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Abstract Chronic edema can occur from impairment of

the lymphatic, arterial, and venous systems. It can be a

lifelong condition where self-care and treatment are nec-

essary to manage the progressive worsening of the disease,

which can lead to increased risk for infection, cellulitis,

ulceration, wound, and amputation. At-home treatment

options for this chronic debilitating disease are very lim-

ited. Existing PCDs have been around for several decades

and have several major disadvantages. SMA embodied in a

novel NPCD format allows for opportunity to address some

of these disadvantages. Comparison of the two types of

compression devices SMA-based NPCD and traditional

PCD are evaluated and discussed in this study. Pressures

were compared on both silicon and human subjects and

visualization of applied pressure was also analyzed. Both

devices provide comparable pressure range though PCD

has higher variability in terms of uniformity of pressure

applied. NPCD using SMA offers new treatment opportu-

nity for patients with chronic edema at home in an entirely

mobile and wearable platform.
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Introduction

Chronic edema including lymphedema associated with

cancer treatment and vascular insufficiency affects more

than 20 million Americans and hundreds of millions

worldwide. The prevalence of lymphedema is in excess of

AIDS, Parkinson’s disease, multiple sclerosis (MS), mus-

cular dystrophy, and Alzheimer’s disease, combined

[1, 2].Though the condition impacts many patients the

disease remains poorly diagnosed and managed [4–6].

Lymphatic disease clinical manifestations include tissue

swelling and fibroadipose tissue buildup. The chronic and

progressive nature of these diseases leads to physical,

psychological, social impact to the patient. The resulting

effect from lack of treatment can lead to functional issues

and decreased quality of life [3].

Chronic edema occurs due to malformation or impair-

ment of the circulatory pathways including arterial or

venous or lymphatic pathways, which leads to poor clear-

ance of fluids and proteins, allowing them to build up in the

tissues [1, 2, 5–7]. This can lead to pain, restricted range of

motion, fibrosis, cellulitis, and ulceration or infection

[6–9]. Management of this chronic condition can be a

lifelong burden of caution and care. The first line of

treatment begins with Complex Decongestive Therapy

(CDT). This noninvasive therapy consists of Manual

Lymph Drainage (MLD), active and passive exercises,

frequent wearing of compression garments and skin care

routines [1, 2, 5, 6, 10–15]. MLD, a light skin-stretching

massage that helps encourage the movement of lymphatic

fluid out of the swollen limb, combined with exercise are

widely known to positively manage lymphedema [5, 6].

Active and passive exercise routines reinforce lymphatic

flow and venous return [6]. Long term management of the

disease requires the patient to be educated on how to
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perform a variety of these treatments at home—including

wearing graduated compression sleeves, performing self-

MLD, external compression devices, and following a rec-

ommended exercise regimen to encourage lymphatic flow

[5, 6, 16].

External compression treatment is an accepted treatment

modality [16–21], which involves applying rhythmic

pressure to the affected limb in a distal to proximal manner

to move excess fluid to the nearest functioning lymph or

venous vessel so that the excess fluid can be drained

[17–23]. At home, sequential compression treatment is

often performed by the patient using pneumatic compres-

sion devices (PCDs), which utilize a pneumatic compressor

that inflates and deflates a segmented limb appliance

[17, 18], and have existed for over 30 years. Sequential

compression has been shown to activate lymph and venous

function and help reduce edema and associated symptoms

[19–22]. Clinical studies involving PCDs have demon-

strated improvements in limb volume maintenance,

reduced risk of cellulitis and infection, and reduction in

hospitalization, and reductions in medical costs and

improved health economic outcomes [22–25].

Current PCDs have disadvantages including the noise of

pressurized air, the bulk of air-filled limb sleeves (Fig. 1),

the difficulty applying the device with its tubes and sleeves,

variation of interface pressure at the limb compared to what

is programmed at the device setting [26], and the necessity

of being plugged into a wall socket to operate. The PCD

treatment setup requires the patient to be immobile in the

supine or sitting position for the entire duration of treat-

ment, which consequently may be a deterrent to therapy

adherence—an essential element to improve limb volume

and manage lymphedema symptoms [27]. With such a high

daily treatment burden for a chronic disease without a cure

[1, 6, 9], opportunities to improve home treatment options

and adherence to therapy are needed.

Technological advancements in textile and electronics

have inspired the development of numerous wearable

medical devices. In particular, integrating compatible bio-

materials with advanced electronic textiles presents an

opportunity to lower barriers to treatment while improving

demonstrable quality of life for patients with lymphatic

disease. Anatomically designed lightweight non-pneumatic

treatment options can provide silent, active sequential

compression without limiting a patient’s functional move-

ment and preserving the physiological aspects that allow

for natural muscle and joint contractions that can further

enhance fluid movement. Recent clinical finding support

and demonstrate non-pneumatic devices that do not restrict

the user can promote adherence, reduce physical lym-

phedema symptoms and improve patient’s psychological

position [28, 29].

Non-Pneumatic Compression Device (NPCD)

The Dayspring� system is comprised a wearable controller

and garment. Figure 2 shows the components of the system

fully connected. The controller consists of a two-button

user interface that allows the patient to turn the system on

and off and control the amplitude of compression. The

controller is powered by a rechargeable battery and can

connect with a mobile application for finer control of the

actuators in the garment. The controller contains built-in

logic that ensures a gradient pressure is maintained at all

times to minimize and avoid undesired fluid backflow. The

garment, shown in Fig. 3, is applied to the patient’s

affected limb and contains nitinol, the shape memory alloy

responsible for the silent, active compression. Nitinol is

woven through a flexible plastic frame, termed Flexframe,

that is rigid enough to transfer the compressive forces of

the nitinol to the limb and flexible enough to conform to

the anatomy. Adjustable juxtaposed straps attach to the

termination points of each Flexframe fully encircle the

limb. When properly donned, the Dayspring garment pro-

vides static compression from the adjustable straps that isFig. 1 A schematic of the air-filled limb sleeve in the PCD
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not available in with traditional PCDs. When enabled by

the controller, and microcontrollers in the garment enables

an individual Flexframe to contract and provide active

compression along a segment along the limb. These dual

compression modalities allow both static and active com-

pression to be available with one device.

In the activated mode, the electrical energy from the

controller applied to the Flexfame actuator induces a

transformation in the SMA’s crystalline structure. Under a

mechanical load, the shift from the monoclinic crystal

structure to the austenite phase generates an internal stress

within the material. The design of the Flexframe presented

in Fig. 4 allows the force applied by the SMA during this

transformation to be translated as compressive pressure to

the tissue it surrounds. The applied energy is directly

proportional to the pressure and hence the applied force

over the desired area of the limb or body is described as:

P ¼ F=A

where P is the pressure applied to the desired area (in

mmHg), F is the Force generated by the device, and A is

the Area where the Force is applied.

In this study, we compare the interface pressures of a

contemporary non-pneumatic compression devices

(NPCD) and a traditional pneumatic sequential compres-

sion device (PCD). The non-pneumatic device, Day-

spring�, and pneumatic device, Flexitouch Plus (PD32-

G3), are both FDA-cleared prescription-only medical

device systems. The systems will be comparatively eval-

uated on characterizations of compression profile, cir-

cumferential pressure, and pressure mapping/coverage over

the intended targeted treatment areas.

Fig. 2 A schematic of the NPCD—Dayspring garment and controller

Fig. 3 A schematic of the NPCD Dayspring garment with the SMA-

Flexframes and adjustable straps

Fig. 4 A schematic of the NPCD’s SMA-Flexframe contraction to generate the required compression force
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Methods

The PCD and NPCD devises were evaluated using two

distinct methods. One that used a silicone-based benchtop

model and another on a human subject. For both models, a

calibrated Pico-press� M-1200 transducer with bladder

pressure sensors (Fig. 5) was set up flat on the model limb

across the length and across the circumference. The data

recording software was connected to a computer to enable

data acquisition. Additionally, on the benchtop model a

Tekscan� Pressure Mapping system was used to evaluate

force across the area of application.

The benchtop test method was performed using a test

silicone limb model with features similar to an adult

patient. Leg garments from the respective devices were

placed on snug to ensure the transducer bladders were

firmly placed between the test limb and the device (Fig. 6).

Peak pressure recordings were captured over twelve inde-

pendent cycles over three independent setups (simulating

donning/doffing) for both devices at moderate, increased,

and decreased pressure settings.

For the human model four Pico-press sensors were

placed at specific locations to evaluate circumferential

pressure along the limb. Pressure transducers were placed

on the anterior and posterior faces of the limb, 2 cm below

the gluteal fold and 25 cm above the center of the lateral

malleolus. Figure 7 provides a schematic of the sensor

locations.

With the sensors properly positioned, the garments were

donned per the respective directions for use for each

device. Pressure readings for the PCD were performed in

the supine position as specified in the instructions for use.

Measurements for the Dayspring (NPCD) device were

made from a standing position as intended per the device’s

instructions for use. Figure 8 shows the setup for both

devices. Each device was then activated and allowed to run

for at least 2 full cycles at their normal settings.

Results

Comparison of Pressure: Bench Model

The following performance testing summary describes the

comparative evaluation and results between the PCD and

NPCD on the silicone bench model. The two compression

devices were compared using the pressure measurements

from a calibrated PicoPress�. Table 1 provides the
Fig. 5 Pico-press� M-1200 transducer and bladder sensor

Fig. 6 A bare silicone leg

model (A) with the PCD set up

(B) and the NPCD set up (B) for
evaluation
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resulting performance summary between the two com-

pression devices across their three different manual pres-

sure settings.

Results from evaluation of the PCD demonstrated

compression pressures of 30.5 ± 1.06 mmHg,

40.2 ± 3.18 mmHg, and 53.5 ± 1.73 mmHg, at the

decreased, moderate and increased settings, respectively,

reported as mean ± one standard deviation. The NPCD

device demonstrated compression pressure of

30.8 ± 0.80 mmHg, 40.0 ± 0.77 mmHg, and

51.1 ± 1.07 mmHg, at the decreased, moderate and

increased settings, reported as mean ± one standard devi-

ation. Figure 9 contains a bar graph of the compression

pressure of the two devices across the various settings.

Comparison of Pressure: Human Subjects

Figure 10 contains results from the compression pressure

response during the treatment cycle of the PCD in com-

parison to that of the NPCD device (noted as SMA in the

Figures) in a human model at the anterior and posterior

locations of the calf and thigh.

With Dayspring (noted as SMA in Fig. 10C and D), the

anterior static compression pressure is approximately

30 mmHg at the thigh and 45 mmHg at the calf, when

inactive. When the SMA-Frame is activated, the anterior

peak pressure is approximately 55 mmHg at the thigh and

approximately 100 mmHg at the calf. The posterior static

compression pressure is approximately 40 mmHg at the

thigh and 45 mmHg at the calf, when inactive. When the

SMA-Flexframe is activated, the posterior peak pressure is

approximately 45 mmHg at the thigh and approximately

60 mmHg at the calf. Since the SMA-Flexframe actuator is
Fig. 7 Schematic of transducer bladder sensor placement on a human

model

Fig. 8 Devices PCD (A) and

NPCD (B) donned on the

subject

Table 1 Summary of

comparison results
Test Settings NPCD

SMA Flex-frame

PCD

Compression pressure testing Decreased 30.8 ± 0.80 mmHg 30.5 ± 1.06 mmHg

Nominal 40.0 ± 0.77 mmHg 40.2 ± 3.18 mmHg

Increased 51.1 ± 1.07 mmHg 53.5 ± 1.73 mmHg
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anteriorly located, the anterior active pressure is higher

than the posterior active pressure. The circumferential

variance between the anterior and posterior locations

observed is approximately 10 mmHg at the thigh, and

approximately 40 mmHg at the calf.

The graphs demonstrate the compression pressure dur-

ing activation for the various locations for the two devices.

With the PCD (Fig. 10A and B), the anterior compression

pressure is approximately 5–10 mmHg at the thigh and calf

when inactive (deflated state) and peaks at approximately

25–30 mmHg when activated (inflated state). The posterior

compression has a high baseline of approximately

60 mmHg at the thigh and approximately 20–25 mmHg at

the calf, when inactive (deflated) and peaks at approxi-

mately 100 mmHg at the thigh and 60 mmHg at the calf,

when activated (inflated state). The circumferential vari-

ance between the anterior and posterior locations observed

is approximately 65–70 mmHg at the thigh, and approxi-

mately 35 mmHg at the calf.

Visualization of Applied Pressure Between PCD

and NPCD

Figure 11 contains captures from the results of the Teks-

can� Pressure Mapping Sensor during the compression

cycle of the PCD and NPCD.

Discussion

Pressure Comparison – Bench Model

On the bench model both the PCD and NPCD peak pres-

sure performance demonstrates no significant differences in

the mean compression pressure between the two modes of

generating pressure (p\ 0.01). Both devices allowed

control and programmability of individual appliance seg-

ments and were found to be comparable in achieving
Fig. 9 Mean Compression Pressure in a bench model setup between

PCD and NPCD

Fig. 10 Compressive force response during static and active phase in the anterior and posterior location for the PCD at the thigh (A) and calf (B),
and for the NPCD at the thigh (C) and calf (D)
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desired pressures within ± 10 mmHg of the intended tar-

get pressures. This is an expected result given that the force

needed to generate compression pressures can be derived

by a sealed chamber being pneumatically inflated and

deflated or with a non-pneumatic actuator that shrinks and

expands around the same surface.

Pressure Comparison – Human Model

On the human model, the interface pressures of both the

PCD and NPCD vary compared to the bench model. The

addition of the baseline static pressure on the NPCD uti-

lizes the benefit of the static compression and bandages

commonly used to treat chronic edema and when activated,

combines with the efficacy proven with the PCDs to move

lymphatic fluid by activating the sequential pressure in a

programmable and calibrated manner. Like standard com-

pression garments variations in interface pressures for the

NPCD would also be due to articulations of the limb while

the user is mobile. The improved wearability of the device

eliminates a potential source of poor compliance with

compression pumps.

There are observable differences between the thigh and

calf posterior and anterior pressures for both the PCD and

NPCD. The posterior baseline and increased activated

pressure with PCDs are observed due to the additional

pressure from the weight of the limb due to treatment being

performed in a supine position. The variation between

interface posterior and anterior pressures on the NPCD

appear to be due to frictional forces present in the fabric

that attenuating the effect of the Flexframe contraction as it

compresses the limb. The variances observed may also

differ depending on the limb size and weight of the subject.

Visualization of Applied Pressures

The Tekscan� pressure mapping sensor highlights a subtle

difference between the two compression methods. The

PCD chambers expand to contact the limb and create a

dome-effect when fully inflated to apply pressure. This in

turn creates peak pressure at the peak of the dome and little

pressure between the two chambers due to stitch line (as

observed by the district gap in the pressure map). With

NPCD, pressure exerted across the width and length of the

SMA-Flexframe is more evenly distributed. This can be

qualitatively observed by even coloration in the sensor

map.

An additional observation was that the contraction time

between the two systems is noticeably different between

the PCD and NPCD. The inflation time of most pneumatic

systems are often slow due to the physical limitation of

filling and emptying the air bladder chambers and preclude

pumps from becoming smaller and more entirely portable.

The contraction speed of the Flexframe is governed by the

speed in which the nitinol can be electrically energized.

Results from evaluation on a silicone bench and human

model, demonstrate that the SMA-Flexframe is able to

provide sequential calibrated compression in the range of

0–100 mmHg, comparable to the performance of the PCD.

The findings obtained in this study demonstrate equiva-

lence in the mean pressures commonly applied for chronic

lymphedema management under well-controlled condi-

tions. In subsequent clinical study in subjects with breast

cancer-related lymphedema of the upper extremities,

treatment with the Dayspring wearable device was shown

to improve quality of life, maintain or reduce limb volume,

and to have high acceptability and compliance to therapy

[28, 29].

Conclusions

Innovations in SMA-based active compression at-home

medical technologies have the potential to address current

unmet clinical needs in chronic debilitating diseases like

lymphatic and venous disorders with chronic edema. The

Dayspring wearable compression device is a novel solution

Fig. 11 Visualization of applied pressure via Tekscan.� pressure

map results for PCD (A) and NPCD (B)
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developed using SMA-Flexframe actuators that can pro-

vide active compression therapy comparable to currently

marketed pneumatic compression devices. Advantages of

the low-profile actuators provide static and active com-

pression together in a wearable garment enabling patient

movement and mobility to improve ease-of-use and

adherence.
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