note S2, Supporting Information), respectively.
Since the modulus of the rubber affects S more dominantly
than D, the different slopes in Figure 3e can be explained by
the shear deformation of the rubber (Note S5, Supporting
Information).
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2.3. Core and Face Sheet Designs
Figure 4 and Movie S2 (Supporting Information) shows sev-

eral designs of anisotropic cores and face sheets. Human joints
have a single or multiple DOFs based on the musculoskeletal
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Figure 4. Anisotropic cores and face sheets with various degrees of freedom. a) Core with elongated rectangular cells. b) Core combined with elongated
rectangular cells and triangular cells. c) Core with elongated rectangular cells with a thin layer in the neutral plane. d) Core with independent tubular
column cells with a thin layer in the neutral plane. The Gaussian curvature is zero under the loading condition where the two ends are clamped and a
single bending moment is applied about an in-plane axis. e) Core with hexagonal honeycomb cells. The Gaussian curvature is negative when deforms.
f) Core composed of auxetic cells with rounded edges. The gaussian curvature is positive when deforms. g) Core with pyramidal truss structures. Each
pyramidal truss has extended rectangular plates on the top and bottom surfaces. h) Single-layered face sheet. i) Double-layered face sheet. j) Face

sheet woven with long thin films.

structure, and the overall shape around the joint varies. To be
part of a garment, the proposed jamming composites should
guarantee enough DOFs with low stiffnesses for local defor-
mation of the target body part so that it allows for agile and
dynamic motions of the wearer. This characteristic is as impor-
tant as the stiffening performance when jammed.

A staggered rectangular cell pattern (Figure 4a) provides the
structure with flexibility in four DOFs: bending about y- and
z-axes, twisting about x-axis, and extension/compression in
x-axis. When combined with a pattern of tessellating triangles
that is rigid in all directions, the structure becomes partially
flexible only in the middle area of the elongated rectangles
(Figure 4Db). This demonstrates that we can design a single
core structure with different mechanical properties depending

Adv. Mater. Technol. 2022, 7, 2101543
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on the regions of a garment. The structure in Figure 4c is the
same as that in Figure 4a except for the additional thin layer in
its neutral plane. The thin layer allows a single-DOF bending
motion for the structure about y-axis, while preventing other
motions. These differences in DOFs of the structures are
mainly determined by the anisotropic properties, having a
different stiffness in each direction (Note S6 and Figure S4,
Supporting Information)

Several core designs capable of more complex deformations
are also demonstrated. A structure with a circular cell pattern
with a thin layer in the neutral plane makes a single curvature
with bending about a single axis in any direction (Figure 4d).
Structures with hexagonal (Figure 4e) and auxetic (Figure 4f)
cell patterns, on the other hand, make double curvatures even
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though they are bent about a single axis only. When the hexag-
onal cell structure is bent about an arbitrary axis on the plane,
the structure is passively reversed about the perpendicular axis
other diagonal direction. The structure becomes a hyperbolic
paraboloid shape with three-point bending, meaning that the
Gaussian curvature of the structure is negative (Figure S5a,
Supporting Information). The auxetic cell structure with
rounded edges has positive Gaussian curvature, creating a
dome-shaped surface when deformed. Although these two
structures form 3D shapes with double-curvature bending, each
cell cannot make completely free-form deformation since the
deformation of a cell affects deformations of the adjacent cells.

The core pattern can be more complex with multilayers, such
as pyramidal trusses (Figure 4g). The nodes in each structural
unit are flexible individually when unjammed, allowing free-
form deformations, but the lightweight pyramidal structure can
effectively endure compression and shear forces when jammed.
Each cell's top and bottom plates are enlarged to increase the
contact areas with the face sheets. The different anisotropic
behaviors of the structures (Figures 4d-g) were also ana-
lyzed (Note S6, Supporting Information) with the FEA results
(Figure S5, Supporting Information).

Since the jamming composite is a combination of a core and
face sheets, the overall mechanical behavior varies depending
on the face sheet design as well. A single layer face sheet
(Figure 4h) has a low moment of inertia in thickness resulting
in a low stiffness with bending about y-axis. In contrast, it has
a high moment of inertia in width resulting in a high stiffness
with bending about z-axis. Thus, a jamming structure with
this face sheet design would be restricted for bending about
z-axis although the motion is allowed for the core designs
(Figures 4a,b).

The face sheet design with a combination of two layers over-
lapped in the middle area (Figure 4i) allows additional motions,
such as bending about z-axis and extension/compression in x-
axis, like a multi-DOF layer jamming structure.’”l This double-
layered face sheet can be used with the cores in Figures 4a,b to
allow the entire DOFs of the cores.

Since the face sheet designs in Figures 4h,i only provide
single-curvature deformation, the motions of core designs
with double-curvature deformations (Figure 4e(f) or free-
form deformation (Figure 4g) would be restricted when they
are combined together. For this reason, we propose woven
face sheets (Figure 4j), similar to the structure of the jam-
Sheet, 18! capable of adapting to various surface deformation by
allowing a small movement between woven strips.

When designing new functional garments, designers can
choose different combinations of the cores and the face sheets
to pre-program the target properties and DOFs. For example,
the pyramidal core with the woven face sheets can be applied
to most areas of the human body considering its capability of
free-form deformation. However, it may increase the fabrica-
tion cost and the complexity in modelling, compared to other
core and face sheet designs. Some parts of the garment do not
require free-from deformations if the body parts have a lim-
ited DOFs. In addition, a high bending stiffness may be more
important than the DOFs in some applications. In this case,
partially deformable cores would provide a better performance
at a lower cost.
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2.4. Application 1: Arm Support for Posture Assistance and
Gravity Compensation

We demonstrate an arm support that can selectively stiffen
itself to support the weight of the arms. The arm support was
designed to be compact, lightweight, easy to wear, and effective
in anchoring the structure to the body for distributing the load.
Figure 5a shows the core and the face sheet designs. The sand-
wich jamming structure in this device is a combination of the
designs in Figure 4a,i. The core employs the staggered rectan-
gular cells and is divided into three sections. The two side sec-
tions are fixed to the upper arm and the torso, and the middle
section is located under the armpit. The y-axes of the two side
sections are parallel to the coronal plane of the body to easily
conform to the cylindrical shapes the arm and the torso. How-
ever, the x-axis of the middle section is parallel to the coronal
plane to allow multi-DOF shoulder motions, including both
abduction—adduction and horizontal abduction-adduction,
when unjammed (Figure 5b). When the device is jammed,
the middle section is stiffened and supports the arm’s weight
(Figure 5c and Movie S3, Supporting Information). The device
was placed under the shoulder and mounted to the body with
elastic straps. When jammed, the structure effectively trans-
mits its stiffness to the wearer’s body using the large contact
area. The overall weight and thickness are 290 g and 10 mm,
respectively.

We hypothesize that this arm support can help operators
perform manipulation tasks that require motions of raising
the arms and holding the positions until they finish the tasks.
In such tasks, the operator consumes a significant amount
of physical and mental energy only for maintaining the fixed
posture (Figure 5d). We recruited 11 participants and asked
them to perform a manipulation task that require dexterity
(Movie S3, Supporting Information). The process of the task
consists of three main steps: picking up a grooved peg from
a bin, moving it to a different area, and aligning and inserting
it into a grooved hole of a pegboard. Total 25 pegs were used
to complete the task. The participants performed two trials of
this task for 10 min with two experimental conditions: without
the support (OFF) and with the support (ON). The comple-
tion time (CT), the transverse plane of the end-effector area
(EEAREA), the range of motion of each joint (ROM), and the
normalized integrated electromyography (IEMGyogy) Wwere
recorded during the tests. To analyze the muscle activities,
seven electromyography (EMG) sensors were attached on the
shoulder and arm muscles of the dominant arm: front deltoid
(FRONT_DELT), middle deltoid (MID_DELT), rear deltoid
(REAR_DELT), biceps brachii (BICEPS), triceps brachii (TRI-
CEPS), flexor carpi radialis (FLEX_CARPI), and extensor carpi
radialis brevis (EXT_CARPI).

A paired t-test revealed that the mean IEMGyory values for
the shoulder and the upper arm muscles were significantly lower
with ON than with OFF; FRONT_DELT:  (10) = 3.573, p = 0.005;
MID_DELT: t (10) = 3.969, p = 0.003; REAR_DELT: t (10) =
2.234, p = 0.049; BICEPS: t (10) = 2.610, p = 0.026; TRICEPS:
t (10) = 2.605, p = 0.026 (Figure 5e). However, for the forearm
muscles, there was no significant difference between the ON
and OFF; FLEX_CARPI: t (10) = 0.215, p = 0.834; EXT_CARPI:
t (10) = 0.000, p = 1.000. Figure 5f,g,h shows the results on CT,
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Figure 5. An arm support using the sandwich jamming structure. a) Core and face sheet designs of the arm support. b) Arm support allowing abduc-
tion—adduction and horizontal abduction—adduction motions. c) While the structure has a thin form factor, it provides sufficient stiffness and resisting
force to support the arm weight. d) We conducted a precision manipulation task using a grooved peg board while requiring the wearer to maintain
the arm-lifting posture with the proposed arm support. ) Reduced normalized integrated EMG values indicate that the device significantly reduced
the overall muscle activity. f) Arm support did not affect the completion time for the task. g) End-effector area during the task did not change with the
device. h) Range of motion of each joint did not significantly change with the device. The error bars indicate the standard deviations.

EEAREA, and ROM, respectively. There was no statistically sig-
nificant difference in the mean CT, EEAREA, or the 3D ROMSs of
all the joints for the 11 participants between ON and OFF.

The results show that the jamming support had an effect of
physical assistance, resulting in decrease in the activation levels
of the shoulder and the upper arm muscles, without increasing
that of the forearm muscles. In addition, CT and EEAREA
results indicate that the lower activation levels of the upper
arm and the shoulder muscles did not degrade the manual
dexterity. No significant difference in 3D ROMs was observed
between ON and OFF (Figure 5h). In summary, the proposed
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arm support reduced the static-dynamic muscle tension of the
shoulder and the upper arm without having negative effects on
the output motor performance.

2.5. Application 2: Second Skin for Protective Garments
Figure 6a shows an active protection system called “Second
Skin” using the proposed sandwich jamming structure. The

overall structure is flexible so that it can easily deform and
fit the wearer’s body parts tightly regardless of their motions
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Figure 6. An active protector system using the sandwich jamming structure. a) Second skin composed of a rubber-laminated pyramidal core structure
and woven face sheets for free-form deformation with a conductive fabric sheet and an outer enclosure. The thickness of the device is 14 mm, a form
factor to be embedded in a bunker gear. b) The flexible structure deforms freely with respect to the movement and shape of the body. In case of colli-
sion with an external object, it creates hard surfaces to distribute and dissipate the impact. c) When the sandwich structure is vacuumed, it effectively
distributes a 50 N static load of a 12.7 mm diameter tip. The numbers inside the parentheses indicate the standard deviations. d) When a 1 kg steel
ball (diameter: 63.5 mm) falls on the structure, the vacuumed structure prevents deformation effectively. e) Demonstration of the active protector with
three different approaching speeds. By reading the capacitance change of the conductive fabric sheet, the system detects the distance of the object
and vacuum the structure in advance to protect the wearer. f) Protecting strengths at the vacuum pressures in e). Higher yield force was achieved with

higher vacuum pressure.

or shapes. A large contact area between the structure and the
wearer’s body can be thus maintained even though the struc-
ture is actively hardened, facilitating distribution of a local
impact caused by an unexpected collision to a larger area of the
wearer’s body.

The Second Skin is composed of a core layer made of rubber-
laminated pyramidal elements (Figure 4g) and two woven face
sheets (Figure 4h), allowing for large deformation in all direc-
tions (Figure 6b). A conductive fabric sheet was laminated
on the enclosure of the jamming structure to detect external
objects by capacitive proximity sensing. The form factor (overall
thickness: 14 mm) is thin enough to be placed inside a regular
protection garment.

Adv. Mater. Technol. 2022, 7, 2101543
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Figure 6¢ and Movie S4 (Supporting Information) present
the pressure distribution performance of the Second Skin in a
static load condition. A static load of 50 N was applied using a
flat, circular tip (diameter: 12.7 mm). A silicone pad (thickness:
10 mm, modulus: 69 kPa) was placed beneath the jamming
structure to simulate the soft tissue of a human body. When
the structure was jammed with a vacuum pressure of 75 kPa,
the maximum pressure decreased by 38% by jamming
while the total pressure area increased by 87%, compared to
the structure with the unjammed condition.

Figure 6d and Movie S4 (Supporting Information) show the
performance on a local impact. The Second Skin was placed on
a phenolic foam block, which is soft and brittle that is easily
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Figure 7. A selective hardening glove. a) We fabricated a sandwich jamming structure in the shape of four fingers and the back of a hand and attached
to a commercial glove. When unjammed, the glove is flexible and guarantees dexterous hand movements of the wearer. When jammed, the glove
hardens. b) Glove with a large stiffness difference between the unjammed and jammed conditions. c) Jammed glove not only distributes the pressure
the hand receives as the protector demonstrated in Figure 6 but also increases the impact pressure applied to the local surface of an external object.
d) When the glove is pressed with a 50 N load on a pressure pad, the peak pressure was increased by 37% in the jammed condition. The numbers
inside the parentheses indicate the standard deviations. e) Jammed glove increases the overall stiffness of the hand during a collision due to the
large hard contact area. With the increased overall stiffness, the impact force can be larger due to the reduced time constant in a collision. f) Free fall

experiment measuring the amount of increased impact force. By hardening

dented by a mild impact. A 1 kg steel ball (diameter: 63.5 mm)
was dropped on the device from a height of 0.5 m. When the
device was unjammed, the impact created a clearly visible
impression on the foam. When the device was jammed how-
ever, the depth of the impression significantly decreased while
the diameter increased. The hardened surface effectively dis-
tributed the high local impact to a large area, confirming the
effect of protection by reducing the peak pressure of the impact.

Figure 6e and Movie S4 (Supporting Information) dem-
onstrate the mechanism of anticipatory collision detection
and protection. The protector quickly stiffens its structure
by detecting the capacitance change of the conductive fabric
as the unexpected object approaches. The protector acti-
vates the vacuum valve to stiffen its structure as soon as the
object reaches within 0.3 m. It corresponds to the threshold of
0.2 V, measured from a capacitance-to-voltage converter
module. When an object approached at three different speeds
of 0.27, 0.32, and 0.48 m s! and collided, the vacuum pressure
inside the active protector reached 52, 47, and 28 kPa, respec-
tively. Figure 6f shows the strengths of the protector at different
pressure levels, and the yield forces were 61.1, 58.2, and 377 N,
respectively.

Adv. Mater. Technol. 2022, 7, 2101543 2101543

the sandwich jamming structure, the maximum force increased up to 50%.

2.6. Application 3: Selective Hardening Glove for Impact
Delivery

A hard shell made of the jamming structure can be used to
increase the peak impact pressure applied to an object, useful
for a functional glove for destroying an object without a tool in
emergency (Figure 7a and Movie S5, Supporting Information).
While the glove allows almost free movement of the hand with
dexterity due to the anisotropic flexible core when unjammed,
jamming can make it hard if necessary. The result shows
that the glove has large differences in stiffness and strength
between the unjammed and the jammed states (Figure 7b).
When unjammed, each finger can move independently with a
low stiffness allowing for dexterity.

The peak impact pressure can be increased by stress con-
centration (Figure 7c). While the glove with high rigidity con-
centrates the force to a small area of the object, the reaction
force from the object can be distributed to a relatively large area
of the hand, similar to the result in Figure 6. A pressure pad
was compressed by the prototype until the compression force
reached 50 N (Figure 7d). The peak pressure was increased by
37% while the contact area was reduced by 19% by jamming.

(10 of 14) © 2022 Wiley-VCH GmbH
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In addition, the time constant of force delivery is reduced as
the instantaneous effective stiffness increases with jamming
(Figure 7e), resulting in the increase in the overall impact force
with the same amount of linear momentum. We covered a soft
mock-up hand with the glove and dropped it on a rigid plate
from a height of 0.25 m (Figure 7f and Movie S5, Supporting
Information). The impact force curves show that the jammed
glove increased the average peak force by 50% compared to the
unjammed one.

3. Conclusion

To realize tunable functional garments, we propose jamming-
based cellular composites having high stiffness/strength-
to-weight ratios and sufficient DOFs. Compared to existing
jamming methods,***] we achieved enhanced performances
by introducing a composite face sheet structure. The rubber-
laminated face sheets provide a high yield strength based on
the high friction of rubber while maintaining the high stiffness
due to the high modulus of the face sheet. Furthermore, multi-
DOFs were realized with various anisotropic core and face
sheet designs. With these improvements, our design achieved
all three requirements for the SSG: lightweight, stiffness for
resisting human-scale force when activated, and compliance
when deactivated.

Through the experiments, theoretical modeling, and FEA,
we investigated what design parameters and physical proper-
ties affect the performance. It allowed us to preprogram the
mechanical properties, such as bending stiffness, yield strength,
viscoelasticity, and the number of DOFs, by adjusting the
geometric designs and employing multimaterial structures.
This approach provides options of a wide variety of mechanical
characteristics without making a substantial control effort from
the viewpoint of the embodied intelligence.””! Further investi-
gations in modeling®® and experimental characterization will
be useful since the anisotropic structures made of different
materials may include complicated interactions between the
internal components. For example, the double-layered face
sheet structure can be examined for the interactions between
the stacked face sheets and the core. The effective friction of the
woven face sheets can be analyzed, considering the changes in
friction caused by the irregular and rough surface.

Three practical SSG designs showed the efficacy of the jam-
ming-based cellular composites with a high bending stiffness/
strength. Different combinations of cellular core geometry and
face sheet design were selected, to accommodate the required
motions of the target body parts. The jamming structure was
first developed as an arm support between the upper arm and
the torso. The prototype was experimentally evaluated with
human subjects for a continuous planar task (dexterity test
using a grooved pegboard) while a previous study had tested
the performance of a static weight-bearing task with a single
joint.*l The result confirmed that the arm support significantly
reduced the stress on the shoulder muscles, neither affecting
the activities of other surrounding muscles nor decreasing the
manual dexterity. The device allowed the wearer to work for an
extended period without excessive fatigue on the shoulder. The
results provided various metrics in a high-level task, reflecting
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more realistic working conditions. The other two applications
focused on the interactions of the jamming structure to both
the wearer and external objects. While the jamming structures
provided sufficient DOFs before being activated, it became a
hard outer shell for effectively protecting the wearer from colli-
sion and delivering high impacts to external objects. However,
to be more practical further research may be necessary to detect
objects with different materials from a long distance with quick
activation. Device performance could be improved through
early activation triggered by a proximity sensor, and a shorter
response time could be achieved using a high-flow vacuum
pump.

The performances of jamming-based cellular composites
can be further improved with recent fabrication techniques,
including metamaterials,* origami structure®) structural
optimization,® and multimaterial 3D printing,®? which will
enable designers to fabricate precise anisotropic structures
and integrate more functionalities in a compact form factor.
While we focused on assisting the muscle force of the wearer
under a semi-isometric condition, considering its elastoplastic
behavior,[*4 the jamming structure can also assist muscle activi-
ties during eccentric and concentric contractions by storing,
recycling, and dissipating energy. In addition, SSGs can be
combined with soft actuators, such as tendon-driven systems¥!
and fluidic artificial muscles!®>-%] for active assistance. We envi-
sion multifunctional and energy-efficient wearable robots ena-
bled by the sandwich jamming approach in the future.

4. Experimental Section

Procedure of Three-Point Bending Tests: The jamming structures were
characterized by the three-point bending test under a constant vacuum
pressure with several steps. First, the jamming structures were placed
on the fixture attached to a motorized test stand (ESM303, Mark-10) with
a force gauge (M5-100, Mark-10). A vacuum pressure sensor (PSE541,
SMC Korea) and a vacuum pressure regulator (ITV0091, SMC Korea)
were connected to each air inlet of the jamming structure. A vacuum
pump (DAA-V507-GD, GAST) produced a vacuum pressure, and the air
pressure adjusted by the vacuum pressure regulator was kept constant
at the desired value. Next, the test stand was lowered at a constant
speed of 13 mm min7!, and the displacement and the applied load
were simultaneously measured. The test stand stopped and returned at
the same travel speed when it reached the travel distance to 10 mm,
which is enough to cover both the elastic and the plastic regions of the
structure. This cycle was carried out with four different vacuum pressure
levels (0, 25, 50, and 75 kPa) for different types of jamming structures.
The bending tests were also conducted with three different speeds
(13, 170, 330 mm min™") for the sandwich jamming structures with
rubber-laminated face sheets to investigate the viscoelastic behavior.
Each experimental condition was repeated three times, and the mean
and the standard deviation of the load—displacement curves were
calculated and plotted.

The pressure regulator and the pressure sensor were controlled and
monitored by a data acquisition board (USB-6211, National Instrument),
and the motorized test stand and the force gauge were controlled and
monitored by a laptop. A custom-built software (Labview2015, National
Instrument) was used to control all the devices and to synchronize the
data measurements.

Manipulation Dexterity Test with Arm Support (Application 1): 11 healthy
young adults (8 male and 3 female subjects; age: 28£3.10 years; height:
172.82+6.91 cm; weight: 66.09+11.36 kg) were recruited to participate
in the study. Each participant was asked to perform the manipulative
dexterity test using a grooved pegboard (Model 32025, Lafayette
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Instrument).®® The pegboard was placed on a table that was adjusted
to the participant’s sternum height. The participant was then asked to
pick up pegs (diameter: 3 mm, length: 28 mm) from the storage area
and insert them into the holes (diameter: 4 mm) in the placement area
semi-continually. There were 25 pegs in total and the subject were asked
to move and place only one peg at a time. As soon as the participant
finished the task, the peg board was replaced with a new set so that
the participant could continue the same task without stopping. The
participant performed two trials of the same task continuously for
10 min, and each trial had two experimental conditions: without the arm
support (OFF) and with the arm support with the jamming mechanism
activated (ON). Thirty minutes of resting was provided between the
trials to minimize the effect of fatigue. The sequence of the experimental
conditions was randomized for each subject. The participant had
three to five practice trials before the actual trials for data collection
to mitigate the learning effect. During the two experimental trials, the
movements of the upper body was captured using the coordinates of
the 16 retro-reflective markers placed on the anatomical landmarks of
the upper body. The coordinates of the retro-reflective markers were
captured using 13 infrared cameras (Optitrack Prime 13, NaturalPoint
Inc.). They were used to create a four-segmental model for the hand, the
forearm, the upper arm, and the trunk to analyze the joint kinematics
of the upper body. Muscle activation levels were also measured using
surface EMG sensors for seven upper body muscles of the dominant
arm; FRONT DELT, MID DELT, REAR DELT, BICEPS, TRICEPS, FLEX
CARPI, and EXT CARPI. Further details for the methods and the results
can be found in Note S8 (Supporting Information). The study protocol
was approved by the Institutional Review Board (IRB) of Seoul National
University (IRB No. 2006/002-027).

Experimental Setup for Active Wearable Protector (Application 2): The
jamming structure of the active wearable protector was operated by a
vacuum pump (DAA-V507-GD, GAST) through a 3-way solenoid valve
(VK332V-6G-M5, SMC Korea). A vacuum pressure sensor (PSE541, SMC
Korea) was connected to measure the input pressure.

In the first experiment (Figure 6c), a 10 mm thick soft silicone
(Ecoflex 0030, Smooth-On) sheet was prepared to simulate the skin
of the wearer’s body, and the jamming structure was placed on it. A
sensing pad for measuring pressure distribution (Elastisens ES-1024-
160-5, Novel), composed of 32 x 32 sensors covering the sensing area
of 160 x 160 mm, was installed between the jamming structure and the
silicone pad. For both the jammed and the unjammed conditions, the
top of the structure was locally compressed by a force gauge (M3-20,
Mark-10) with a circular indenter (diameter: 12.7 mm). The pressure
distribution signals were collected by a dedicated analyzer (pliance xf32,
Novel) at a sampling frequency of 19 Hz. The data were transferred to a
computer and processed using dedicated software (pliance x32, Novel).
The test was repeated three times.

In the second experiment (Figure 6d), the jamming structure was
placed on a spongy phenolic foam block (Floral Foam-Economy, Oasis)
that is highly soft and brittle. A steel ball (diameter: 63.5 mm, weight:
1.0 kg) free-fell on the jamming structure from 0.5 m height during both
the unjammed and the jammed states, making an impression on the
foam. The shapes of the deformed foams were scanned by a 3D scanner
(EinScan Pro 2X, EinScan), and the impression area and the maximum
depth were measured. The test was repeated three times.

In the third experiment (Figure 6e), autonomous activation of the
jamming structure was demonstrated using capacitive proximity sensing.
The jamming structure was placed on the back of the mannequin, and
a conductive fabric was attached to one side of the jamming structure
facing outside. In this study, an extruded aluminum bar (dimension:
40 x 40 x 1000 mm, weight: 1.7 kg) hit the jamming structure at three
different approaching speeds (0.27, 0.32, and 0.48 m s™). Distance
between the bar and the jamming structure was analyzed using a
commercial video analysis software package (ProAnalyst, Xcitex). The
capacitance of the conductive fabric was measured by a capacitance-
to-voltage converter module (BBCAV444, Analog Microelectronics)
through shielded cables. The voltage output was measured using a data
acquisition (DAQ) board (USB-6211, National Instrument). A simple
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control algorithm was developed to activate the jamming structure when
the measured capacitance was above the preset threshold for detecting
the approach of an object. The vacuum pressure inside the jamming
structure was simultaneously measured by a pressure sensor (PSE541,
SMC Korea) installed in the air inlet.

A separate experiment was performed to evaluate the performance
of the jamming structure’s stiffness/strength at difference vacuum
pressures (0, 28, 47, and 52 kPa). The prototype was placed on a fixture
attached to a motorized test stand with a force gauge. The fixture was
designed to support the boundary of the prototype with a size of 180 x
180 mm. A flat circular tip with a diameter of 50 mm was attached to
the force gauge to press the center of the prototype. The test stand was
lowered at a constant speed of 13 mm/min, and the displacement and
the applied load were simultaneously measured. The test was repeated
three times.

Experimental Setup for Impact Test of Selective Hardening Glove
(Application 3): In the first experiment (Figure 7b), the prototype was
placed on a fixture attached to a motorized test stand (ESM303, Mark-
10) with a force gauge (M5-100, Mark-10). The fixture was designed so
that the force gauge’s tip presses the middle finger of the prototype
while the palm is fixed. The air inlet was connected to a vacuum pump
(DAA-V507-GD, GAST) through a vacuum regulator (ITV0091, SMC
Korea) to operate the jamming structure attached to the glove. For
both the unjammed (0 kPa) and the jammed (75 kPa) conditions,
the test stand was lowered at a constant speed of 13 mm min™, and the
displacement and the applied load were simultaneously measured. The
test was repeated three times.

In the second experiment (Figure 7d), the prototype was installed on
a hand mock-up in fist, made of silicone. With both the jammed and
the unjammed conditions, the top of the sensing pad for measuring
pressure distribution (Elastisens ES-1024-160-5, Novel) was compressed
by the prototype until the compression force reached 50 N. The test was
repeated five times.

In the third experiment (Figure 7f), the prototype worn on the hand
mock-up free-fell on a rigid plate from the height of 0.25 m with both the
unjammed and the jammed states. The impact force on a rigid plate was
measured by a load cell (CBCL-50L, CAS) installed beneath the plate. The
force signal was transferred to a processing computer through a load cell
amplifier (LCT-PRO, CAS) and a 16-bit analog-to-digital converter DAQ
module (NI USB-6211, National Instruments). The sampling frequency
was set to 10 kHz, enough to capture the dynamic response during the
impact. The test was repeated 10 times, and the mean and the standard
deviation of the peak force were calculated and plotted.

Statistical Analysis of the Human-Subject Study with Arm support:
A paired t-test was used to evaluate the significant difference in CT,
EEAREA, ROM, and IEMGNORM between OFF and ON conditions for
the 11 participants. The level of significance was set at p < 0.05.

Details on the theoretical modeling, the finite element analysis,
the fabrication process, and the testing methods can be found in the
Supporting Information.

Supporting Information

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