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Background 
Medical compression garments are used to treat lymphatic 

disorders or conditions of poor venous return (e.g. orthostatic 
intolerance). Conventional compression garments, namely elastic 
compression sleeves and inflatable compression systems, may aid in 
relief of these conditions but are also limited in usability. Fixed levels 
of compression in elastic materials may induce challenges in 
donning/doffing, complicating patient compliance [1]. Compression 
levels in inflatable systems are customizable, but these garments are 
also bulky and require a tethered inflation source [2]. We are interested 
in developing easy-to-don/-doff compression garments using shape 
memory alloy (SMA) coil actuators that contract with heat from an 
applied current which can be wrapped around the body to apply 
compressive forces. More specifically, we use a spring coil formation 
as described by Holschuh et al. [3]. Further developed in the Wearable 
Technology Lab at the University of Minnesota, our current SMA 
compression garment (SMA-CG) design improves upon the work of 
Duvall et al. [4] presented in previous yearÕs (2017) Design of Medical 
Devices Conference, representing a yearÕs evolution in active 
compression garment design that integrate actuators made with SMA. 

This work improves upon the previous three prototypes 
discussed in Duvall et al. [4] by following the sizing and fit requirements 
laid out by Granberry et al. [5] whose study emphasized the need for 
adjustability in developing compression garments for the lower leg, and 
highlighted the anthropometric variance that can occur in this area of 
the body. They suggested creating easy-to-adjust garments that would 
allow user to wear the garments outside of the clinical environment. To 
this endeavor, we have developed a set of calf and thigh garments that 
can provide dynamic compression for therapeutic relief. In addition, we 
have also developed a tension switch design that allows for independent 
control of compression stages, and hands-free power switching of the 
actuators to provide constant tension / pressure without the need for 
precision power control.

Methods
   Designing a new prototype: This new SMA-CG was developed with 
multiple considerations, including: designing a well-fitting garment, 
accommodating usability, and building a control mechanism for the 
tensions exerted upon the leg. Differences in the design between the 
previous iteration and the current version of our SMA-CG are presented 
in Table 1. The primary difference from earlier prototypes is that our 
current prototype applies compressive forces to the calves and thighs 
with several independently attached horizontal rows of SMA coils, 
whereas previous garments utilized long coils integrated into the 
garment in a serpentine pattern. In the newest iteration, tension is 
generated directly by the SMA actuators constricting around the leg; in 
previous iterations, the actuators were used as tensioning devices to 
tighten a passive fabric around the leg. 

Table 1. Differences between garment by Duvall et al. [4] 
and new prototype version.

V3 - Duvall et al.  [4] New prototype 
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Proto- 
type 

 

 

SMA 
coil 
design 

Two SMA actuator regions 
(each region consists of a 
singular SMA coil held in a 
serpentine pattern). 

Independent rows of 
SMA coil. Each coil, 
connected with snaps, 
horizontally wraps 
around the anterior 
leg. 

SMA 
fixture 

Fiberglass tape Snaps; fiberglass tape 

Control 
System 

None (manually controlled) Passive tension 
switches limit each 
actuator (circuit 
breaks above critical 
tensions, regardless of 
applied power) 

 

 
Figure 1. The full garment (right leg: all three layers donned; left leg: 

inner and middle layers donned). 
 

Garment design: Our current system is comprised of two 
thigh garments and two calf garments (Figure 1). When inactive, the 
thigh garments are held in place by being connected to a pair of shorts, 
while the complex shape of the calf allows the garment to remain on the 
leg without the need of additional support. Further, each of these four 
garments is made of a three-layer system (See Figure 2). The innermost 
layer protects the leg from the heat generated by the SMA coil actuators, 
and helps distribute the force circumferentially. We used 
polytetrafluoroethylene (Teflonª) sheets for the outermost surface of 
this inner layer, providing a heat resistant surface that allows for the 
actuators to compress easily. A strip of fiberglass ribbon tape is sewn 
down vertically in the center of this Teflonª surface, with several open 
channels (7 channels for each calf and 5 channels for each thigh), to 
route the actuators around the anterior side of the legs and keep them in 
place.  
 

 
Figure 2. Inner comfort layer (left), middle actuator layer (center),  

and outer protective layer (right) of a calf garment. 
 

The middle layer forms a partial sleeve that covers the 
posterior side of the legs. The left and right sides of this middle layer 
are connected together using the SMA coils, which loop through the 
fiberglass tape channels on the anterior side of the legs. Architecturally, 
the middle layer exists separate from (but looped through) the inner 
layer, in the same way a belt loops through the waistband of a pair of 
pants. This enables the two layers to remain in alignment, without 
physically inhibiting the middle layer from constricting during 
actuation. Finally, the third, outermost layer acts as a cover for the 
system, protecting the actuators from outside forces and protecting the 
user/environment from the heat generated by the actuators. This outer 
layer attaches directly onto the innermost layer along the top edge and 
the bottom edge with hook-and-loop fastener tape. (The left and right 
sides of the outer layer are left unattached, so that the middle layer can 
easily compress.) 
 SMA actuators: The actuators are formed from 0.012Ó 
diameter NiTi alloy wire coiled into a spring of 0.048Ó outer diameter. 
Annealing the actuator for 10m at 400¡C sets its shape. The result is an 
SMA spring that returns to its original shape when heated to 70¡C 
(nominal actuation temperature). Heating is accomplished by way of the 
joule effect, where a current passing through a resistive element 
produces heat 
    For the garment, each actuator was stretched to 200% of the original 
length and cut to lengths corresponding to the different circumferences 
along the leg. A female snap at both ends of each actuator provides easy 
attachment to the garment.   
    Coil-integration: In our garment design, each SMA coil actuator is 
connected in a parallel circuit configuration (Figure 3). 
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Figure 3. Circuit diagram. 

(Thigh garment: x = 5; Calf garment: x = 7) 
 

When connected to a single power supply, current flows 
through each branch and powers the actuators. Each actuator is then 
heated with electric current, producing compressive forces with its 
martensite-to-austenite phase transformations [3], just like in previous 
SMA-CGs [4]. The amount of compressive force exerted on the body, 
however, is capped at a  certain equilibrium level during the repetitive 
phase changes with the aid of a tension switch described below. 
 

 
Figure 4. (a) Tension switch (left); 

 (b) Switch mechanism (right) 
   Tension control: Tension switches were designed for this garment to 
enable hands-free control over the tension output of the actuators 
(Figure 4). These switches were 3D-printed with NinjaFlex¨ flexible 
filament, a semi-extensible thermoplastic polyurethane material. Inside 
each switch, two small copper plates were held in the center slit and 
each copper plate was soldered to wire. By default these copper plates 
are touching each other, completing the circuit. When the attached 
actuators exert enough axial force to separate the slit, the circuit breaks 
and stops providing power to the actuator. Once the actuators cool (and 
subsequently relax), the elastic potential of the switch releases and the 
slit closes, bringing the copper plates back into contact and the circuit 
re-closes (Figures 4b and 5). This becomes a cyclical process, which 
allows for a constant, yet even pressure to be exerted onto the leg, 
without requiring precise circuit or power control (i.e., the actuator can 
be continuously Òover-poweredÓ, which would ordinarily create 
excessive tension in the garment -- with this architecture the system will 
stabilize at the equilibrium tension required to elastically open the 
switch, as long as the applied power is at least sufficient to create said 
tension). 
 

 

 
Figure 5. (a) Theoretical behavior of tension switch (top);  

(b) Measured behavior of tension switch (bottom) 
 

In the garment, these switches (7 for the calf and 5 for the 
thigh) were sewn onto one side of the garmentÕs middle layer, so that 
they are aligned on the lateral sides of the legs when worn. Each SMA 
coil actuator connects -- in series -- with a tension switch, and also to 
the other side of the middle layer with metal button snaps. Using button 
snaps allows users to re-extend the actuators more accurately and also 
allows for easy removal of the actuators (if necessary). In addition, 
having fully removable actuators allows for easy replacement of the 
actuators should they break or malfunction, which was not easily 
accomplished in the previous iterations of SMA-CGs [4]. 

To assess our garment design, we first examined the powered 
system with a thermal imaging camera, using the built-in temperature 
scale to estimate the heat generated. We then tested the tension switch 
system using an Instron 5544 tensile tester to measure the applied force 
over time and a Fluke 8846A to measure the resistance of the tension 
switch over time. 

3 Results 
Thermal protection: Now, we wish to verify the garmentÕs 

operation with a thermal imaging camera in Figure 6. 
As a metric, the temperature of the calf was taken before 

putting on the garment and again before powering the garment. 
Comparing the temperatures of the leg before and after heating, there is 
an increase of about 2 degrees Celsius from the hottest portion of the 
leg, but a difference of approximately 5 degrees Celsius at the lower 
calf. Although the leg was slightly heated, the garment protects the 
wearer from the higher temperatures of the actuators. To obtain a current 
of about 0.5 A in each of the 7 actuators, we have used the following 
power conditions:5.7 V and 3 A. 
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        (a)                              (b) 

 
       (c)          (d) 

Figure 6. (a) Thermal image of bare calves without garment; 
(b) Thermal image of calf garment without power; 

(c) Thermal image of calf garment at max temperature;  
(d) Thermal image of calf directly after doffing calf garment. 

 
 Tension switch behavior: The measured behavior of the 
tension switch (Figure 5b) was confirmed to match the theoretical 
design (Figure 5a). However, to further validate the operation of our 
tension switch design for repeated usage, we applied a cyclical load on 
the tension switch, evaluating the amount of tension necessary for the 
switching. The results confirmed a binary switching pattern of 
resistance corresponding to the cyclic changes in tension, as shown in 
Figure 7. 
 

 
Figure 7. Tension switch behavior during cyclic load testing 

4 Interpretation 
 By developing our current SMA-CG design, we have 
achieved a more controllable and easy-to-use system layout. Not only 
does the new electrical layout of our design allow for a more even 
distribution of compression, but our passive feedback system via tension 
switches allows for a tension level that theoretically stays constant 

through time without active sensing or management of the applied 
power. This feature enhances the operating procedure, aiding the 
possibility of in-home adoption. For instance, the tension switch design 
may prevent users from applying an incorrect amount of power, thereby 
overheating the SMA coils beyond optimal capacity. 
 The current garment design is now planned to be validated for 
medical use. Laboratory testing of applied pressures is planned for 
November 2018, with human subject pilot testing will planned for early 
2018 at the Mayo Clinic. This testing will serve to assess the medical 
viability of the system: subjects will be subjected to a series of 
controlled tilts and their biometric response (e..g, heart rate, blood 
pressure, stroke volume) will be collected. Furthermore, the garment 
will be developed as a fully contained self-powering system in future 
iterations, incorporating low temperature SMA actuators to minimize 
the power demands of actuation. Such improvement would place the 
system closer to at-home use environments, and push it further toward 
an easy-to-use, consumer-friendly direction. 
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