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Layer jamming can be used to alter material stiffness in real time under 
computer control. This article e xplores the use of smart materials 
that combine low-profile jamming with clothing items and presents a 
prototype wearable device. 

M
any smartphones employ vibration 
as a form of haptic feedback to alert 
users to events, such as an incoming 
call, SMS, or button press. Wearable 

devices have the potential to use new forms of hap-
tic feedback to enhance wearable functionality and 
improve user experience. One such form is garment 
stiffness, which can be computer-controlled using 
an emerging technology known as layer jamming.1 
This novel haptic technology can be used to con-
trol clothing fabric stiffness,2 letting developers ex-
plore new forms of wearable computer-to-human 
interactions. When it’s combined with wearable 
sensors and Internet connectivity, new devices can 
learn about and react to their environments.

By leveraging their environmental understand-
ing and communication capabilities, such smart 
wearables can provide enhanced support for 
tasks ranging from everyday routines to  medical 

rehabilitation. For example, in the event of a per-
sonal injury, a smart wearable could provide nov-
el support by immobilizing a limb to aid recovery. 
Leveraging Internet communication capabilities, 
medical staff could remotely monitor and control 
the degree of immobilization as the injury heals. 
Another example of novel support is physical as-
sistance with fine-grained motor control tasks 
for patients with tremors, by providing stiff exo-
skeleton support for limbs and joints.

Our initial investigation into layer jamming was 
motivated by the challenge of providing wearable 
haptic support for virtual-environment interactions. 
We developed a prototype layer jamming mitten, 
and are further investigating layer jamming appli-
cations for use with wearable augmented-reality 
technologies, such as the Oculus Rift (https://www.
oculus.com), to improve user immersion in virtual 
environments. However, there is great potential for 
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expanding layer jamming’s existing applications to 
everyday task assistance. In particular, this article 
discusses employing jamming systems for medical 
uses; many injuries require limited range of move-
ment while the body recovers. Layer jamming sys-
tems can both provide support to injured areas of 
the body and restrict movement to prevent further 
injury through overextension or overuse. During 
the recovery period, smart garments can gradu-
ally expand the allowed movement while reducing 
the provided support to ease the body back to full 
capability.

Haptic Feedback and Wearables
Haptic feedback is the combination of tactile feed-
back and kinesthesia—that is, the sense of touch 
combined with the understanding of the posi-
tion and movement of body parts. This feedback 
is crucial to everyday tasks because the sense of 
touch is central when interacting with the physi-
cal world. Many tasks involve human-to-object 
interaction, and how we understand and accom-
plish tasks is underpinned by the haptic feedback 
those objects provide. Research into wearable 
haptic feedback mechanisms has traditionally fo-
cused on the hand for two primary reasons: tactile 
feedback is highly perceptible in the fingers due 
to their increased nerve receptors, and the hands 
are the dominant task-performing regions of the 
body. Several hand-based haptic systems are com-
mercially available that utilize the actuation of a 
user’s body. CyberGrasp provides force feedback 
to the fingers and hands for use with virtual and 
augmented environments (www.cyberglovesystems.
com/products/cybergrasp/overview). A similar 
system is the Dexmo (www.dextarobotics.com/
products/Dexmo). The use of active actuation on 
a user’s body creates realistic haptic feedback, but 
at a cost: these devices don’t have the slim form-
factor required for garment integration. 

Current research is investigating several methods 
of creating computer-controlled haptic feedback, 
including systems employing electromechani-
cal actuation, electro-rheological, and ferrofluid 
technologies. Jamming represents a different ap-
proach, providing haptic feedback through restric-
tion, rather than mechanical actuation, of a user’s 
movement. A jamming mechanism exploits the 
stiffness of a bladder filled with some type of mate-
rial; computer control of the bladder’s stiffness is 
possible by squeezing it via vacuum, increasing the 

frictional force between the material’s elements. A 
particle jamming system uses particles such as saw-
dust or foam beads in the bladder, but this results 
in a bulky mechanism.3 By contrast, layer jamming 
uses layers of a flexible material such as paper as the 
basis for variable stiffness4 (the “Layer Jamming: 
How It Works” sidebar provides a more detailed 
explanation of this approach). Layer jamming has 
been used to create joints and exoskeletons of dy-
namic, controllable flexibility for use with robot-
ics.5 Its characteristics make it suitable for use as 
a wearable haptic feedback mechanism—it’s slim, 
portable, and lightweight. In addition, layer jam-
ming devices require power only when the stiff-
ness parameter changes. Maintaining the stiffness 
state requires zero power consumption. 

As a wearable haptic feedback technology, layer 
jamming has proven suitable for not only hand-
based haptic feedback but also for many other 

 areas of the body. We are particularly interested 
in creating wearable haptic devices for the legs 
and arms. Our work aims to provide users with 
both computer-controlled haptic feedback and 
exoskeleton support for a variety of everyday 
tasks and situations. 

Combining Layer Jamming  
and Sensors
Layer jamming is a promising mechanism for 
providing wearable haptic feedback. Smart wear-
ables will also incorporate technology that can 
learn about and respond to the local environ-
ment. Sensing technology lets wearable devices 
react to stimuli provided by the user’s environ-
ment or current task.6 For example, in a task 
looking at supporting human limbs, it’s likely that 
a bend sensor, processing unit, and layer jam-
ming will work in synergy to provide interactive 

As a wearable haptic feedback 
technology, layer jamming has proven 
suitable for not only hand-based haptic 
feedback but also for many other areas 
of the body.
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L ayer jamming devices consist of layers of 
flexible material, such as paper or card 

stock, stacked on top of each other to create 
a composite material. layer jamming is based 
on the principle that two sheets of a material 
will slide against each other when they are 
bent (Figure a1). a simple illustration of this 
effect can be seen when bending a paperback 
novel: as the book is bent, pages slide against 
each other. However, as force is applied to the 
layers, it becomes more difficult to bend the 
composite material. this effect can be dem-
onstrated with the novel by pinching both 
covers together—the harder the covers are 
pinched, the harder it is to slide pages against 
each other, and the stiffer the paperback novel 
becomes. by controlling the degree to which 
the layers are squeezed together, a computer 
can control the stiffness of the layer jamming 
device.

For layer jamming systems, the layers of 
flexible material are placed inside an airtight 
bladder. a vacuum source is used to remove air from 
the bladder: the suction pulls the sides of the bladder 

toward each other, resulting in the layers inside being 
squeezed together. greater pressure pinches the layers 

Layer Jamming: How It Works
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Figure A. Layer jamming. (1) At the top, three layers of equal 
length have the same starting point. When the same three material 
layers are bent, the end points differ, as seen on the bottom; 
the layers have thus slid against each other. (2) Pressure applied 
through the vacuum bladder increases the friction between the 
layers and is perceived as stiffness in wearable clothing. (F = force,  
P = pressure, W = width, L = length)

 functionality to support the user. Figure 1 shows 
how the dataflow from a set of sensors is pro-
cessed and communicated, and provides control 
instructions to wearable jamming technologies.

Among the diverse range of possible sensors 
we could incorporate into smart layer jamming 
wearables are pressure sensors and accelerom-
eters. Pressure sensors could allow the wearable 
to react to the forces that are being applied to it. 
This could support applications of exoskeletal 
assistance—for example, smart gloves that ex-
tend existing approaches7–9 to assist in carrying 
heavy items. When items, such as shopping bag 
handles, apply a force to the user’s hands, smart 
gloves could stiffen considerably, both to pro-
tect the user’s fingers and to provide additional 
“hook-like” support for the bag-carrying task. 
Accelerometers could be used to help track a us-
er’s movements through space, potentially sup-
porting guidance tasks. For example, smart layer 
jamming wearable pants could aid a visually im-
paired user by providing haptic feedback to alert 
the user about where to move.

A smart layer jamming wearable requires a con-
troller that can make decisions based on  sensor 

input. Such decisions let the wearable react to 
the surrounding environment or user actions. 
Controllers provide several important functions, 
including tracking and recording user and en-
vironmental metrics—for example, gathering 
health data such as user activity levels. In addi-
tion, in the Internet of Things era, where many 
devices are able to communicate, the controller 
provides a networkable communication medium 
for the smart wearable, such as wireless Ethernet, 
which maintains the user’s freedom of mobility 
while allowing both communication and remote 
access to the controller. 

Prototype: Smart Layer Jamming 
Wearable Mitten
A layer jamming system comprises three com-
ponents: the vacuum pump or source, the blad-
der containing the layers to be jammed (shown 
in Figure 2), and a computerized control system, 
such as an Arduino (www.arduino.cc). 

We developed a prototype wearable layer jam-
ming mitten for haptic support in virtual and 
augmented environments. Our prototype mit-
ten uses a bladder constructed from a sheet of 
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polyethylene coated with nylon. Inside the blad-
der are eleven layers of 1200 grit sandpaper, with 
the grid sides orientated in the same direction. 
A benefit of the layer jamming approach is its 
relatively low profile; our prototype bladder’s di-
mensions are 210 mm by 120 mm, with a thick-
ness of 2.1 mm when jammed (approximately 4 
mm when unjammed). The vacuum source is at-
tached to the bladder using vinyl piping and 3D-
printed attachment pieces. We use a D2028 12V 
vacuum pump.

Our prototype uses an Arduino Uno R2 to con-
trol the bladder’s jamming. Additionally, the Ar-
duino provides network capabilities, allowing the 
smart wearable to communicate with other sys-
tems, including virtual-environment software. 
Our prototype mitten also incorporates a simple 
flex sensor (Spectra Symbol FS-L-0095-103-ST), 
used to track the pose of the user’s hand. 

To evaluate the haptic sensation the prototype 
mitten provides, we performed a pilot study. Us-
ers performed simple tasks in which they grasped 
either a virtual object using the mitten or a physi-
cal counterpart. Qualitative results from partici-
pants found the haptic sensation of the jamming 

mitten similar to grasping the physical counter-
part, demonstrating the potential of the layer 
jamming mechanism as a wearable haptic feed-
back device.

Proposed Smart Wearable Applications
We propose that smart layer jamming wearables 
have the potential to support medical applica-
tions. We envision several key uses for jamming-
integrated garments for medical rehabilitation 
and quality-of-life improvements. These systems 
incorporate both smart layer jamming wearables 
and Internet connectivity to provide hybrid ap-
proaches to monitoring and controlling patient 
motion. We are particularly interested in apply-
ing smart layer jamming wearables to three areas: 
injury rehabilitation, remote health monitoring, 
and lifestyle enhancements.

Injury Rehabilitation
Rehabilitation from many joint, muscle, and ten-
don injuries—for instance, those encountered 
when participating in low-impact activities such 
as gardening or high-impact sports—requires 
a period of reduced movement for the affected 

harder, thus increasing both the friction between the 
layers and the bladder’s stiffness.

to better understand the parameters that control 
layer jamming stiffness, we can examine the maximum 
resistive tensile force required to slide layers against 
each other in one dimension, given that the torque 
required to bend the jammed bladder is proportional 
to this force. We can calculate the force in one dimen-
sion using the formula F = m × P × W × L × n, where m 
denotes the frictional coefficient between the layers, 
P is the pressure placed on the layers, W and L are the 
width and length of the layers, respectively, and n is 
the number of layers.1 this is depicted in Figure a2.

When building a wearable layer jamming device, the 
shape and size of the user’s body restricts the shape 
and size of the device, and thus the shape and size of 
the layer jamming mechanism. to increase the torque 
required to bend the bladder, it’s thus easiest to change 
some combination of the other variable factors: the 
frictional coefficient (m), the number of layers (n), or the 
pressure on the layers (P). Several additional factors must 
be considered. making layers from a rougher material—
for example, sandpaper instead of paper—can change 
the layers’ frictional coefficient and increase the jammed 
bladder’s strength, but rougher materials are often less 

flexible, thicker, and heavier. Similarly, increasing the 
number of layers in the bladder also affects the thick-
ness and flexibility of the jamming device. increasing the 
pressure on the layers requires stronger vacuum pumps, 
which can be difficult to utilize when we consider the 
size and power limitations of wearable applications.

to precisely calculate the torque required to bend the 
layer jamming device, additional factors must be con-
sidered—notably the stiffness of the layer material. the 
direction of the force placed on the layer jamming device 
should also be considered. When bending, the layers 
will move in two dimensions, both bending and sliding 
against each other, a fact that isn’t considered in the 
one-dimensional model in Figure a2. although it’s pos-
sible to calculate the force required to bend the bladder 
when jammed with greater precision, understanding the 
calculation of the maximum resistive tensile force (F) pro-
vides sufficient information to understand the effect each 
parameter has when designing a layer jamming device. 

Reference
1. Y.-J. Kim et al., “Design of a tubular Snake-like manipulator 

with Stiffening Capability by layer Jamming,” Proc. IEEE/

RSJ Int’l Conf. Intelligent Robots and Systems (iroS), 2012,  

pp. 4251–4256.
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body part. This is important to promote heal-
ing and prevent further injury. Current practice 
involves some degree of immobilization for the 

affected area combined with patients 
self-limiting the range of motion and 
load they place on the injury. Ban-
dages and braces are two examples 
of current techniques medical staff 
use to impose such restrictions on a 
patient. Although these restrictions 
are important, everyday tasks and 
force of habit can result in patients 
damaging the injured area. Support 
strapping or mechanical braces can 
be used to provide reinforcement and 
joint restriction to prevent damage 
through overuse.

These tasks are ideal for smart lay-
er jamming wearables, which could 
be used in place of current technolo-
gies to restrict a patient’s range of 
motion during rehabilitation, and 
to prevent further damage to the 
injury. Such wearables could act as 

a restrictive brace while also provid-
ing stiff support to injured joints and 
muscles. Additionally, smart layer 
jamming wearables are able to vary 
the level of restriction on the joint 
over a period of time or based on the 
user’s actions.

Consider the current approach 
for rehabilitation after an anterior 
cruciate ligament (ACL) injury, in 
which a patient’s range of leg motion 
is severely restricted for an extended 
time period. Often, a knee brace is 
used to mechanically restrict the 
patient’s movement. Initially, medi-
cal staff set the maximum angular 
range for the brace—for example, a 
30-degree knee bend—for a period 
of time (see Figure 3). At the end of 
this period, the allowed range of mo-
tion is increased in fixed-degree in-
crements that occur daily or weekly. 
Using a smart layer jamming wear-
able, medical staff could adjust the 
range of motion more frequently and 
in much smaller increments because 
the smart layer jamming wearable 

could relax the movement restrictions by, for 
example, one degree per day or a fraction of a 
degree per hour.
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Figure 1. The logical components and data flow in a layer jamming 
system. The controller provides power and regulates the pressure 
based on information from the communication and sensing modules. 
Potential sensors and communications devices are depicted.
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Figure 2. Components of a layer jamming system. (a) The layer 
jamming device contains a bladder filled with the layers to be 
jammed. A flex sensor and wires to the Arduino are attached to 
the top of the mitten. (b) The vacuum source removes air from the 
bladder, squeezing the layers together.



 computer.org/ITPro  3 3

Currently, patients using a joint 
brace for  injury rehabilitation can 
relax that brace’s movement restric-
tions—in effect, they can turn the 
brace “on” or “off.” This allows pa-
tients to become more comfortable, 
for example, when sitting down. 
However, it also places a higher cog-
nitive load on the patient, who must 
remember to re-enable the brace 
prior to loading the joint. With the 
addition of sensors, smart layer jam-
ming wearables remove this cogni-
tive load by automating the enable/
disable cycle of joint support. The 
jamming technology could have a 
sensor to determine when the pa-
tient is seated and unlock the brace. 
Such automation provides additional 
patient comfort by relaxing the sup-
port when it isn’t required, such as 
when the patient sits down to eat a 
meal. In addition, automation of the 
wearable support removes the human 
factor—a patient need not remember to re-enable 
it. When the patient stands, the brace or support 
could be automatically locked into position.

Remote Health Monitoring
Smart layer jamming wearable systems could be 
equipped with remote access, allowing medical 
staff to remotely monitor the support the system 
provides without requiring the patient to visit a 
doctor’s office. For rehabilitation of patients who 
have difficulty visiting medical staff in person, such 
as those in remote or rural areas or those with re-
duced mobility, such technology could improve 
the rehabilitation process. The doctor could re-
motely monitor how often the patient is getting 
out of bed and walking, for example. This is critical 
for the patient’s recovery.

Such remote health monitoring is an exciting 
area of application for smart layer jamming wear-
able technology. A device that monitors aspects 
of a patient’s physical well-being could provide 
medical staff, including doctors and physiothera-
pists, with valuable data for real-time updates 
to rehabilitation strategies. For example, during 
the rehabilitation phase of a leg injury, a smart 
layer jamming wearable could replace a knee 
brace. In addition, the wearable could record 

several  metrics during rehabilitation, such as the 
total movement, the number of hours the patient 
used his or her legs, and the rate of change in 
the patient’s range of leg movement. The sys-
tem could then inform medical staff each week. 
One improvement this would have over current 
practice is the ability to provide multiple medi-
cal staff with data simultaneously. For example, 
both doctors and physiotherapists are involved 
in recovery from many injuries. A smart layer 
jamming wearable could provide both these staff 
with the patient’s medical data. In addition to be-
ing able to download patient medical data from 
their devices, they could also use the system to 
upload rehabilitation programs remotely.

The ability to record and store data during re-
habilitation could also be useful for other scenar-
ios. If a patient suffers a repeated injury, having 
access to detailed recovery programs and medi-
cal data could be useful for medical staff to as-
sist with an updated rehabilitation strategy that 
adapts to the patient’s needs.

Lifestyle Enhancements
One aspect of many people’s lives that smart layer 
jamming wearable technology could improve is 
tremors, often a symptom of various  neurological 
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Figure 3. Rehabilitation for a knee injury. (a) Existing knee support 
braces are set to reduce joint restriction at discrete stages, for 
example, every week during recovery. (b) Using a jamming brace, 
joint angle restriction can be smoothly relaxed over time.
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disorders. Tremors can greatly increase the dif-
ficulty of everyday tasks, such as utensil use or 
teeth cleaning. We envision smart wearables that 
can aid in reducing tremors in the wrist and arm 
by providing a stiff shell to support and guide us-
ers in tasks.

Hand tremors affect many individuals, partic-
ularly the elderly. Some tremors can be reduced 
through the aid of a brace. Smart layer jamming 
wearable technology can be used as braces to 
provide stiffness to affected joints during spe-
cific tasks—for example, stiff support for wrists 
or elbow joints while a user eats or enters a pin 
code into an ATM. An advantage of smart layer 
jamming wearables is that the user doesn’t need 
to remove the brace after the task has been com-
pleted because the wearable can relax.

F or wearable devices such as clothing, layer 
jamming is an emerging technique to pro-
vide haptic feedback in a slim, portable, 

and lightweight form-factor. By integrating sen-
sors into layer jamming wearables, we can create 
technologies that react to their environment and 
communicate remotely. However, assistive mo-
tion control requires several closed-loop control 
systems that incorporate the sensors to deter-
mine when the layer jamming wearables should 
be activated during command entry tasks. One 
area of future research is to better understand 
how quickly the layer jamming can be activated 
for real-time tasks and how the analog nature of 
stiffness control can be incorporated to best sup-
port users.  
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