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Abstract—‘We present the development of a soft roboticinspired device for lower limb compression therapy with application in the treatment of lymphedema. This device integrates
the control capabilities of pneumatic devices with the wearability and low cost of compression garments. The design consists of
a three-layered soft robotic sleeve that ensures safe skin contact,
controls compression, and secures the device to the patient limb.
The expandable component is made of interconnected pockets of
various heights, which passively create a graduated compression
profile along the lower limb. The system is inflated by a
pump and a microcontroller-actuated valve, with force sensors
embedded in the sleeve that monitor the pressure applied to the
limb. Testing on healthy individualsq demonstrated the ability
to reach clinically relevant target pressures (30, 40, 50 mmHg)
and establish a distal-to-proximal descending pressure gradient
of approximately 40 mmHg. Device function was shown to be
robust against variations in subject anatomy.
Clinical Relevance— This system provides controllable, graduated, compression therapy to lymphedema patients in an
economical, portable, and customizable package.
Index Terms—Soft robotics, lymphedema, compression therapy, medical devices.

I. I NTRODUCTION

L

LYMPHEDEMA affects as many as 10 million people
in the United States alone and 250 million people
worldwide [1], [2]. This condition involves swelling of the
extremities, due to the accumulation of excessive lymph in
soft tissues and affected individuals suffer from a number
of physical challenges, including restricted range of motion,
pain, altered sensation, and skin discoloration in the affected
limb[3], [4]. In addition, their quality of life is often aggravated by significant emotional and psychosocial sequelae [3].
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Compression therapy, the primary treatment for lymphedema, aims to enhance drainage of the lymph from the
extremities. This can be administered manually in the form of
massages, through the use of compression garments or with
pneumatic devices [5]. Compression garments are available
in a variety of sizes, styles, and degrees of elasticity, can
be worn for a prolonged time and keep the patient fully
mobile. However, their efficacy depends largely on their fit
to the individual patient’s anatomy and their application is
especially challenging in patients with a reduced range of
motion and at risk of skin damage [6], [7].
Pneumatic devices are recommended for patients who
are unable to apply compression garments and, especially,
those at risk of wounds. [8], [9]. While broadly varying in
complexity, these devices generally consist of an inflatable
sleeve that provides compression and a pneumatic pump [10],
[11]. Some devices deliver uniform pressure to the limb, by
means of a single inflatable compartment, whereas others
are capable of producing a spatiotemporal pressure gradient
that progressively decreases from the distal to the proximal
segment of the limb in an intermittent or peristaltic manner
[12], [13]. However, the use of pneumatic devices remains
limited due to their elevated cost and poor portability [10].
This work presents the development, prototyping and
testing of a soft robotic device for lower limb compression
therapy. The system is designed to meet therapeutic needs,
while combining the wearability of compression garments
with the control capabilities of existing pneumatic devices.
II. M ETHODS
A. System overview
An overview of the system is shown in Figure 1. This device consists of an inflatable compression sleeve, engineered
to apply graduated pressure along the limb, sandwiched
between a breathable, washable, skin protective inner layer
and a durable outer layer. The entire sleeve wraps around
the limb and can be gently secured with Velcro straps.
The applied pressure is generated by the microcontrollerregulated pneumatics with pressure feedback. Once the target
pressure is reached, the pump and valve system can be
disconnected from the sleeve, leaving the user mobile. In the
event of overinflation, a relief valve is provided for manual
decompression.
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Fig. 1. System and workflow overview. A) Flow diagram showing the
relationship between the user and the components of the system. B)
Exploded representation of the three layers of the compression sleeve. UI:
user interface. MCU: microcontroller unit.

B. Mechanical design
Figure 1B depicts the three layers of the compression
sleeve, which was fabricated using techniques developed for
the soft robotics field [14]. The inflatable bladder consists of
three rows of air-filled pockets that expand under pneumatic
pressure to provide compression to the limb (Figure 2). The
pockets’ heights increase from the proximal to the distal end
of the bladder (h = 0.5, 0.75, 1.25 cm), delivering maximal
pressure at the ankle and minimal pressure at the knee.
The pockets were manufactured by vacuum forming and
heat sealing. The positive mold (Figure 2A) was 3D-printed
(Objet 30, Stratasys) and used with a Dental Vacuum Former
(Yescom) to shape two thermoplastic polyurethane (TPU)
sheets (HTM 8001-M polyether film, American Polyfilm,
Inc) into the pocket geometry. The negative mold (Figure 2B)
was laser cut from acrylic to define the pockets’ outline. A
heat press (QXAi, Powerpress) sealed the two layers together,
creating an enclosed compartment (Figure 2C).
An inextensible fabric (Oxford fabric, Seattle fabrics Inc.)
was then heat-sealed to one side of the bladder. Once
secured to the limb, the discrete pockets abut and form a
contiguous surface. The outer layer ensures inward expansion
of the pockets to guarantee maximal compression for optimal
therapy outcomes. The inner layer consists of soft fabric.
A

Positive Mold

C

The control module is composed of a user interface
(UI), an electrical pump, a solenoid valve (2 way, 2 position, McMaster-Carr), a battery, force sensitive resistors
(FSRs) (Flexiforce A301, Tekscan), and a microcontroller
unit (Teensy 3.2, PJRC). The UI includes an OLED screen,
which displays the user-defined target pressure and the realtime average of the three FSRs, and buttons to define the
target pressure. One calibrated FSR is placed on the central
pocket of each row, providing readings for the proximal,
middle, and distal positions along the compression sleeve.
During application, the user connects the pump and valve
assembly, sets the desired target pressure on the UI and
manually activates the pump. The system switches to an
active state, opens the solenoid valve, and allows air to flow
from the pump into the bladder. Once the FSRs indicate
that the target average pressure is reached (±5 mmHg), the
valve is closed, and the system moves to the neutral state.
The bladder stops inflating and the pump can be manually
turned off and disconnected from the sleeve together with the
solenoid valve and microcontroller unit.
D. Assessment
The function of the prototype was tested by members of
the team (age = 26 ± 2.6 yr, 2 males, 1 female) with variable
leg sizes and anatomies to determine whether each target
pressure value could be reached accurately and maintained
over short period of time. As an indicator of variability, the
subjects’ body surface areas were calculated with the Du Bois
method [15]. In addition, we sought to determine the scale
and consistency of the pressure gradient generated along the
limb of choice and across subjects. A single device must
accommodate this variation, since the degree of swelling may
vary significantly with disease progression.
Testing involved assessment of the steady state response
at three different target pressures within the range of clinical
use, namely 30, 40, and 50 mmHg. Steady state values were
computed by averaging each sensor reading for a total of
10 sec, 5 sec after valve closure. For each test, the portable
pump was activated with an input set pressure of pin = 3 psi
(155 mmHg), higher than the target pressures. This test was
conducted five times (n = 5) for each target pressure. (MIT
Committee on the Use of Humans as Experimental Subjects
Protocol 2107000447.)
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III. R ESULTS AND D ISCUSSION
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Fig. 2. A) Positive and B) negative molds utilized in the manufacturing of
the compression sleeve. C) Illustration of the prototype, with details of the
inner layer, the FSRs, and of the outer layer.

Figure 3A illustrates the sleeve prototype wrapped around
the lower limb, with details of the Velcro straps and relief
valve. Representative inflation curves are shown in Figure
3B, while the corresponding steady state mean and standard deviation are summarized in Figure 3C. This shows
moderately better control at intermediate and higher target
pressures, as indicated by comparison of the corresponding
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Fig. 3. A) Illustration of the sleeve around the calf. Average pressure readings at different target values (30, 40, 50 mmHg), B) throughout inflation, and
C) at steady state. D) Representative pressure readings of the proximal, middle, and distal sensors over time for one target pressure (40 mmHg). E) Steady
state proximal, middle, and distal pressures at different targets (30, 40 and 50 mmHg), showing an approximately linear pressure gradient along the limb.

error bars. These plots also highlight that the pressure exerted
by wearing of the device alone remains negligible prior to
inflation (pi = 4.2 ± 0.5 mmHg), indicating that the fastening
mechanism does not apply significant pressure to the limb.
This minimizes the risk of skin damage in proximity of the
attachment points.
The pressure gradient generated along the lower limb is
shown in Figure 3(D-E). Figure 3D shows a representative
inflation curve at one target pressure (40 mmHg) for the
three FSRs. The corresponding steady state average and
standard deviation values for each individual FSR at three
target pressures (30, 40, 50 mmHg) are shown in Figure 3E.
These results highlight that an approximately linear distal-toproximal descending pressing gradient of 38.4 ± 1.9 mmHg
is achieved, enhancing lymph drainage.
B. Inter-subject device performance
Results from the three subjects are summarized in Figure
4. Measurements of the steady-state average pressures at
the target value of 40 mmHg are shown in Figure 4A, and
the distal, middle, and proximal pressure readings for each
subject are illustrated in Figure 4B. These results demonstrate that this device is robust against anatomical variations,
since it continues to achieve user-defined target pressures,
within a small tolerance, and consistently generate a distalto-proximal gradient across the subjects. It should be noted
that the pressure gradient for subject 3 (BSA = 2.24 m2 ) is
lower (23.2 ± 4.0 mmHg) than in subject 1 (BSA = 1.67 m2 )
(38.4 ± 1.9 mmHg), and 2 (BSA = 1.78 m2 ) (34.7 ± 9.3

mmHg), indicating a moderate negative correlation between
BSA and pressure gradient.
C. Limitations and Future Work
This work highlighted that further design developments
and testing may be required to more comprehensively characterize device function and clinical impact, especially in the
context of the target patient population.
Firstly, the use of a limited number of embedded sensors
limits the amount of real-time information on the pressure
distribution to a relatively small portion of the limb. Studies
of the spatial pressure distribution should be conducted
through a combination of computational and experimental
methods. Finite element analysis could be used to optimize
the bladder geometry to ensure that pressure is applied
uniformly around the limb and that pressurization does not
result in contact stress points, which would increase the risk
of wound formation. Use of an increased number of sensors
or of force sensing technologies with a larger area could
improve feedback on the spatial pressure distribution.
Secondly, since skin and wound care may require lymphedema patients to remove and re-apply compression garments several times every day, leading to possible variations
in the orientation of the sleeve around the lower limb, the
effect of variations in sleeve positioning and orientation
should be investigated with appropriate modeling or testing.
Finally, our analysis demonstrated that this device is robust
against anatomical variations, although a small effect on the
pressure gradient generated by the device was seen. This may
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Fig. 4. Subject variability results. A) Average pressure readings and B)
distal, middle, and proximal readings for three subjects at a targets of 40
mmHg. BSA1 = 1.67 m2 ; BSA2 = 1.78 m2 ; BSA3 = 2.24 m2 .

be circumvented via a computationally driven patient-specific
design optimized to a given anatomy and therapeutic goal.
IV. C ONCLUSION
We propose a soft robotics architecture which is capable
of generating controlled, graduated compression in the lower
limb, with application in the treatment of lymphedema. In
addition, this device could provide support in post-exercise
recovery or be used for other medical conditions, such as
chronic venous insufficiency or peripheral vascular disease,
where compression therapy is recommended [16]. The device
consists of a specialized three-layered robotic sleeve which
allows for comfort, ease of use and application, and mobility,
as well as a control system which enables the system to
reliably reach and maintain user-defined target pressures.
Through testing on healthy volunteers, the device shows
promise as a way to precisely and reliably deliver pressure
profiles. Combined with a computationally driven patientspecific design workflow, this device could have improved
robustness and enhanced therapeutic outcomes.
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