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SOFT ROBOTIC HAPTIC INTERFACE WITH
VARIABLE STIFFNESS FOR
REHABILITATION OF SENSORIMOTOR
HAND FUNCTION

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit of prior-filed U.S.
Provisional Patent Application No. 62/595,349, filed Dec. 6,
2017, the entire contents of which are incorporated by
reference.

BACKGROUND

The human hand is a complex sensorimotor apparatus that
consists of many joints, muscles, and sensory receptors.
Such complexity allows for skillful and dexterous manual
actions in activities of daily living. When the sensorimotor
function of hand is impaired by neurological diseases or
traumatic injuries, the quality of life of the affected indi-
vidual could be severely impacted. For example, stroke is a
condition that is broadly defined as a loss in brain function
due to necrotic cell death stemming from a sudden loss in
blood supply within the cranium. This event can lead to a
multitude of repercussions on sensorimotor function, one of
which being impaired hand control such as weakened grip
strength. Other potential causes of impaired hand function
include cerebral palsy, multiple sclerosis, and amputation.
Therefore, effective rehabilitation to help patients regain
functional hand control is critically important in clinical
practice. It has been shown that recovery of sensory motor
function relies on the plasticity of the central nervous system
to relearn and remodel the brain. Specifically, there are
several factors that are known to contribute to neuroplasti-
city: specificity, number of repetition, training intensity,
time, and salience. However, existing physical therapy of
hand is limited by the resource and accessibility, leading to
inadequate dosage and lack of patients’ motivation. Robot-
assisted hand rehabilitation has recently attracted a lot
attention because robotic devices has the advantage to
provide 1) enriched environment to strengthen motivation,
2) increase number of repetition through automated control,
and 3) progressive intensity levels that adapts to patient’s
need.

SUMMARY

The human hand comprises complex sensorimotor func-
tions that can be impaired by neurological diseases and
traumatic injuries. Effective rehabilitation can bring the
impaired hand back to a functional state because of the
plasticity of the central nervous system to relearn and
remodel the lost synapses in the brain. Synaptic plasticity
can be further augmented by training specific parts of the
brain with motor tasks in increasing difficulty. Current
rehabilitation therapies focus on strengthening motor skills,
such as grasping, employing multiple objects of varying
stiffness so that affected persons can experience a wide range
of strength training. These objects also have limited range of
stiffness due to the rigid mechanisms employed in their
variable stiffness actuators.

Certain embodiments described herein provide a soft
robotic haptic device for neuromuscular rehabilitation of the
hand, which is designed to offer adjustable stiffness and can
be utilized in both clinical and home settings. The device
eliminates the need for multiple objects by utilizing a
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pneumatic soft structure made with highly compliant mate-
rials that act as the actuator and the body of the haptic
interface. It is made with interchangeable sleeves that can be
customized to include materials of varying stiffness to
increase the upper limit of the variable stiffness range. The
device is fabricated using 3-D printing technologies, and
polymer molding and casting techniques thus keeping the
cost low and throughput high. The haptic interface is linked
to either an effective open-loop or closed-loop control
system depending on the desired mode of actuation. The
former allows for an increased pressure during usage, while
the latter provides pressure regulation in accordance to the
stiffness the user specifies.

Preliminary evaluation was performed to characterize the
effective controllable region of variance in stiffness. The two
control systems were tested to derive relationships between
internal pressure, grasping force exertion on the surface, and
displacement using multiple probing points on the haptic
device. Additional quantitative evaluation was performed
with study participants and juxtaposed to a qualitative
analysis to ensure adequate perception in compliance vari-
ance.

In one embodiment, the invention provides a pneumati-
cally-actuated soft robotics-based variable stiffness haptic
interface device for rehabilitation of a hand. The device
comprises a body including a flexible outer wall and a cavity
defined by the outer wall, the outer wall including a plurality
of grooves configured to receive a fiber wound around the
outer wall, and a pneumatic actuator in communication with
the cavity and configured to provide pressure to the cavity.

Other aspects of the invention will become apparent by
consideration of the detailed description and accompanying
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a pneumatically-actuated device for
supporting rehabilitation of sensorimotor function of hands
according to an embodiment of the present invention.

FIG. 2 is a cross-sectional view of the device illustrated
in FIG. 1.

FIG. 3 is a block diagram of an open-loop control system
of an isometric mode of operation.

FIG. 4 is a block diagram of a closed-loop control system
of a constant pressure mode of operation.

FIG. 5A illustrates the device of FIG. 1 marked for a
stiffness characterization experiment to determine the stiff-
ness profile of the grasping area.

FIG. 5B illustrates a testing apparatus for conducting the
stiffness characterization experiment.

FIG. 6 A graphically illustrates results of the characteriza-
tion test of the device illustrated in FIG. 1.

FIG. 6B graphically illustrates exerted force and displace-
ment of the device illustrated in FIG. 1 with varying
pressures using the constant pressure system illustrated in
FIG. 4.

FIG. 7 graphically illustrates the relationship between
stiffness, displacement, and force, and indicates that a con-
trollable increased stiffness with varying pneumatic actua-
tion in the device enables the device to increase its stiffness
when a gradual force is exerted on it.

FIG. 8A illustrates several devices having varying Shore
hardness values.

FIG. 8B graphically illustrates subjects’ attempts at
matching stiffness of the device with its pressure setting.

DETAILED DESCRIPTION

Before any embodiments of the invention are explained in
detail, it is to be understood that the invention is not limited
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in its application to the details of construction and the
arrangement of components set forth in the following
description or illustrated in the following drawings. The
invention is capable of other embodiments and of being
practiced or of being carried out in various ways.

Haptic interfaces and variable stiffness mechanisms are
usually incorporated into robotic rehabilitation devices to
provide varying difficulties by adjusting force output or
stiffness. These devices and systems, however, are either
costly or bulky due to complex mechanical design, or have
limited range of stiffness due to passive mechanical com-
ponents.

To overcome these limitations, the design of a novel
pneumatically-actuated soft robotics-based variable stiffness
haptic interface 10 is presented to support rehabilitation of
sensorimotor function of hands (FIG. 1). Soft robotics is a
rapidly growing field that utilizes highly compliant materials
that are fluidic actuated to effectively adapt to shapes and
constraints that traditionally rigid machines are unable to.
Several soft-robotics devices have been developed to pro-
vide assistance to stroke patients, but none of these have
been designed as resistive training devices. An example of
an existing device includes the use of soft actuators that
bend, twist, and extend through finger-like motions in a
rehabilitative exoglove to be worn by stroke patients. A
variable stiffness device that employs soft-robotics allows a
greater range of stiffness to be implemented since there is
minimal or no impedance to the initial stiffness of the
device. Additionally, soft robotics methods allow devices to
be manufactured with lowered cost and have much less
complexity, thus suitable to be used not only inpatient but
also outpatient hand rehabilitative services.

As shown in FIG. 2, the device 10 may include a
cylindrical handle 14 having a diameter. In the illustrated
embodiment, the diameter is 40 mm since this diameter has
been shown to be most effective in enabling high grip forces
in humans. In other constructions, the handle 14 also is
capable of having other suitable dimensions for the diam-
eter, such as, for example, 35 mm to 45 mm. The average
male hand width, defined as the distance from the second to
the fifth metacarpophalangeal joints, is approximately 83
mm. The handle 14 includes a height, and in one embodi-
ment, the height is 120 mm. In other constructions, the
height of the handle 14 is capable of having other suitable
dimensions, such as, for example, 115 mm to 125 mm. The
approximately 40 mm additional length was added to ensure
the entire body 14 of the device 10 fits in a patient’s grip,
accommodate for hand widths larger than the average, and
to account for higher stiffness in areas closer to the end caps
18 of the device 10 (see FIG. 6). The male hand width is
used as the basis of the design since on average the male
hand is larger than the female hand. The device 10 was
modeled using computer-aided design (CAD) software
before the device was made. In the illustrated embodiment,
a mold was made for its body 14 and the end caps 18 were
3-D printed. The body 14 was cast out of silicon elastomer
material, although other materials may be used. In the
illustrated embodiment, the body 14 is hollow and a wall of
the body 14 defines a cavity 24. The end caps 18 coupled to
the body 14 enclose the cavity 24. A radial constraint (e.g.,
a wound fiber 38) is coupled to the body 14. In the illustrated
embodiment, the mold of the body 14 included grooves 20
in a helical pattern along the body 14 of the device 10 to
facilitate the fiber winding process during fabrication, as
described below.

In some embodiments, the body 14 of the device 10 may
be fabricated based on a multistep molding and casting
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technique that has been established for creating fiber-rein-
forced soft actuators. However, some features and compo-
nents may be modified according to the goal of constraining
the device from expanding vertically and horizontally, as
well as to prevent bending and twisting motions. Instead of
a hemisphere or a rectangle, the body of the mold may be
made in a circular design to achieve a cylindrical hand-held
device, and 3D-printed. The first layer 22 may be casted with
the printed mold using a shore hardness 10A silicone rubber
with 2 mm thickness. End caps 18 of 50 mm diameter and
5 mm thickness may be 3-D printed.

The caps 18 may include a hole in the center to introduce
a threaded rod 26, acting as a core, which was positioned
within the cavity of the body 14 and was fastened on both
ends with locking nuts 30. In the illustrated embodiment, the
hole has a diameter of 6 mm, and the threaded rod 26 has a
length of 178 mm. In other constructions, the core 26 may
be formed from a member other than the threaded rod.
Additionally, a hole off the edge of the first hole is used to
introduce a tube 34 for pneumatic actuation. In the illus-
trated embodiment, the hole has a diameter of 3 mm, and is
spaced approximately 4 mm off the edge of the first hole.
The end caps 18 are attached to the body of the actuator 10
using silicone adhesive (Sil-Poxy Adhesive, Smooth-on Inc.,
PA, USA). This adhesive may also be used around the
connecting parts to prevent air leaks, i.e., around the base of
the cap 18 and the body 14, and at the ends of the core 26.
A single Kevlar fiber 38 is wound along the grooves 20 made
from the mold in clockwise and counter clockwise direc-
tions, and a thin layer of silicone was applied on the fiber
threading 38 to anchor it in place and prevent it from moving
during actuation and grasping. A second layer 2-mm thick
was made with the same casting techniques, but with a shore
hardness 20A silicone rubber, and used as a sleeve over the
first layer 22. Although certain example embodiments
described in this application achieve radial constraint
through the inclusion of a wound fiber (e.g., fiber 38), those
of ordinary skill in the art will, having studied the teachings
in this application, recognize and appreciate that, in certain
embodiments, the device may be configured to achieve
radial constraint in other ways including, but not limited to,
through the inclusion of a stiffer silicone or different stiffness
elastomer patterns, electroactive polymer patterns, or other-
wise without the use of a wound fiber (e.g., plastic rings,
elastic rings, fabric strips, or braided meshes). In certain
embodiments, device 10 may include one or more radial
constraints, one example of which includes, but is not
limited to, a wound fiber such as fiber 38.

The first layer 22 of the device 10 may be made with very
flexible rubber to ensure the lower limit of the device’s
stiffness is kept at a minimum while it is directly exposed to
pressure. However, the high compliance of the first layer 22
compromises its structural integrity. Therefore, a secondary
layer of the same compliance may be made as a sleeve over
the first 22. The user may utilize a third sleeve with less
compliant materials to increase the upper limit of the
device’s stiffness range. The interchangeability of sleeves
provides greater customization and adaptability for the
user’s specific needs. Additionally, the interchangeability
feature allows for improved sanitary environments by allow-
ing physicians to swap sleeves between patients quickly.

There are two modes of operation of the soft robotic
haptic interface: 1) isometric 100 and 2) constant pressure
200. The former mode 100 is a system with no pressure
regulation. Therefore, the device is given a starting pressure
(greater than O kPa) (105) and the internal pressure is
allowed to increase with an increased force exertion on the
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device 10. This actuation system is shown on the open-loop
control system block diagram in FIG. 3. The latter mode 200
of operation involves regulated pressure. Therefore, the
device 10 is given a starting pressure (greater than 0 kPa)
(205), and the internal pressure is maintained at that pressure
as the hand grasping force exerted on the device 10 is
increased. This actuation system is shown on the closed-loop
control system block diagram in FIG. 4.

In the open-loop mode 100, the pressure sensor (125) is
utilized to monitor the pressure variations inside the device.
The microcontroller (110) is set to keep the solenoid valves
(115) closed, thereby preventing a pressure drop in the
actuator (120) once the initial pressure (205) has been set.

The design for the closed-loop system 200 is achieved by
employing solenoid valves (215) to both pressurize and
depressurize the actuator (220) based on the user’s input.
The pressure input (205) is fed through solenoid valves
(Series 11 Miniature Solenoid Valves, Parker Hannifin
Corp., OH, USA) (215) before they split to equal pressures
in the haptic interface and a fluidic pressure sensor
(ASDXAVX100PGAAS, Honeywell International Inc.,
Morris Plains, N.J.) (225). The pressure sensor (225) pro-
vides feedback to a microcontroller (Arduino Uno R3,
Arduino LLC., Italy) (210) to turn the solenoid valves (215)
on and off to regulate the pressure to an approximate
accuracy of 0.69 kPa. When the pressure sensor (225) reads
the pressure input to be higher or lower than the desired
preset input (205), it will depressurize or pressurize, respec-
tively.

Generally, an object’s stiffness is described by the
Young’s Modulus, which is the ratio of the pressure (force
per unit area) applied on the object and its relative defor-
mation. However, for small strains, as expected in this case,
the compliance of the soft haptic interface 10 can still be
characterized by the ratio of the force exerted on it and the
resulting displacement. The equation describing this char-
acterization is shown in Eq. 1, where k, Ax, and F represent
stiffness, displacement and force applied, respectively.

k=F/Ax (Eq. 1)

A stiffness characterization experiment was performed to
determine the stiffness profile of the grasping area of the soft
robotic haptic interface 10. This was done by marking the
device’s soft body with nine linear points with spacing of 15
mm in between in each point (FIG. 5A). Point 1 is the point
closest to the end cap 18 on the side with a pneumatic tubing
34, and Point 9 is at the furthest opposite end. The device 10
is fixed in place by the core 26 using a bar clamp (not shown)
with the marked points being exposed upwards. The clamp
is attached to the lower grip of a uniaxial testing machine 50
while a probe 54 of 6-mm diameter is attached on the upper
grip (FIG. 5B).

The probe 54 is positioned right above the point to be
tested, and force and position of the probe 54 are set to 0 N
and 0 mm, respectively. In a quasi-static, cyclical (loading-
unloading) experiment the probe 54 is set to lower a maxi-
mum of 10 mm into the soft material body 14 of the device
10 while a preset pressure is provided at the beginning of the
experiment. The resulting force and displacement of the
probe 54 are recorded. A total of three trials are performed
per probing point, and the exerted force and displacement
are averaged. The characterization experiment is repeated
with preset pressurizations of 3.45, 6.89, 13.79, and 20.68
kPa.

For the constant pressure mode of operation, a similar test
to the characterization experiment is performed but the
closed-loop system 200 is utilized instead. Additionally, the
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mid-point on the device (Point 5) is selected as the only
probing location to record the resulting force. A total of three
trials are performed, and the exerted force is averaged. This
is repeated with pressurizations of 3.45, 6.89, 13.79, and
20.68 kPa.

For the isometric mode 100 of operation, this quasi-static
experiment is performed while using the open loop system.
This experiment also utilized the mid-point (Point 5) on the
device as the only probing location. However, the probe 54
is set to probe four times with 2.5-mm intervals between
each vertical probing distance (starting at 2.5 mm) for a
given starting pressurization. The resulting pressure and the
force exerted on the device 10 was then recorded. The
stiffness per displacement is then calculated using Eq. 1 and
plotted against the pressure recorded for that displacement.
Three trials per displacement were performed, and the
exerted force and pressure were averaged. This experiment
was repeated with pressurizations of 3.45, 6.89, 13.79, and
20.68 kPa.

To maximize the efficacy of this variable stiffness device
10, the change in compliance is adequately perceived by the
person using the device. This is because the essence of this
technology is to have variance in stiffness that begins with
as minimal resistance as possible to better the rigidity
experienced in existing variable stiffness devices. Therefore,
the end user needs to be able to readily differentiate the
stiffness of the device 10 from the lowest stiffness setting up
to the highest. More importantly, perception of stiffness
often involves a variety of somatosensory modalities such as
mechanoreceptors, muscle spindles, and Golgi tendon, as
well as the ability to coordinate joint positions and contact
forces. Therefore, these types of tasks could have potential
application in the rehabilitation of sensorimotor function of
hands.

To test the stiffness perception, the soft haptic device 10
was set at a constant pressure utilizing the open-loop control
system 100. The stiftness per pressure setting (3.45, 6.89, or
20.68 kPa) is approximated to three distinct Shore Hardness
values (00-10, 00-30, and 00-50, respectively). As shown in
FIG. 8A, three cylindrical objects of Shore Hardness 00-10
(object 70), 00-30 (object 74), and 00-50 (object 78) of the
same dimensions as the soft haptic device 10 were then
fabricated but with a filled center. Subjects were asked to
grasp the three filled cylindrical objects 70, 74, 78 and then
grasp the soft haptic device 10 that is set at a pressure setting
unknown to them. The number of attempts it took the subject
to match it to our set Shore Hardness for the given pressur-
ization was then recorded. This qualitative experiment is
repeated with the same subject but at a different pressure
setting. This experiment was conducted with 17 healthy
participants who gave their full written and oral consent
before participation.

The stiffness profile versus the points on the device with
varying pressures is presented in FIGS. 6 A-B. The device 10
was expected to be stiffer as one moves away from the
middle (Point 5) of the device. This expectation was con-
sistent with experimental results from the characterization
test of the soft haptic device 10 (FIG. 6A). The device 10 has
greater stiffness at points closer to the end caps 18 and
therefore the regions of effective variable stiffness can be
identified between points 3 and 7 where the stiffness for each
pressure appears to be relatively linear. The greater stiffness
towards either end of the device 10 is mainly due to the
influence of the bond between the end caps 18 and the body
14 of the actuator 10. For this reason, Points 1 and 9 were
excluded from the data. The graph of the exerted force and
displacement with varying pressures using the constant
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pressure system is presented in FIG. 6B. Using this plot the
end user has the ability to select a fixed stiffness value when
using the soft haptic interface 10 in a constant pressure mode
200 to perform grasping exercises where the haptic feel
remains the same irrespective of the grasping force exerted
on the device 10. Conversely, the stiffness reduced for every
increment in displacement in the isometric testing (FIG. 7),
however, the drop was consistent for every pressure input.
This validates the concept of a controllable increased stift-
ness with varying pneumatic actuation in the soft haptic
interface 10, which enables the device 10 to increase its
stiffness when a gradual force is exerted on it. Overall, the
two modes 100, 200 allow for stiffness values to be adjusted
on demand to higher or lower ranges through variations of
the initial stiffness of the sleeves and the internal pneumatic
pressure.

Additionally, the efficacy of the device 10 was tested
using 34 test subjects to grasp the device 10 at varying
stiffness settings. Out of the 34 test subjects, 23 of them (or
68%) matched the stiffness of the device 10 correctly in their
first attempt as seen in FIG. 8B. This number was then
further broken down for the three stiffness settings and it was
found that 67%, 73%, and 64% of the subjects matched the
stiffness correctly in their first attempt for the Shore 00-10
70, Shore 00-30 74, and Shore 00-50 78 cylinders, respec-
tively, as shown in FIG. 8B.

A novel design of a variable stiffness haptic interface 10
based on soft robotics that is pneumatically actuated to assist
hand rehabilitation is described herein. The fabrication pro-
cess of this device 10 is simple and cost-effective since it
closely adheres to existing multistep casting and molding
techniques utilized for fiber-reinforced soft actuators. The
utilization of highly compliant materials (silicone elasto-
mers) allowed for the device to present stiffness ranges that
existing variable stiffness devices are not able to achieve due
to the rigidity of their mechanical designs. Experiments
were conducted to characterize the effective regions of
variable stiffness in the soft haptic device 10 due to design
constraints that include regions of exponential stiffness. A
closed-loop and open-loop control system 200, 100 were
presented and tested. Finally, the variance of stiffness in the
device was tested with healthy subjects to ensure that the
induced variance in stiffness translates adequately to a
qualitative measure as well. One of the most challenging
aspects of creating a device of variable stiffness is to ensure
the variance in compliance is appropriately perceived by the
users. This is challenging due to the multitude of factors
involved in human perception of stiffness (Bergmann Tiest
2010; Jones and Hunter 1990). The experiment results show
that healthy subjects could effectively distinguish the vari-
ance in stiffness of the soft haptic device 10, and that the
qualitative measurement could be matched to a quantitative
value (Shore Hardness). This allows for a more cohesive
mapping of the soft haptic device 10, and therefore provides
the device’s user(s) the tool necessary to utilize the device
10 effectively. The main findings and potential applications
of the soft-robotics device for rehabilitation of sensorimotor
function of hands are discussed.

The central region (Points 3 to 7, FIG. 6A) is character-
ized by an increasing stiffness that could be manipulated on
demand by the end user or physical therapist in a controlled
fashion by increasing the pressure input to the device 10. It
is important to note that only four different pressure settings
were tested in this work as a proof-of-concept. If desired,
additional pressure settings can be utilized for this particular
design. However, the maximum pressure input presented
was 20.68 kPa so as to prevent the device 10 from buckling
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under greater internal pressure. To increase the upper limit
of the pressure input, a greater number of sleeves can be
added to the device 10, sleeves of higher stiffness can be
incorporated into the design, and/or the number of windings
38 on the first layer 10 could be increased. This once again
proves the versatility of this device to be used in stroke
rehabilitation given the importance of tailoring task diffi-
culty or characteristics to individual patients’ sensorimotor
deficits.

The constant pressure test support using the device to
calculate the stiffness a user can expect when using the
device 10 at a given regulated pressure. This could be
eventually used to formulate a chart for quick reference if a
particular setting is desired for a rehabilitative exercise to be
performed. This setting can be utilized for strength training
that requires a large number of hand grasping/squeezing
repetitions since high repetitions have shown to increase
neural plasticity in stroke recovery. The isometric mode 100
provides the user with an option to increase the force needed
to squeeze the device 10 at a given pressure, thus being
useful for users who need consistent increases in difficulty
for each rehabilitative exercise. These two different modes
100, 200 can be utilized by the physician depending on the
needs of the stroke patient. However, the results of this
testing showed that the stiffness dropped for 2.5 mm incre-
ments in the displacement using the isometric system 100.
Given that the stiffness increased during characterization
which utilized the same control system, it appears that the
pressure in the soft haptics is escaping when small displace-
ments occur in the device.

The results demonstrated great potential to use the device
in a variety of hand rehabilitation exercises. For instance,
patients who need fixed stiffness with increased repetitions
of grasping exercise could use the constant pressure control
mode 200; and patients who need increasing difficulty could
utilize the isometric control mode 100. Furthermore, with a
sensor added to the device 10, patients can use it as a
controller at home to perform exercises in combination with
video games to mimic augmented reality feedback that
currently exists for rehabilitation devices (Khademi et al.
2012). Lastly, the device 10 has the unique feature that the
entire grasp area is compliant due to the implementation of
soft robotics techniques. Unlike hand rehabilitation devices
with rigid mechanisms, our design could promote the prac-
tice of natural coordination among all fingers which is
important in ADL tasks.

Various features and advantages of certain embodiments
are set forth in the following claims.

What is claimed is:

1. A pneumatically-actuated soft robotics-based variable
stiffness haptic interface device for rehabilitation of a hand,
the device comprising:

a body including a flexible outer wall and a cavity defined
by the outer wall, the outer wall including a plurality of
grooves configured to receive a fiber wound around the
outer wall, wherein the body is sized and shaped to be
gripped by the hand during use; and

a pneumatic actuator in communication with the cavity
and configured to provide pressure to the cavity;

wherein in an open loop mode the pneumatic actuator is
configured to provide a predetermined pressure to the
cavity and an internal pressure of the cavity is allowed
to increase with an increased force applied to the
device, and wherein in a closed loop mode the pneu-
matic actuator is configured to provide constant con-
trol, the cavity is given a starting pressure, and the



US 11,446,545 B2

9

internal pressure is configured to be maintained at the
starting pressure as increased force is applied to the
device.

2. The device of claim 1, wherein the outer wall comprises
silicone.

3. The device of claim 1, further comprising a first end cap
secured to a first end of the outer wall and a second end cap
secured to a second end of the outer wall.

4. The device of claim 3, further comprising a rod secured
to the first end cap and the second end cap and extending
between the first end cap and the second end cap inside the
cavity.

5. The device of claim 1, wherein the outer wall comprises
a first layer of shore hardness 10A silicone rubber.

6. The device of claim 5, wherein the outer wall comprises
a second layer of shore hardness 20A silicone rubber.

7. The device of claim 1, further comprising the fiber,
wherein the fiber is wound around the body in clockwise and
counter clockwise directions.

8. The device of claim 1, further comprising:

a controller configured to set the predetermined pressure

in the cavity,

a solenoid valve in communication with the controller, the
solenoid valve configured to remain closed,

wherein the pneumatic actuator is in communication with
the solenoid valve, and

a pressure sensor in communication with the pneumatic
actuator and the cavity, the pressure sensor configured
to monitor pressure variations in the cavity.

9. The device of claim 1, further comprising:

a controller configured to set the predetermined pressure
in the cavity,

a pressure sensor configured to monitor pressure in the
cavity, the pressure sensor in communication with the
controller, and

a solenoid valve in communication with the controller and
configured to regulate the pressure in the cavity to the
set pressure based on feedback from the pressure
sensor, and

wherein the pneumatic actuator is in communication with
the solenoid valve and the pressure sensor.

10. The device of claim 1, wherein the body is cylindrical,
and has a diameter between 35 mm and 45 mm and a height
between 115 mm and 125 mm.

11. A pneumatically-actuated soft robotics-based variable
stiffness haptic interface device for rehabilitation of a hand,
the device comprising:

a cylindrical body including a flexible outer wall and a

cavity defined by the outer wall;
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a pneumatic actuator in communication with the cavity
and configured to provide pressure to the cavity,

a pressure sensor to monitor a pressure in the cavity, and

a valve configured to regulate the pressure in the cavity in
response to a user supplied force that acts radially on
the flexible outer wall;

wherein the pressure sensor is configured to measure the
pressure of the cavity, and

wherein the pressure measured by the pressure sensor of
the cavity is greater than a predetermined pressure as
the user supplied force applied to the device increases.

12. The device of claim 11, further comprising an end cap
secured to a first end of the outer wall, the end cap including
a pneumatic tube for providing fluid communication
between the cavity and the pneumatic actuator.

13. The device of claim 11, wherein the outer wall
includes a plurality of grooves and a fiber is disposed in the
plurality of grooves and wound around the outer wall.

14. The device of claim 11, wherein the outer wall
comprises silicone.

15. The device of claim 11, further comprising a controller
coupled to the valve, wherein the controller is configured to
open and close the valve to regulate a flow of air into and out
of the cavity and to maintain a constant pressure within the
cavity when the user applies the radial user supplied force.

16. The device of claim 15, wherein the body is cylin-
drical and has a diameter between 35 mm and 45 mm, and
has a height between 115 mm and 125 mm, wherein the
body is configured to be gripped by a hand of the user.

17. A pneumatically-actuated soft robotics-based variable
stiffness haptic interface device for rehabilitation of a hand,
the device comprising:

a cylindrical body including a flexible outer wall and a

cavity defined by the outer wall;

a pneumatic actuator in communication with the cavity
and configured to provide pressure to the cavity;

a pressure sensor to monitor a pressure in the cavity;

a valve configured to regulate the pressure in the cavity in
response to a user supplied force that acts radially on
the flexible outer wall;

a controller coupled to the valve, wherein the controller is
configured to open and close the valve to regulate a
flow of air into and out of the cavity and to maintain a
constant pressure within the cavity when the user
applies the radial user supplied force;

wherein the body is cylindrical and has a diameter
between 35 mm and 45 mm, and has a height between
115 mm and 125 mm, wherein the body is configured
to be gripped by a hand of the user.
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