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Countermeasure garments are worn by all NASA crew during Earth reentry, landing, and 

egress to mitigate lower body blood pooling, which can contribute to orthostatic intolerance 

(OI) and impair a crew member’s ability to complete critical landing tasks. The likelihood of 

cardiovascular deconditioning increases with mission duration; therefore, countermeasure 

garments are a critical safeguard to astronaut health as we push the bounds of space 

exploration into 3+ year missions (e.g., Journey to Mars). Current on-body compression 

technologies are either a mobility hazard, such as tethered, inflatable compression systems, or 

cumbersome due to their static design, such as undersized, elastic garments. Active-

contracting fabrics enable an alternative solution – compression garments that can be donned 

in a low-pressure, relaxed configuration and contract and stiffen in response to small changes 

in temperature. This work presents a preliminary investigation of the design of an actuating 

compression garment for astronauts using high-force, low-temperature actuator fabrics in 

parallel with passive elastic fabrics to form a mechanically antagonistic wearable system. This 

mechanically antagonistic wearable system is conceptually defined and built in the form of a 

prototype calf sleeve with two goals in mind. First, we present the first implementation of a 

new design methodology and use strategy to observe the functional challenges of this 

compression garment system. Secondly, we present system performance data to identify areas 

of the design process that require refinement and/or additional research. The resulting trial 

run paves the way for future prototype advancements in aerospace and terrestrial domains. 

Nomenclature 

𝐶 = cross-sectional circumference 

∆𝑝𝑐𝑎𝑙 = calculated change in pressure 

∆𝑡𝑜𝑏𝑠 = observed change in unit tension 

𝛿𝐴 = active fabric displacement 

𝛿𝐴,𝑋𝐴
 = active fabric displacement in an active equilibrium state 

𝛿𝐴,𝑋𝑃
 = active fabric displacement in a passive equilibrium state 

𝛿𝐹 = passive fabric displacement 

𝛿𝐹,𝑋𝐴
 = passive fabric displacement in an active equilibrium state 

𝛿𝐹,𝑋𝑃
 = passive fabric displacement in a passive equilibrium state 

휀𝐹,𝑋𝐴
 = passive fabric strain at which unit tension reached active equilibrium system tension 
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𝐿𝐴0 = active fabric unstretched length 

𝐿𝐹0 = passive fabric unstretched length 

p = circumferential pressure 

𝑝𝑋𝐴
 = pressure in an active equilibrium state 

𝑝𝑋𝐴,𝑐𝑎𝑙 = calculated pressure in an active equilibrium state 

𝑝𝑋𝑃
 = pressure in a passive equilibrium state 

𝑝𝑋𝑃,𝑐𝑎𝑙 = calculated pressure in a passive equilibrium state 

r = cross-sectional radius 

SMA = shape memory alloy 

𝑡 = unit tension, or force per unit width 

𝑡𝐴,40℃ = active fabric unit tension at 40˚C 

𝑡𝐴,20℃ = active fabric unit tension at 20˚C 

𝑡𝑃,−70℃ = passive fabric unit tension at -70˚C 

𝑡𝑃,−10℃ = passive fabric unit tension at -10˚C 

𝑡𝑋𝐴
 = unit tension in an active equilibrium state 

𝑡𝑋𝐴,𝑜𝑏𝑠 = observed unit tension in an active equilibrium state 

𝑡𝑋𝑃
 = unit tension in a passive equilibrium state 

𝑡𝑋𝑃,𝑜𝑏𝑠 = observed unit tension in a passive equilibrium state 

w = fabric width 

XP = passive equilibrium state 

XA = active equilibrium state 

I. Introduction 

OUNTERMEASURE garments are worn by all NASA crew during Earth reentry, landing, and egress to assist 

the body to accomplish venous return upon re-exposure to Earth’s gravity environment.1 By assisting venous 

return through positive pressure, these lower-body compression garments mitigate orthostatic intolerance symptoms, 

such as dizziness and fainting, preserving a crew member’s ability to complete critical mission tasks.2 Approximately 

20-60% of astronauts experience pre-syncope symptoms after short-duration spaceflight (less than a month) and up to 

83% of astronauts experience these symptoms after 4-6 month of spaceflight exposure.3 Additionally, women, who 

will have greater representation within the astronaut population in future missions, are five times more likely than 

men to experience orthostatic intolerance symptoms post-spaceflight.4 These clinical studies suggest countermeasures, 

like orthostatic intolerance garments, are essential to protect crew health and safety after long-duration missions, such 

as the Journey to Mars (3+ year total mission length), upon exposure to +Gz acceleration during Earth reentry and 

landing as well as several days after spaceflight as the body readapts to Earth’s constant gravity environment.2,3  

 During the Shuttle era, astronauts wore a pneumatic compression garment, the anti-gravity suit (AGS), during 

Earth reentry that was pressurized to 1.5 psi (78 mmHg).5 NASA researchers are currently exploring a passive, elastic 

compression garment alternative that applies gradient compression from 55 mmHg at the ankle to 16 mmHg at the 

abdomen, called the gradient compression garment (GCG), for future Orion missions to eliminate some of the risks 

of pneumatic systems, such as system failure points, large metabolic loading, and mobility impairment.6,7 The GCG, 

and other passive elastic compression garments, are simple mechanical systems that preserve mobility and reduce 

metabolic cost;6 however, the simplified approach eliminates dynamic capabilities, which enable (1) don/doff in an 

unpressurized state, (2) extended wear in an unpressurized state (i.e., before landing activities begin) and (3) garment 

adaptation to body dimensional changes (i.e., limb volume loss). The GCG is physically strenuous to don and, once 

around the body, exerts full pressure – even when landing activities do not begin for 1-48 hours and compression is 

not needed during that time. Additionally, if an astronaut’s lower body dimensions change while in spaceflight from 

fluid or muscle gain/loss, the static GCG dimensions may result in over- or under-pressurization, respectively. 

Consequently, there is a need for innovation that would enable a dynamic, untethered compression garment with an 

uninhibited range of motion to mitigate metabolic loading. 

 This research addresses the inherent functional flaws of pneumatic and passive elastic compression technologies 

by investigating an alternative approach. We propose the use of active-contracting fabrics, which are traditional fabric 

structures composed of smart materials that contract in response to a stimulus, in the design of new countermeasure 

garments. Specifically, we investigate shape memory alloy (SMA) knitted actuators, which are knitted fabric 

structures composed of thermally-responsive smart materials (i.e., SMA). When wrapped around the body, active-
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contracting fabrics would enable a countermeasure garment to be worn in a low-pressure, relaxed configuration and 

contract to apply medical compression on-demand. We present the first implementation of a new design methodology 

and use operation for this actuating countermeasure garment to observe the functional challenges of this dynamic, 

skin-tight garment.8,9 Secondly, we present system performance data to verify the developed design process and 

identify design methods that require refinement and/or additional research. Unlike static compression garments that 

exert a reduced pressure around the body with limb volume loss resulting from microgravity (or increase pressure 

with limb volume gain resulting from new exercise regimes), dynamic compression garments can compensate for 

dimensional change by constricting or relaxing the embedded smart materials. The resulting trial run paves the way 

for new wearable systems that can contract on demand for astronaut countermeasure post-spaceflight. 

A. Shape memory alloy (SMA) knitted actuators for dynamic compression 

SMAs are a type of smart material that transitions between two material states – an easily deformable martensite 

state (passive state) and a highly stable austenite state (active state) - in response to changes in temperature.10 This 

thermomechanical coupling enables SMA to exhibit the shape memory effect, referring to the material’s ability to 

recover applied deformation with an increase in temperature.10 Within the framework of compression garment design, 

the shape memory effect enables a garment to be easily pulled over the body in a deformable, passive state and, with 

an increase in temperature, stiffen to apply active, controllable medical compression. Nearly equiatomic nickel-

titanium is a type of SMA frequently used in actuator design due to commercial accessibility. Flexinol®, (Dynalloy, 

Inc), for example, can recover 2-5% material strains and is available with an actuation temperature of 70˚C or 90˚C. 

Prior work used 70˚C Flexinol® in the design of SMA spring actuators to accomplish actuation strokes over 100%.11 

When these SMA springs are wrapped around the body, actuation stroke is inhibited, translating blocked forces to 

compressive pressure up to 257 mmHg around a 60 cm circumference.11,12  

SMA knitted actuators are another actuator geometry consisting of a single SMA filament deformed into a weft 

knit fabric structure composed of repeating knit stitches.13 SMA knitted actuators can accomplish strokes up to 50% 

and active force per unit width up to 211 N/m, suitable to apply medical compression for many wearable aerospace 

applications – notably post-spaceflight countermeasure garments.8 These fabric-based actuators offer improved 

pressure distribution compared to prior SMA spring actuators.12 Additionally, fabric-based actuators can be locally 

tuned to produce a single garment with mechanically actuatable, graded compression (e.g., higher medical 

compression at the ankle and lower medical compression at the thigh).14 This work synthesizes prior investigations of 

the functional properties of SMA knitted actuators and explores systems-level prototyping for a dynamic astronaut 

countermeasure garment incorporating these active-contracting fabrics. 

B. Mechanically Antagonistic Compression Garment Design 

 Due to their fabric structure, SMA knitted actuators could be used to compose a fully-knit, actuating 

countermeasure garment. To reduce system mass, cost, and complexity, we propose connecting active-contracting 

fabrics in series with passive elastic fabrics to form a mechanically antagonistic design. Guided by prior work by 

Holschuh et al., the antagonistic design is defined by two fabrics with distinct stress-strain behaviors joined 

mechanically in series around a given body circumference.15 If one or both of these conjoined materials is a mechanical 

actuator, these antagonistic garments alternate between multiple equilibrium states – notably an active equilibrium 

 
Figure 1. Mechanically antagonistic compression garment concept. An antagonistic garment is composed of 

a passive and an active fabric joined mechanically in series and stretched around the body. Active fabric stiffness 

changes in response to temperature change; therefore, the garment alternates between a passive and active 

equilibrium state (𝑿𝑷; 𝑿𝑨), accomplished through passive and active fabric displacements (𝜹𝑭; 𝜹𝑨) in relation to 

passive and active fabric unstretched lengths (𝑳𝑭𝟎; 𝑳𝑨𝟎). Figure adapted from Holschuh et al., 2015.15 
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state (𝑋𝐴) and a passive equilibrium state (𝑋𝑃) – defined by the change in stiffness/length of the actuator and the 

associated stretch response of the conjoined passive material. Figure 1 depicts the antagonistic design concept, defined 

by Holschuh et al. through a two-spring model, used as the foundation for this research.15 

While the mechanically antagonistic compression garment design has been previously developed and validated 

with SMA spring actuators around a cylinder, this work presents three innovations: (1) SMA spring actuators are 

replaced with SMA knitted actuators with improved spatial actuation, (2) high-temperature SMA materials (70˚C 

Flexinol,® Dynalloy, Inc.) are replaced with a custom, low temp SMA chemistry that enables full actuation at 40˚C 

(i.e., the maximum allowable touch temperature according to NASA Man-System Integration Standards), and (3) the 

two-spring model developed by Holschuh et al. for a single circumference is integrated into traditional garment design 

methods to enable full-garment prototyping and demonstrate gradient compression in an actuating garment.9,15,16 The 

purpose of this study is to evaluate the developed design methods through a calf-sleeve prototype.  

II. Methods 

The methods developed to design the mechanically antagonistic, actuating countermeasure garment aim to 

accomplish gradient, actuatable compression in a low-profile calf sleeve prototype. For this demonstration, we 

designed the garment to apply gradient compression between 5 mmHg at the knee to 40 mmHg at the ankle, 

demonstrating a large range of dynamic compression control. The medical compression level is determined by the 

dimensions and mechanical properties of the garment as well as the dimensions of the body that has donned the 

garment. Following the hoop stress equation, as body circumferential radius (r) increases, fabric force per unit width, 

or unit tension (𝑡) must also increase to maintain a circumferential pressure (𝑝).17 

𝑝 [Pa] =
𝑡 [

𝑁
𝑚

]

𝑟 [𝑚]
 

(1) 

Consequently, the research methods used to develop a mechanically antagonistic compression garment prototype 

define body dimensions, specifically circumferences (𝐶), before approaching mechanical design.18 While Equation 1 

assumes that the human body is composed of static, rigid cylinders rather than dynamic, compliant, and non-cylindrical 

shapes, the equation provides a quick means of comparing performance between systems and approximating on-body 

compression capabilities. These assumptions produce a pressure estimation that is likely higher than what would 

actually be experienced by a human body. An anthropometric analysis is followed by the experimental characterization 

of active and passive fabrics to observe fabric unit tension (𝑡) in relation to changes in fabric strain and temperature. 

A mechanically antagonistic system, specifically a system composed of two different fabrics connected in series 

around a circumference, is proposed by applying anthropometric and fabric datasets to a simplified two-spring model. 

Novel methods of patternmaking and fabrication were developed to accomplish the design. The mechanical properties 

of the developed prototype were then experimentally investigated and compared to prototype design requirements to 

verify the design methods.  

A. Anthropometry analysis to determine design requirements 

 Body dimensions from the knee to the ankle were gathered from one subject 

to begin the design of the custom compression garment prototype. Seven 

circumferences were gathered by first identifying key body regions while the 

subject assumed a standing posture. A black marker and a t-square were used to 

draw a circumference around the knee (1), calf (3), and ankle (7), each 

perpendicular to the floor. (1) The knee circumference was defined as directly 

below the patellar tendon, under the patella. (3) The calf circumference was 

defined by the apex of the gastrocnemius muscle from a profile view. (7) The 

ankle circumference was defined as the minimum leg circumference. A second 

circumference (2) was taken halfway between the knee and the calf 

circumferences with a gray marker. Three additional circumferences (4-6) were 

drawn in gray between the calf and the ankle circumferences to partition the lower 

leg into quadrants. Once the body was marked (see 1-7, Figure 2), a measuring 

tape was used to gather each circumference. Distances between the measured 

circumferences were gathered to aid in patternmaking.  

 
Figure 2. Anthropometric 

data. Seven circumferences 

were collected from the leg. 
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B. Experimental characterization of active and passive fabrics 

Active and passive fabrics used in the design of the mechanically antagonistic, actuating countermeasure garment 

prototype were experimentally investigated before garment construction to obtain mechanical performance data for 

the individual system components. This data is required to design garments that exert tailored forces around the body. 

 

1. Materials and manufacturing 

 A high-tension power net fabric, commonly used to make compression garments, was characterized for use in the 

prototype. The passive fabric was doubled in thickness and cut into 7 cm x 16.5 cm fabric swatches. Three samples 

were prepared, each oriented in different grain directions (see Figure 3), to evaluate the mechanical performance in 

the warp, weft, and bias orientations. Additionally, two SMA knitted actuators were manufactured on a Taitexma TH-

860 manual knitting machine in 15 course by 15 wale sample sizes with identical knitted loop lengths. The SMA 

filaments used in all samples (i.e., NiTi#4) had a wire diameter of 0.127 mm and was developed by Fort Wayne 

Metals. The approximate actuation finish temperature was 30˚C and the approximate inactive temperature was -70˚C. 

The first sample was fabricated with one SMA filament only, while the other was fabricated by feeding two SMA 

filaments into the knitting machine simultaneously. Figure 3 depicts design variations of passive and active fabrics. 

 

2. Experimental setup 

 All characterization was conducted on a standard tensile testing machine (Instron #3365) housed in a thermal 

chamber, which was connected to a liquid nitrogen tank. The tensile testing machine was equipped with a 25-lb load 

cell and pneumatic side-action grips, which were pressurized to 60 psi. Passive fabric samples were grasped directly 

with the pneumatic grips and evaluated without the thermal chamber in ambient room temperature. The active fabric 

samples were evaluated within the thermal chamber and were held in place with a custom, mechanical couple grasped 

with the pneumatic grips to apply uniform pull forces to the samples. This mechanical setup is depicted in Fig. 3 and 

detailed in prior work.9  

 

3. Experimental method 

A pullout test was conducted on passive fabric samples at room temperature to observe the force response to 

increasing fabric length. Each sample was strained until the reaction force reached 20 N, or 400 N/m, a value that 

produces over 80 mmHg around a cross-section with a circumference of 23 cm and was therefore higher than those 

required in this prototype. Active fabric samples underwent an alternative experimental characterization method – a 

displacement-control test, sometimes called an active blocking-force thermal test – that evaluated active fabric unit 

tension change as a function of temperature. Each active fabric sample was strained to 50% in relation to the sample’s 

actuated length at zero load. The sample, locked at 50% actuator strain, was exposed to three thermal cycles between 

40˚C (active temperature, 10-minute hold) and -70˚C (passive temperature, 5-minute hold). The same procedure was 

subsequently conducted at 75% actuator strain. At the end of each test, active forces and passive forces were each 

averaged across three thermal cycles to produce an average active and average passive force for each strained length. 

These average force values were translated into average active and average passive unit tension values 

(𝑡𝐴,40˚𝐶;  𝑡𝑃,−70˚𝐶) for each strained length by normalizing average force values by actuator width (𝑤).  

 
Figure 3. Test setup and passive and active fabric samples. A powernet fabric was tested in a double-layered 

arrangement in three configurations: weft (sample 1), bias (sample 2), and warp (sample 3). Two SMA knitted 

actuators were manufactured with a SMA wire with a 0.127 mm diameter and an actuation temperature of 31˚C. 

Both were manufactured in 15 course by 15 wale geometries with identical loop lengths and one or two SMA 

filaments.  
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C. A simplified two-spring model 

A simplified two-spring model was used to guide the mechanically antagonistic compression garment design 

process.15 The seven leg cross-sections were initially treated as discrete regions with 5 cm widths, which was the 

approximate spacing between measured body circumferences. An antagonistic system stretched around the body 

requires the cross-sectional circumference (𝐶) to have the following relation with individual fabric units, 

 

𝐶 =  𝐿𝐹0 + 𝛿𝐹 + 𝐿𝐴0 + 𝛿𝐴 

(2) 

including the passive fabric unstretched length (𝐿𝐹0), the active fabric unstretched length (𝐿𝐴0), the passive fabric 

displacement (𝛿𝐹), and the active fabric displacement (𝛿𝐴). See Figure 1. Because the antagonistic system transitions 

between a passive equilibrium state (𝑋𝑃), or a stress-strain balance while the actuator is inactive, and an active 

equilibrium (𝑋𝐴), or a stress-strain balance while the actuator is actuated, active and passive fabric displacement is 

relative to these equilibrium states (𝛿𝐹,𝑋𝑃
, 𝛿𝐴,𝑋𝑃

;  𝛿𝐹,𝑋𝐴
, 𝛿𝐴,𝑋𝐴

), as is system unit tension (𝑡𝑋𝑃
;  𝑡𝑋𝐴

).  

With a known circumference (𝐶) and a desired active pressure (𝑝), Equation 1 can be used to determine system 

unit tension (𝑡) requirements for a given cross-section in an active equilibrium state (𝑋𝐴). Once active unit tension 

requirements are determined for a given cross-section, the active equilibrium state (𝑋𝐴) can be designed to accomplish 

a desired active pressure (𝑝) around a cross-sectional circumference (𝐶) by choosing an active fabric with sufficient 

active unit tension (𝑡𝐴,40˚𝐶) and by manipulating the relationship between the active and passive fabric units within the 

antagonistic system. Equation 4 describes system unit tension as a nonlinear function of both passive and active fabric 

displacement (𝛿) as well as the system equilibrium state (𝑋).  

 

𝑡 = 𝑓 (𝛿, 𝑋) 

(3) 

Through experimental data collection, that active fabric has a known unstretched length (𝐿𝐴0) and a known 

displacement (𝛿𝐴), or actuator strain, required to accomplish the desired active unit tension. Passive fabric unstretched 

length (𝐿𝐹0) and passive fabric displacement in an active equilibrium state (𝛿𝐹,𝑋𝐴
) can then be determined by 

identifying (within experimentally collected data) the passive fabric strain at which unit tension reaches active 

equilibrium state unit tension (휀𝐹,𝑋𝐴
). 

 

𝛿𝐹,𝑋𝐴
=  𝐿𝐹0 ∗  휀𝐹,𝑋𝐴

 

(4) 

The active and passive fabric displacement in a passive equilibrium state (𝛿𝐴,𝑋𝑃
;  𝛿𝐹,𝑋𝑃

) around the same cross-

sectional circumference (𝐶) can be solved by using a known passive equilibrium state (𝑡𝑃,−70℃) from experimental 

active fabric characterization and solving the same Equations 2-4. While the system displacement kinematics are 

designed around unit tension in an active equilibrium state, the system’s passive equilibrium state unit tension and 

pressure can be determined by returning to Equation 1. 

D.  Compression garment prototype patternmaking and fabrication 

 Garment patternmaking methods were grounded in values calculated through the two-spring model. A draping 

procedure was first used to determine the volumetric form of the calf. Draping is a garment patternmaking procedure 

used to obtain a 2D pattern from a 3D shape by wrapping non-stretch fabric (2D) around the body (3D). A non-stretch 

fabric was formed around the lower leg with dressmaking pins and marks were made to indicate garment edges and 

connection points. The fabric was then unpinned from the body and laid flat to form a flat pattern. This flat pattern 

was traced onto paper and subdivided into active and passive fabric regions, each requiring different sets of 

patternmaking methods, described below. The powernet pattern pieces were then joined to the SMA knitted actuator 

panel through a lockstitch seam, which does not inhibit garment mechanical stretch. Figure 4 summarizes the prototype 

patternmaking and fabrication procedure. 

 

1. Patternmaking method for active fabric region 

 The active fabric region was developed through flatbed knit patterning methods. The number of knitted courses 

that composed the active fabric samples (i.e., 15 courses) was not modified due to SMA knitted actuator scaling laws, 

specifically, actuator forces do not increase with added courses.19 The number of knitted wales per cross-sectional 

region was determined by scaling sample width data (i.e., 15 wales) to a 5 cm width, which was the spacing between 
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circumferential cross-sections. The knit pattern requirements for each of the seven cross-sections were then combined 

to form one knit pattern. The final pattern was fabricated using a Taitexma TH-860 manual knitting machine. 

 

2. Patternmaking method for passive fabric region 

 The passive fabric region was developed through stretch fabric patternmaking methods. Rather than designing 

garment dimensions to match body dimensions, stretch fabric patternmaking reduces garment dimensions to force the 

garment to stretch over the body. Rather than applying a standard dimensional reduction percentage (e.g., shrink by 

20%), the patternmaking techniques incorporate the passive fabric unstretched length (𝐿𝐹0) for each cross-section, 

determined through Equations 2-4, which assume a certain stretch (𝛿𝐹) around a body circumference (𝐶). The length 

of the passive fabric panels was determined through the draping procedure.  

E. Experimental characterization of compression garment prototype 

Experimental characterization methods were guided by industry-standard methods used to verify medical 

compression and compare compression garments sold on the consumer market.20 Three garment cross-sections - (1) 

knee, (3) calf, and (7) ankle - containing passive and active fabric regions were constructed according to the design 

specifications developed through the two-spring model. Experimental characterization was conducted with a tensile 

testing machine housed within a thermal chamber, described in Subsection B2. The prototype cross-sections were 

threaded through two parallel bars, which enabled the tensile testing machine to apply tensile forces to the prototype 

sleeve with free rotation and with minimal friction. The grips were displaced so that the sample was stretched to match 

a body circumference (𝐶). Each sample was exposed to the following procedure: (1) Once fixed at a displacement, 

each sample was cooled to −70℃ and held for 10-minutes to observe passive unit tension (𝑡𝑃,−70℃). (2) The sample 

was then warmed to −10℃ to observe passive unit tension upon exiting a standard freezer (𝑡𝑃,−10℃) and held for 10-

minutes. (3) The temperature was increased to 40℃ and held for 5-minutes to observe active unit tension (𝑡𝐴,40℃). (4) 

The temperature was then decreased to 20℃ and held for 10-minutes to observe active unit tension in room 

temperature  (𝑡𝐴,20℃). Active and passive equilibrium state unit tension was translated into passive and active 

equilibrium state pressure (𝑝𝑋𝑃
, 𝑝𝑋𝐴

) according to Equation 1 to predicted system mechanical properties. 

III. Results and Discussion 

A. Mechanical design requirements 

The lower leg dimensions gathered through the anthropometric procedure are depicted in Table I. Table I also 

presents the mechanical design requirements for the compression garment prototype calculated through Equation 1. 

In order to accomplish the target compression of 5-40 mmHg from the knee to the ankle, the garment must reach 

active unit tension values from 48-191 N/m.  

 
Figure 4. Patternmaking flowchart for compression garment prototype. A flat pattern was created for the calf 

sleeve through garment draping methods. The flat pattern was partitioned into three parts – an active fabric region 

located at center front and two passive fabric regions on either side that joined at center back. The active fabric 

region was patterned using flatbed knitting patternmaking methods. The passive fabric regions were patterned 

using stretch fabric patterning methods. All three regions were joined with a lockstitch seam. 
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B. Mechanical properties of passive and active fabrics 

The pullout testing performed on the passive fabric samples produced unit tension-strain data for each grain 

direction, depicted in Figure 5a. While all fabric orientations present approximately equivalent stiffness below 50 

N/m, the weft orientation was stiffest within the required unit tension value (i.e., 48-191 N/m, see Table I). The 

displacement-control tests performed on active fabric samples are depicted in Figure 5b. The results show active unit 

tension at 40˚C (𝑡𝐴,40˚𝐶) do not increase considerably from passive unit tension at -70˚C (𝑡𝑃,−70˚𝐶); however, unit 

tension does substantially increase between heating and cooling between these temperatures (~10˚C). Additionally, 

unit tension values at temperatures specific to the application provided better approximation of tension increase while 

in use. Passive unit tension at -10˚C (𝑡𝑃,−10˚𝐶) approximates a use-scenario in which these garments are pulled out of 

a standard freezer when ready to be used. Active unit tension at 20˚C after being heated to 40˚C (𝑡𝐴,20˚𝐶) approximates 

a use scenario in which these garments would be heated to 40˚C to fully actuate and then left to cool to ambient room 

temperature (20˚C). The results show that once these active fabrics are heated, they remain fully active upon 

equilibrating with room temperature – presenting a reduced power actuation strategy compared to materials that 

require continue heat to maintain actuation. Figure 5c represents actuator strain in relation to these application-specific 

unit tension values, which ranged from 25-136 N/m and 52-194 N/m for passive and active unit tensions 

(𝑡𝑃,−10˚𝐶;  𝑡𝐴,20˚𝐶), respectively. Table II provides a summary of these collected data along with standard error 

calculated across three thermal cycles.  

 
Figure 5. Experimental characterization of passive and active fabrics. (a) Pullout test with a double-layered 

powernet fabric in three orientations: weft, bias, and warp. (b) Displacement-control test with two SMA knitted 

actuators at 50% and 75% structural strain. Passive unit tension at −70˚C (𝑡𝑃,−70˚𝐶) and active unit tension at 40 ˚C 

(𝑡𝐴,40˚𝐶), material-specific unit tension values, were less useful than unit tension values at temperatures specific to 

the application, including passive unit tension at −10˚C (𝑡𝑃,−10˚𝐶), the unit tension of the active fabric when it is 

removed from the freezer, and active unit tension at 20˚C (𝑡𝐴,20˚𝐶), the unit tension of the active fabric after it has 

been warmed to 40˚C and cooled back to room temperature. (c) Active fabric unit tension for each stretched length 

in relation to actuator strain. 

Table I. Design requirements determined through anthropometric data. Summary of circumferences 1-7 

gathered from one subject for a custom compression garment prototype. Each measured circumference (𝐶) was 

assigned a target active equilibrium state pressure (𝑝𝑋𝐴
) to demonstrate gradient compression. Equation 1 was 

used to calculate the active equilibrium state unit tension (𝑡𝑋𝐴
) required to meet those pressures.  

Location (x-axis) 𝑪 [cm] 𝒑𝑿𝑨
 [mmHg] 𝒕𝑿𝑨

 [N/m] 

1: Knee 37.0 6 48 

2 38.8 7 61 

3: Calf 39.4 9 77 

4 36.5 12 94 

5 31.0 17 112 

6 25.6 26 143 

7: Ankle 23.0 39 191 
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C. Simplified two-spring model 

The results of the two-spring model calculations are depicted in Table III. An active fabric composed of 2 SMA 

filaments was used in circumferences 4-7 to reach high active unit tension requirements (i.e. 94-191 N/m) while an 

active fabric composed of 1 SMA filament was used in circumferences 1-3 (48-77 N/m). Some active unit tension 

requirements paired well with the collected active fabric performance data (e.g., ankle, 𝑡𝑋𝐴
= 191 𝑁𝑚−1; 2 SMA ε = 

70%, 𝑡𝐴,20℃ = 194 𝑁𝑚−1); however, some unit tension requirements were between active unit tension observed in 

testing (e.g., cross-section 4). In these instances (indicated by an asterisk in Table III), active fabric strain was 

approximated based on experimental characterization. Strain values other than 50% and 75% were not included in the 

compression garment prototype analysis. To achieve gradient compression the results show actuator displacement 

must increase down the length of the garment to accomplish higher actuation unit tension. Passive fabric displacement 

must increase (𝛿𝐹) and unstretched length must decrease (𝐿𝐹0) along the length of the garment to match the unit tension 

required of the active equilibrium state.  

D. Countermeasure garment prototype design 

The mechanically antagonistic compression garment prototype is depicted in Figure 6a. The result is a low-profile, 

skin-tight garment composed of a passive elastic fabric and SMA knitted actuators connected in series around the 

circumference of the leg. The garment opens and closes at the center front with a separating zipper. The front zipper 

allows the passive and active fabrics to be strained as the garment is zipped up the front. Three garment cross-sections, 

identical to the knee, calf, and ankle regions of the full prototype were also fabricated in 5 cm widths for 

characterization. These garment cross-sections were actuated within a thermal chamber. The full garment can be 

actuated in future demonstration through resistive heating or contact heating methods. Due to the material behavior 

depicted in Figure 5, the compression garment prototype only needs momentary heat and, once at room temperature, 

remains fully active. The garment is doffed through the zipper release and placed in a sub-zero chamber to return the 

active-contracting fabric to a passive equilibrium state before reuse.  

Table II. Results of SMA knitted actuator experimental characterization. Data collected during experimental 

characterization included actuator width (𝑤) for each stretched length, passive unit tension at -10˚C (𝑡𝑃,−10˚𝐶), the 

active unit tension at 20˚C after heating to 40˚C (𝑡𝐴,20˚𝐶), and change in tension between active and passive unit 

tension (∆𝑡). 

 w [m] 𝒕𝑷,−𝟏𝟎˚𝑪 [N/m] 𝒕𝑨,𝟐𝟎˚𝑪 [N/m] ∆𝒕 [N/m] 

1 SMA, 𝜺 = 𝟓𝟎% 0.048 25 ± 1 52 ± 3 27 

1 SMA, 𝜺 = 𝟕𝟓% 0.038 45 ± 2 79 ± 3 34 

2 SMA, 𝜺 = 𝟓𝟎% 0.048 67 ± 2 109 ± 5 42 

2 SMA, 𝜺 = 𝟕𝟓% 0.038 136 ± 4 194 ± 9 58 

 

Table III. Garment patterning specifications according to two-spring model. Active fabric samples, with 

known active fabric unstretched lengths (𝐿𝐴0) and active equilibrium state displacement (𝛿𝐴,𝑋𝐴
), were chosen for 

each body circumference based on active equilibrium state unit tension requirements (𝑡𝑋𝐴
). Equations 2-4 were 

used to calculate the passive fabric unstretched length (𝐿𝐹0) and displacement in an active equilibrium state (𝛿𝐹,𝑋𝐴
) 

for each cross-sectional circumference (𝐶) by identifying passive fabric strain at which unit tension matches the 

active equilibrium state unit tension (휀𝐹,𝑡𝑋𝐴
). Astricks (*) indicate approximated values between experimental data. 

Location 𝑪 [cm] Active fabric 𝒕𝑿𝑨
  

[𝑵/𝒎] 

𝑳𝑨𝟎  
[cm] 

𝜹𝑨,𝑿𝑨
 

[cm] 

𝜺𝑭,𝒕𝑿𝑨
 

[%] 

𝑳𝑭𝟎  
[cm] 

𝜹𝑭,𝑿𝑨
 

[cm] 

1: Knee 37.0 1 SMA, ε = 50% 52 2.4 1.2 9 30.6 2.8 

2 38.8 1 SMA, ε = 60%* 61* 2.4 1.4 10 31.8 3.2 

3: Calf 39.4 1 SMA, ε = 75% 79 2.4 1.8 12 31.4 3.8 

4 36.5 2 SMA, ε = 40%* 95* 2.2 0.9 14 29.3 4.1 

5 31.0 2 SMA, ε = 50% 109 2.2 1.1 17 23.9 3.8 

6 25.6 2 SMA, ε = 60%* 138* 2.2 1.3 21 18.3 3.8 

7: Ankle 23.0 2 SMA, ε = 75% 194 2.2 1.7 24 14.4 4.8 
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E. Mechanical properties of countermeasure garment prototype 

The results of the prototype characterization procedure are depicted in Figure 6b-c. The results verify actuatable 

and graded unit tension was achieved across the length of the prototype. The observed active unit tension was 88 N/m, 

104 N/m, and 227 N/m for the knee, calf, and ankle, respectively. These observed values were 25-36 N/m larger than 

expected; however, pressure in each body region was only 3-8 mmHg higher than the intended design (see Table IV). 

Based on active fabric properties (see Table II), the change in unit tension from a passive to an active equilibrium state 

was expected to be 27 N/m (5 mmHg), 34 N/m (4 mmHg), and 58 N/m (12 mmHg) for the knee, calf, and ankle, 

respectively. The compression garment prototype accomplished unit tension change of 13 N/m (1 mmHg), 41 N/m (4 

mmHg), and 67 N/m (14 mmHg) for the knee, calf, and ankle, respectively. These results show good agreement in 

designed pressure change in all areas of the garment except the knee. The results also show that the increase in unit 

tension upon cooling from 40˚C to 20˚C, observed during active fabric characterization, is not maintained in the two-

spring system.  

The results suggest that a future dynamic compression garment could function according to the following 

theoretical operation. (1) The garment is pulled around the body in a low-compression state, (2) is momentarily heated 

to initiate actuation, and (3) remains fully active upon cooling to equilibrate with the temperature of the user’s skin. 

(4) The garment is doffed through a zipper release and placed in a sub-zero chamber to return the garment to an 

inactive material state for re-use. The dynamic compression garment is designed to exhibit highly hysteretic behavior, 

such that that system simultaneously (i) produces a substantial force change in response to small increases in 

temperature (i.e., ±5˚C) upon actuation and (ii) produces a stabilized force in response to larger thermal changes (i.e., 

±10˚C) post-actuation. This combination gives the user enhanced compression control upon donning and actuating 

the garment, while also ensuring that post-actuation - and upon using the garment – the force-pressure applied to the 

user will not be affected by user/environmental temperature swings. Because SMA performance is highly hysteretic 

(see Fig. 5b), both a steep change in unit tension upon heating and a unit tension stabilization/plateau upon cooling is 

 
Figure 6. Experimental characterization of prototype cross-sections. (a) Calf sleeve prototype, side and front 

views. (b) The prototype was warmed from -70˚C to -10˚C (10-minute-hold) to observe passive unit tension 

(𝑡𝑃,−70˚𝐶;  𝑡𝑃,−10˚𝐶). The garment was then warmed to 40˚C (5-minute hold) and cooled to 20˚C (10-minute hold) 

to observe active unit tension (𝑡𝐴,40˚𝐶;  𝑡𝐴,20˚𝐶). (c) The observed unit tension values are compared to unit tension 

values predicted in the simplified two-spring model. 

Table IV. Prototype properties compared to two-spring model prediction. Predicted active equilibrium state 

unit tension (𝑡𝑋𝐴
) was less than observed active equilibrium state unit tension (𝑡𝑋𝐴,𝑜𝑏𝑠) at all cross-sections. This 

overperformance is also present when comparing target active equilibrium state pressure (𝑝𝑋𝐴
) and calculated 

active equilibrium state pressure (𝑝𝑋𝐴,𝑐𝑎𝑙). Observed change in unit tension (∆𝑡𝑜𝑏𝑠) between passive and active 

equilibrium states and calculated change in pressure (∆𝑝𝑐𝑎𝑙) between passive and active equilibrium state are 

noted. 

Location 𝒕𝑿𝑨
 

[N/m] 

𝒕𝑿𝑨,𝒐𝒃𝒔 

[N/m] 

𝒕𝑿𝑷,𝒐𝒃𝒔 

[N/m] 

∆𝒕𝒐𝒃𝒔 

[N/m] 

𝒑𝑿𝑨
 

[mmHg] 

𝒑𝑿𝑨,𝒄𝒂𝒍 

[mmHg] 

𝒑𝑿𝑷,𝒄𝒂𝒍 

[mmHg] 

∆𝒑𝒄𝒂𝒍 

[mmHg] 

1: Knee 52 88 75 13 6 11 10 1 

3: Calf 79 104 63 41 9 12 8 4 

7: Ankle 194 227 160 67 39 47 33 14 
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achievable. As shown in Fig. 6b, once the garment has been actuated by heating to 40˚C, garment pressures/forces 

remain stable through cooling back to room temperature (T = 20˚C). This data suggests that small temperature swings 

(i.e., from 20˚C to 40˚C) from raised body temperature (e.g., exercise, stress) or raised environmental temperatures 

will not impact the medical compression provided once the garment is actuated. In fact, the data shows that the 

compression level will remain stable until the garment is removed from the body through the zipper release and cooled 

below -10˚C (freezer temperature). While this force stabilization behavior post-actuation is desirable, future work will 

seek an SMA material that also exhibits a steeper increase in force between room temperature (20˚C) and the 

maximum heating temperature (40˚C) to enable more compression control in response to increases in temperature. As 

shown in Fig. 6b, the current system exhibits only a small change in unit tension between heating from 10˚C and 40˚C, 

and force stabilization thereafter. Increasing the generated unit tension between these two temperatures would enable 

compression to be regulated by heating the fabrics to 35˚C for a lower compression or 40˚C for a higher compression. 

While an upper body liquid cooling garment (LCG) is part of the Orion Crew Survival Suit (OCSS) to maintain 

thermal comfort during Earth reentry and landing, the garment would only aid in mitigating large increases in skin 

temperature inside the suit, which have been found to reach 36˚C without the LCG.21 The major challenges with 

implementing this actuation strategy are (i) the fire hazards associate with heating on board a spacecraft, even if 

momentary and (ii) the inability to decrease compression while wearing the garment. Future work will seek new 

actuation strategies that will enable controllable increase, decrease, and stabilization in system force as well as low-

power methods of raising fabric temperature. While additional research is required to increase the fidelity of the 

presented prototype, this proof-of-concept investigation suggests that dynamic compression garments for astronauts 

are within reach, a technology that could also be leveraged for terrestrial medical compression garments to improve 

donning and user comfort. 

 

IV. Conclusion 

This work presents the first dynamic and controllable compression garment that takes a skin-tight form (see Figure 

6a). The prototype demonstrates (1) SMA knitted actuators can be used in the design of a mechanically antagonistic, 

actuating countermeasure garment and accomplish dynamic, gradient compression. (2) A simplified two-spring 

model, previously developed for SMA spring actuators, can be used in combination with SMA knitted actuator 

experimental data to design a compression garment that performs in close agreement with the model. (3) Low-

temperature SMA actuator filaments can be used in place of high-temperature SMA filaments (i.e., 70˚C Flexinol®) 

and accomplish dynamic control below 40˚C, a temperature safe for momentary human skin contact. (4) The two-

spring model can be integrated into standard stretch knit and flatbed knitting garment patternmaking methods to 

engineer a countermeasure garment with tailored, gradient, and actuatable compression. Characterization of the 

developed prototype revealed a number of design methods that require improvement. The knee cross-section exhibited 

little unit tension increase between active and passive states, likely due to unintentional active fabric damage while 

connecting active and passive fabrics. As shown in Table II, active fabric width narrows in response to length-wise 

structural strain; therefore, active fabrics had to be physically tensioned while being joined to their passive fabric 

counterpart. This tensioning was accomplished by suspending the active fabrics vertically under an applied load and 

hand-stitching the passive and active fabrics together. Once, connected, the joined fabrics were securely connected 

with a lockstitch machine seam. The knee cross-section was the first sample fabricated and was likely over-tensioned 

in the process of developing the described joining technique. Over-tensioning SMA knitted actuators is known to 

cause plastic deformations that permanently inhibit actuation performance.19 

All characterized cross-sections produced passive and active unit tension greater than those predicted in the two-

spring model (see Table IV). This over performance is presumably due to the zipper, which took up approximately 

1.5 cm of each cross-sectional circumference, as well as passive and active seam overlap, which likely reduced both 

fabric unstretched lengths. Added material stiffness and reduced fabric unstretched length are both known to increase 

passive and active system equilibrium unit tension. Future work should modify the two-spring model to incorporate 

non-fabric regions (e.g., zippers) and seam overlap.  

Prototype characterization also revealed a large increase in system unit tension between -70˚C and -60˚C. It is 

likely that the tensile properties of the passive fabric, which was only tested at room temperature, not in system 

operation temperatures (i.e., -70˚C to 40˚C), are partially temperature-dependent. Future work should experimentally 

characterize passive fabrics within the temperature range in which the countermeasure garment will operate. Passive 

fiber thermal expansion behavior could be minimized to allow active fabric full dynamic control. Alternatively, 
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passive fiber thermal expansion behavior could be exploited to further decrease passive equilibrium state unit tension 

and further increase active equilibrium state unit tension. 

This research demonstrates that active-contracting fabrics can be used in the design of mechanically antagonistic, 

actuating countermeasure garments that exhibit gradient, controllable, and dynamic compression. Future work will 

seek to refine the developed design methods and seek modifications to active fabric architectures to enable greater 

pressure changes between passive and active equilibrium states. This work paves the way for actuating countermeasure 

garments for astronauts as well as many other applications, such as high-performance aircraft countermeasures or 

terrestrial medical compression garments.  
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