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R E S E A R C H  A R T I C L E

     C
ompression garments serve many useful purposes for 

millions of people in their everyday lives. Beyond their 

traditional use as treatments for lymphedema,  7   venous 

insuffi  ciency,  10   burn injuries,  29   and other medical/cosmetic/

athletic applications,  11   compression therapies can serve as 

critical life support devices in battlefi eld scenarios,  21   as well as 

protect astronauts in space against the vacuum environment  24   

and prevent orthostatic intolerance once they return to 

Earth.  25 , 27 , 28   A specifi c example of high-performance extreme 

environment compression garments — mechanical counterpres-

sure (MCP) space suits such as the Space Activity Suit (1971) 

and the MIT BioSuit ™  (2005-present) — are high-mobility space 

suits designed to protect astronauts during extravehicular 

activity (EVA) by imparting 29.6 kPa counterpressure across 

the entire body in the vacuum of space (upwards of 10 3  the 

typical compression required of a medical grade compression 

stocking).  19 , 31 , 32   

 Compression garments typically take one of two forms: a pas-

sive garment, undersized relative to the wearer, that produces 

compression due to stretching of the garment once donned (e.g., 
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    Bradley T.     Holschuh    ;     Dava J.     Newman           

    INTRODUCTION:   Compression garments tend to be diffi  cult to don/doff , due to their intentional function of squeezing the wearer. This is 

especially true for compression garments used for space medicine and for extravehicular activity (EVA). We present an 

innovative solution to this problem by integrating shape changing materials — NiTi shape memory alloy (SMA) coil 

actuators formed into modular, 3D-printed cartridges — into compression garments to produce garments capable of 

constricting on command. 

   METHODS:   A parameterized, 2-spring analytic counterpressure model based on 12 garment and material inputs was developed to 

inform garment design. A methodology was developed for producing novel SMA cartridge systems to enable active 

compression garment construction. Five active compression sleeve prototypes were manufactured and tested: each 

sleeve was placed on a rigid cylindrical object and counterpressure was measured as a function of spatial location and 

time before, during, and after the application of a step voltage input. 

   RESULTS:   Controllable active counterpressures were measured up to 34.3 kPa, exceeding the requirement for EVA life support 

(29.6 kPa). Prototypes which incorporated fabrics with linear properties closely matched analytic model predictions 

(4.1%/ 2 10.5% error in passive/active pressure predictions); prototypes using nonlinear fabrics did not match model 

predictions (errors  . 100%). Pressure non-uniformities were observed due to friction and the rigid SMA cartridge 

structure. 

   DISCUSSION:   To our knowledge this is the fi rst demonstration of controllable compression technology incorporating active materials, 

a novel contribution to the fi eld of compression garment design. This technology could lead to easy-to-don compres-

sion garments with widespread space and terrestrial applications.   

  KEYWORDS:   extravehicular activity  ,   mechanical counterpressure space suit  ,   orthostatic intolerance  ,   wearable technology  ,   shape 

memory alloys  . 
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a typical, commercially available, medical-grade stocking, or the 

Russian Kentavr, worn by cosmonauts to prevent orthostatic 

intolerance);  25   or an infl atable sleeve that fi lls with pressurized 

gas to squeeze the wearer once donned [e.g., intermittent pneu-

matic compression sleeves used to improve circulation, or the 

NASA infl atable antigravity suit (AGS), also used to prevent 

orthostatic intolerance].  7 , 25   Because they are designed to inten-

tionally squeeze the wearer, compression garments can be either 

bulky/cumbersome (if using bladders/pumps) or diffi  cult to 

don/doff  (if the user is required to stretch an undersized stock-

ing over their limbs), limiting their ultimate usability. For these 

reasons, compression garment design will greatly benefi t from 

modern wearable technology, specifi cally shape-changing mate-

rials (sometimes referred to as artifi cial muscles),  23   which if 

strategically integrated into a garment may enable active manip-

ulation of the garment materials with low mass and low bulk. 

Previous research has identifi ed shape memory alloy (SMA) 

coil actuators as ideal materials for use in actively controlled 

compression garments like MCP space suits for planetary 

exploration of the Moon or Mars.  16 , 17 , 24   In this paper, we expand 

on previous research on this topic and present the design and 

development of a novel active compression system using SMA 

actuators integrated into a simplistic cuff -like garment. We fi rst 

present an expanded analytic model for compression garments 

incorporating SMA actuators; then we present the develop-

ment of modular, 3D-printed SMA actuator cartridges neces-

sary for design implementation; and fi nally, we demonstrate 

the ability of the garment to produce dynamic, controllable 

counterpressure at levels suffi  cient for MCP exploration activities, 

suggesting a new design frontier for compression garments. 

 SMA spring actuators contract when heated due to solid 

state martensite-to-austenite phase transformations  2 , 20 , 22   and 

have been shown to produce large forces and displacements 

with spring diameters as small as 1.24 mm.  14 , 17 , 26   SMAs have 

been previously integrated into wearable garments  1 , 6 , 33   and 

have even been demonstrated in compression garment set-

tings.  17   NiTi is the most commonly used SMA material, though 

a variety of alloys exist that exhibit this functionality.  22   

 Th e most basic architecture to produce a compression gar-

ment using SMA coil actuators is a hybrid confi guration: a 

passive fabric strip, connected at the seam to SMA actuators, 

forming a circular cuff  structure that can be wrapped circum-

ferentially around an object (see     Fig. 1  ).  15 , 17   As the actuators 

trigger, the cuff  constricts, stretching the passive fabric and 

producing tension that imparts a pressure to the underlying 

object.     

 We previously suggested this architecture concept and 

derived an analytic model to predict passive and active counter-

pressures based on 12 design variables.  15 , 17   Specifi cally, active 

and passive pressures ( P   P   and  P   A  ) are calculated using the fol-

lowing equations (see     Table I   for defi nitions and typical values 

of each parameter): 
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Using these equations, it is possible to design compression 

garments to achieve any number of performance requirements 

by tailoring specifi c garment characteristics (e.g., maximizing 

active counterpressure with minimum passive counterpressure 

for a given passive elastic material, maximizing percentage fab-

ric coverage or minimizing garment thickness for a minimum 

pressure active pressure target, etc.). Select design studies have 

been previously detailed.  15       

 We further develop these equations to identify designs specifi -

cally tailored for MCP space suit applications. Th e three prevail-

ing design requirements for MCP suits — 0 kPa passive pressure 

(for easy donning/doffi  ng), 29.6 kPa active pressure (for EVA life 

  
 Fig. 1.        Illustration of hybrid SMA compression sleeve concept, combining a 

passive fabric strip with several SMA spring actuators. This architecture was pre-

viously proposed in Holschuh and Newman  15   and Holschuh et al.  17      

 Table I.        Analytical Pressure Production Model Inputs and Outputs, with 

Typical Values Presented for a 1-cm Wide Active Sleeve Sized for a Human 

Thigh.  

  PARAMETER UNITS TYPICAL VALUE DESCRIPTION  

  C  – 3 SMA spring index (D/d) 

 d m 305 * 10  2 6 SMA wire diameter 

 E Pa 1.4 * 10 6 Passive fabric Young ’ s 

Modulus 

  e  Smax  – 3 Maximum SMA de-twinned 

extensional strain 

 G A Pa 25 * 10 9 SMA austenite shear 

modulus 

  h  – 0.9 SMA spring packing density 

 L F0 m 27 * 10  2 2 Passive fabric unstretched 

length 

 L S0 m 8 * 10  2 2 SMA twinned-martensite 

length 

 n a  – 8 Number of parallel 

actuators in system 

 r m 9.5 * 10  2 2 Limb radius 

  t m 4.9 * 10  2 3 Passive fabric material 

thickness 

 w m 1 * 10  2 2 Passive fabric axial width 

  D X System m 24.7 * 10  2 2 Unstretched system closure 

gap (2 p r  2  (L S0  + L F0 )) 

 P P Pa 1.85 * 10 3 Passive counterpressure 

 P A Pa 54.5 * 10 3 Active counterpressure  

   Holschuh and Newman (2015).  15     
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support), and thickness less than 5 mm (for wearability) — can be 

used to set constraints on Eqs. 1 and 2. For a hypothetical thigh 

compression sleeve designed with the garment parameters pre-

sented in  Table I , we can simultaneously vary the SMA twinned 

length (L S0 ), the unstretched fabric length (L F0 ), and the material 

thickness ( t ), to generate contours of constant passive and active 

pressure that meet these requirements using Eqs. 1 and 2. Th is is 

shown in     Fig. 2  : the lighter surface represents the complete 

design space that produces a garment with 0 kPa passive pres-

sure; the darker surface represents the complete design space that 

produces a garment with 30-kPa active pressures. Th e intersec-

tion of the contours in  Fig. 2  (identifi ed by the black curve) is a 

3-dimensional curve which represents the complete matrix of 

design solutions D (i.e., every L S0 , L F0 , and  t  triad) that satisfi es 

all MCP design requirements. Mathematically, we express this 

3-dimensional curve by parameterizing Eqs. 1 and 2 for each 

dimension (L S0 , L F0 , and  t ) using a chosen parameter (  t  ): 
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       METHODS  

    Prototype Construction 

 A critical fi rst step in developing active compression garments 

using SMA actuators is to design a packaging solution for the 

SMA actuators themselves. While individual actuators have 

been shown to produce sizable forces when exposed to an 

applied voltage,  17   the magnitude of force required for MCP 

applications can only be achieved when several actuators are 

aligned in parallel. In such a confi guration, it is advantageous to 

minimize the wasted space between actuators (i.e., to pack 

them as close together as possible) because this maximizes the 

total force produced per unit width (producing the greatest 

counterpressure). However, this introduces new design chal-

lenges: preventing the actuators from short-circuiting; suffi  -

ciently fi xing the actuators in place to prevent structural failure 

(e.g., an actuator breaking free) during activation (especially at 

high tension/pressure levels); and successfully pairing the actu-

ators to the passive fabric. 

 A cartridge-style SMA structure incorporating a singular, 

extended, and de-twinned SMA spring into 3D-printed end 

caps and a central spacer was developed to address this issue 

(see     Fig. 3  , top left  panel, for an example of this design). In this 

confi guration, one SMA spring is laced between two end caps 

and one central spacing element 12 times, resulting in an actua-

tor with 12 eff ective parallel springs that are equally spaced. 

Because the cartridge is comprised of a singular actuator 

(instead of 12 individual actuators), both electrical conductivity 

and actuator structural integrity are guaranteed (i.e., the series 

circuit cannot be compromised unless the actuator wire breaks 

and no actuators can individually pull free of the structure, bar-

ring failure of the wire or end cap structure itself). Further, 

given the fl exibility in design of the 3D-printed end caps, a 

variety of designs are possible for pairing the cartridge to the 

adjoining passive fabrics.     

 Two methods for manufacturing these cartridge actuators 

were developed based on current additive manufacturing capa-

bility: a single-plastic method, where the SMA actuator is fully 

encased in homogeneous ABS plastic end caps in a single step, 

achieved by pausing the 3D printing build phase part-way 

through the process to embed the actuator (created using a Stra-

tasys Fortus 250mc printer; Stratasys, Ltd., Eden Prairie, MN); 

and a multiplastic method, where end-cap insets are prefabri-

cated using a high temperature plastic (such as Stratasys ULTEM* 

  
 Fig. 2.        Two-spring model output for theoretical thigh sleeve. Surfaces repre-

senting contours of constant pressure are shown for the 0-kPa passive pressure 

condition and the 30-kPa active pressure condition. The line formed by the 

intersection of these surfaces represents the design space that satisfi es both 

EVA life support requirements and simple donning/doffi  ng requirements.    

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-05-13 via free access



AEROSPACE MEDICINE AND HUMAN PERFORMANCE Vol. 87, No. 2 February 2016  87

ACTIVE MCP GARMENTS FOR SPACE — Holschuh & Newman

9085) and the SMA spring is loosely laced through these pieces 

then fi nished in ABS end-cap superstructures (created using 

both Stratasys Fortus 400mc and Stratasys Fortus 250mc print-

ers). An example of a cartridge produced using the single-plastic 

method (including the lacing-step midway through the print 

process), is included in  Fig. 3 , bottom left  panel, and an example 

of this cartridge, paired with a passive fabric to form a 3.8-cm 

wide (1.5 ” ) cuff -like sleeve, is shown pre- and post-activation in 

 Fig. 3 , right two panels. All SMA cartridges used in this study 

were produced using the multiplastic method, which was found 

to have greater thermal stability than the single-plastic method.   

 Procedure 

 Nine counterpressure tests were conducted using fi ve diff erent 

cuff -like sleeve prototypes that were produced in house (span-

ning a variety of design parameters, enumerated in detail in 

    Table II  ). Each sleeve was comprised of a passive fabric section 

paired with a SMA multiplastic actuator cartridge containing 

12 SMA actuator segments. Sleeves were made from one of two 

materials (jumbo spandex or generic spandex), with a variety of 

lengths and layers (enumerated in     Table III  ). Two SMA car-

tridges, one for the set of jumbo spandex tests and a second for 

the set of generic spandex tests, were manufactured and tested.         

 Th e following protocol was implemented for each test: a 

sleeve was donned on a PVC cylinder ( r   5  5.7 cm) and passive 

and active pressures were measured as a function of time and 

spatial location before, during, and aft er the application of a 

voltage step input (tests were conducted at room temperature). 

Consistent power settings (20.3 V, 0.6 A, 12.2 W, corresponding 

to the maximum power setting that could be accommodated by 

the SMA cartridge before structural failure) were used for each 

test, and power was applied for approximately 60 s to allow the 

system to achieve steady state. Passive and active pressure data 

were collected using a Novel Pliance pressure system (Novel 

Electronics, Inc., Munich, Germany) with a custom S2075 Pli-

ance pressure sensor mat (15.24 cm  3  15.24 cm sensor with 

256 sensing pixels organized into 16 rows and 16 columns, a 

  
 Fig. 3.        Modular, 3D-printed SMA cartridge concept, prototype, and activation stroke. Top left: SMA cartridge concept with 3D printed end caps and central spacer. 

Bottom left: 2.5 cm (1 ” ) wide single-plastic SMA cartridge prototype, with cut away of end cap structure shown. Cartridge is comprised of a single SMA actuator laced 

between end caps midway through the 3D printing process, creating a modular cartridge structure with several parallel actuators. Top and bottom right: 3.8 cm (1.5 ” ) 

multiplastic SMA cartridge paired with passive fabric in a cuff -like sleeve confi guration, shown pre- and post-activation (compression stroke illustrated in dark grey). 

Prototypes produced and tested in this study were of comparable size and confi guration to this cuff .    

 Table II.        Summary of Design Parameters for Prototype Jumbo and Generic 

Spandex Tourniquet Prototypes Used in Tests 1-8.  

  PARAMETER TESTS 1-4 TESTS 5-8  

  Spring Index C 3 3 

 SMA Wire Diameter d 305  m m 305  m m 

 Fabric Type Jumbo Spandex Generic Spandex 

 Fabric Modulus E 0.81 MPa 0.20 MPa 

 Maximum SMA Extensional 

Strain  e  Smax 

3 3 

 SMA Shear Modulus G A 7.5 GPa 7.5 GPa 

 Packing Density  h 0.9 0.9 

 Unstretched Fabric Length L F0 20.3-22.9 cm 21.4-22.9 cm 

 SMA Twinned Length L S0 2.1 cm 1.9 cm 

 Number of Actuators n a 12 12 

 Local Radius r 5.7 cm 5.7 cm 

 Fabric Layers 5-7 5-7 

 Total Sleeve Thickness  t 3.5-4.9 mm 3.5-4.9 mm 

 Fabric Width w 3.8 cm 3.8 cm  
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range of 2-200 kPa and accuracy  . 95% of the measured value). 

Tests were conducted with the pressure sensor placed in one of 

two possible regions: centered exactly opposite the SMA actua-

tor cartridge (defi ned as the  “ far-fi eld ”  region); or centered 

exactly underneath the SMA actuator cartridge (defi ned as the 

 “ near-fi eld ”  region). Th e full set of experimental parameters 

(prototype number, sensor location, and any test modifi cations) 

selected for each test are also included in  Table III . No human 

subjects were tested in this experiment. 

 Two test pairings (1/2 and 5/7) were repeated tests with the 

same prototype, with low friction modifi cations (i.e., petro-

leum jelly liberally applied between the sleeve and the PVC 

pipe) implemented on the repeated test. Th is was done to 

determine the eff ect of friction on the spatial pressure profi le. 

Subsequent tests incorporated the low-friction modifi cation 

from the outset, once friction eff ects were determined to be 

problematic (see the Results and Discussion for more infor-

mation on this eff ect). Test 9, which reused the prototype 

from tests 1-2, was conducted to push the system to mechani-

cal failure to assess both the maximum pressure possible 

given current manufacturing techniques and to identify failure 

modes of the system for future improvement. For this test, the 

same power settings (20.3 V, 0.6 A, 12.2 W) used in previous 

tests were fi rst applied to the system at t  5  15 s; this power was 

increased at t  5  90 s to 27 W (30.0 V, 0.9 A).     

 RESULTS 

 Th e results from these tests are summarized in     Table IV  .  “ Far-

fi eld ”  active pressures were measured up to 34.3 kPa, with 

increases ranging from 55.5 to 151.1% over their starting pas-

sive pressures. Settling times (defi ned as the time required for 

the powered system to achieve 90% of the steady state active 

pressure value) ranged from 9 s to 49 s. Th e analytical model 

accurately described the performance of the jumbo spandex 

sleeve (with average passive pressure errors  5  4.1% and average 

active pressure errors  5   2 10.5%), but failed to accurately 

describe the performance of the generic spandex sleeve (with 

average passive pressure errors  5   2 135.5% and average active 

pressure errors  5   2 168.4%).     

 Th e data from two specifi c tests shown in     Fig. 4   — test 3 (a 

low-friction jumbo spandex test) and test 9 (the maximum pres-

sure test) — exemplify the performance seen in all other tests. In 

the left  plot (test 3), the average sleeve pressure (i.e., the average of 

all sensor elements at a given time step) is presented as a func-

tion of time, with 95% confi dence intervals included, for the 

complete  “ far-fi eld ”  region. Power onset and removal triggers are 

identifi ed, and passive and active pressure estimates are also pre-

sented, and were calculated based on experimentally determined 

fabric and SMA values. In the right plot (test 9), the same data is 

presented with each power step input identifi ed. We identify the 

pressure thresholds necessary for a MCP exploration space suit 

(29.6 kPa) and the maximum pressure magnitude achieved (34.3 

kPa). Th e cartridge ultimately failed at t  5  139 s.     

 In general, the system dynamics are consistent with expec-

tations and with the known voltage-force displacement behav-

ior of SMA actuators (e.g., immediate rise in pressure aft er 

the voltage step input, equalizing to a steady state value, fol-

lowed by a slow decay once power is removed). We see in the 

jumbo spandex test that the analytic pressure production 

model accurately predicts both passive pressure (error  5  

 2 0.5%) and active pressure 

(error  5   2 13.6%). The steady 

state pressure value depends 

on and, therefore, can be con-

trolled by, the magnitude of 

power applied to the system. 

Th is is consistent with expecta-

tions, as the SMA force-response 

maps directly to a wide tem-

perature band,  17   and the sys-

tem temperature maps directly 

to a wide power input band. 

 Th is power dependency is 

captured analytically through 

 Table III.        Summary of Test Parameters for Nine Active Tourniquet Characterization Tests.  

  TEST PROTOTYPE NUMBER MATERIAL L F0  (cm) LAYERS SENSOR LOCATION MODIFICATIONS  

  1 1 Jumbo Spandex 20.3 5 Far-fi eld None 

 2 1 Jumbo Spandex 21.6 5 Far-fi eld Reduced friction 

 3 2 Jumbo Spandex 22.3 5 Far-fi eld Reduced friction 

 4 3 Jumbo Spandex 22.9 3 Far-fi eld Reduced friction 

 5 4 Generic Spandex 21.4 5 Far-fi eld None 

 6 4 Generic Spandex 21.4 5 Near-fi eld None 

 7 4 Generic Spandex 21.4 5 Far-fi eld Reduced friction 

 8 5 Generic Spandex 22.9 7 Far-fi eld Reduced friction 

 9 1 Jumbo Spandex 21.6 5 Far-fi eld Maximum power  

 Table IV.        Active Sleeve Test Results: Average Passive and Active  “ Far-Field ”  Pressures and Model Errors.  

  TEST MEASURED P P  (kPa) MODEL ERROR MEASURED P A  (kPa) MODEL ERROR  

  1 18.6  6  1.1 1.1% 29.0  6  5.7  2 17.1% 

 2 14.3  6  1.3 1.3% 24.8  6  3.0  2 18.0% 

 3 12.6  6  0.9 -0.5% 21.9  6  2.5  2 13.6% 

 4 13.0  6  0.6 14.5% 21.5  6  1.7 6.8% 

 Average Error 4.1% Average Error  2 10.5% 

 5 16.7  6  1.8  2 305.1% 27.1  6  5.8  2 324.8% 

 6 10.9  6  5.5 N/A 18.0  6  10.8 N/A 

 7 8.3  6  0.8  2 102.6% 14.9  6  2.7  2 133.4% 

 8 4.2  6  0.7 1.1% 10.5  6  1.0  2 47.1% 

 Average Error  2 135.5% Average Error  2 168.4% 

 9 16.3  6  1.3 34.3  6  4.2   
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the SMA shear modulus term, which varies depending on the 

relative martensite-austenite ratio in the material. Of additional 

interest is the spatial variability of the pressure profi le before 

and aft er activation. Th is data is presented in     Fig. 5   and repre-

sents data collected over two diff erent tests (to provide a full 

360° picture of the pressure distribution). In this fi gure, average 

pressure vs. spatial location for both active and passive steady 

state pressures are presented (with each radial position corre-

sponding to the average pressure at that sensor element loca-

tion). A top-down view of the sleeve orientation, including the 

relative placement of the SMA cartridge, is also provided.     

 In the  “ near-fi eld ”  region, we clearly see pressure distor-

tions caused by the SMA cartridge structures in the lower 

hemisphere, producing three large pressure spikes (correspond-

ing to the two end caps and the center spacing structure), as 

well as under-pressures generated in the gaps between these 

structures (where the SMA actuators only slightly contact the 

surface). Interestingly, we see that the left  SMA end cap shift s 

one location counterclockwise during activation, indicative of 

the SMA cartridge contraction stroke. Th e  “ far-fi eld ”  pressure is 

more continuous, though still variable (with lower pressures 

measured exactly opposite the SMA cartridge). Th e variability 

in the  “ far-fi eld ”  data is indicative of unequal stretching of the 

sleeve system due to high friction.   

 DISCUSSION 

 Th e analytic pressure model assumes linear fabric stress-strain 

behavior; however, it was noted during initial fabric character-

ization tests and selection that only the jumbo spandex behaved 

linearly (up to 200% stretch), while the generic spandex behaved 

nonlinearly at as low as 40% stretch.  18   As shown in  Table IV , 

the model produced accurate results when describing linear 

fabric systems with a stable modulus (e.g., jumbo spandex), 

and produced large errors when nonlinear fabrics were used 

(e.g., generic spandex). Th is issue is particularly clear when 

examining the results from Test 5 (generic spandex with no 

friction modifi cations): the extremely nonlinear behavior of the 

fabric, coupled with the high friction between the sleeve and 

the sensor/pipe, created local areas of extreme stretching (and 

therefore extremely nonlinear stress-strain responses), creating 

much higher pressures than the model predicted (resulting in 

errors  . 300%). 

 The SMA cartridge design introduces significant and 

unavoidable variabilities in the  “ near-fi eld ”  spatial pressure dis-

tribution. Namely, it creates over-pressures at the locations of its 

structures and under-pressures both at the actuator locations 

and at the fabric locations immediately adjacent to the cartridge 

end caps. Th ese discontinuities do not exist in the  “ far-fi eld, ”  

where we observe highly continuous pressure distributions. 

Th is implication is signifi cant from a design perspective; it is 

critical that the footprint of the SMA cartridge be minimized to 

minimize this  “ near-fi eld ”  eff ect. Modifi cations to the SMA car-

tridge design or the introduction of a padded undergarment to 

better distribute the point loads may prove helpful in minimiz-

ing this eff ect. 

 To quantitatively judge the variability in the passive and 

active spatial pressure distributions in the  “ far-fi eld, ”  normal-

ized residuals were calculated at each sensor element location 

for all tests (the Novel sensor contained 16 sensor element col-

umns across its span, which we number 1-16 according to the 

convention presented in     Fig. 6  ). Th ese residuals (calculated as 

the diff erence between the steady-state pressure measurement 

at a given sensor element and the average  “ far-fi eld ”  sleeve pres-

sure for that test normalized by the average pressure) enable us 

to visualize global spatial variance trends and to determine 

whether nonzero correlations exist between sensor element 

number and passive and/or active counterpressure. Th e results 

  
 Fig. 4.        Average  “ far-fi eld ”  pressure vs. time for two representative sleeve tests. 

Left: 5-layer, low friction jumbo spandex sleeve average pressure vs. time over 

an approximate thigh radius for a 20.3-V voltage step input, with 95% confi -

dence intervals. Predicted active and passive pressures are included based on 

estimated fabric modulus. Right: jumbo spandex sleeve average far-fi eld pres-

sure vs. time over the same radius for multiple voltage step inputs (20.3 V, 30.0 V), 

with 95% confi dence intervals.    

  
 Fig. 5.        Example of spatial variability of passive and active pressures (visualized 

as a top-down view, with the SMA cartridge located in the lower hemisphere). 

 “ Near-fi eld ”  refers to the region under and near the SMA cartridge;  “ Far-fi eld ”  

refers to the region opposite the SMA cartridge. Pressure vs. spatial location is 

shown (with each radial position corresponding to the average pressure at that 

sensor element location). Contours of constant pressure, including the approxi-

mate target pressure (30 kPa), are identifi ed.    
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of this analysis are aggregated for all  “ far-fi eld ”  tests and are pre-

sented in both panels of  Fig. 6 . Best-fi t estimates for each data 

set (passive and active pressure, low- and high-friction test 

setup) are also provided.     

 No statistically signifi cant eff ects ( P   ,  0.05) are observed 

between sensor element groups (1-3, 7-10, and 13-16) in the 

passive pressure data: the normalized residuals are uncorrelated 

with spatial location for both the low- and high-friction tests. 

However, signifi cant eff ects ( P   ,  0.05) are observed in the 

active pressure data when comparing the same sensor element 

groups: pressure is statistically lowest at the center of the fi eld 

(sensor elements 7-10) and highest at the edges (sensor ele-

ments 1-3 and 14-16), and this is true in both the low- and 

high-friction tests. 

 We see some evidence that friction modifi cations aff ect the 

spatial pressure profi le as judged by the aggregate normalized 

residual values in the active pressure condition (i.e., the best-fi t 

line of the low-friction dataset is less skewed than the best-fi t 

line of the high-friction dataset); however, the statistically sig-

nifi cant eff ects previously observed were still present in both 

high- and low-friction conditions for all but one pairing 

(between sensor element groups 1-3 and 7-10 in the low-

friction tests). Th ese fi ndings may suggest that the addition of 

a lubricant contributes to a more uniform pressure distribu-

tion during activation, but is insuffi  cient on its own to mitigate 

the full nonuniformity in sleeve tension as the fabric stretches. 

 Mitigating the observed spatial pressure variability likely 

requires a reduction in friction between the sleeve and the 

underlying object. Th is is a problem that is intrinsic to pressure 

garments: friction is a function of both normal force and the 

local coeffi  cient of friction, and pressure garments by defi nition 

seek to apply large normal forces to the wearer (in order to 

impart pressure). Th erefore, to mitigate high friction and, 

therefore, increase pressure uniformity while still maintaining 

large normal forces, the coeffi  cient of friction must be reduced. 

Th is can be accomplished by changing the surface fi nish of the 

passive fabric by introducing a slip layer garment to facilitate 

donning (as previously recommended by Anis and Webb  4   and 

Waldie et al.  31  ), or by introducing a lubricating agent (such as 

petroleum jelly) to facilitate nonstick behavior. 

 For ease of testing (and for repeatability purposes), the tests 

conducted in this study used a simple PVC pipe, which diff ers 

signifi cantly from an actual human limb (which is neither regu-

larly shaped nor made from a homogeneous, rigid material). 

Consequently, it is necessary to assess the eff ect that these dif-

ferences will have on system performance when donned on an 

actual human (or other soft /irregular object):

  1.    If the friction coeffi  cient of human skin diff ers signifi cantly 

from the friction coeffi  cient of the PVC pipe or the Novel 

pressure sensor, this diff erence will aff ect the spatial variabil-

ity of the passive and active pressure profi les. Th e friction 

coeffi  cient of human skin varies, ranging from 0.12  ,   m   ,  

0.34, depending on anatomical region (averaging approxi-

mately  m   5  0.21).  9   Th e coeffi  cient of friction for PVC is 

reported to be  m   5  0.2 – 0.3.  12   Th ese values are comparable to 

one another (so the eff ect is likely minimal), but without 

a detailed experiment, we cannot explicitly quantify this 

uncertainty.  

 2.    Th e thin-walled hoop stress equation relates tension, pres-

sure, and local radius.  3   If the local radius of curvature varies 

along the circumference of a given limb, the local garment 

tension will also likely vary due to friction between the gar-

ment and the wearer (preventing the local fabric tension 

from equilibrating through the full garment). Th e net eff ect 

on counterpressure will depend on both the changes in 

radius and tension at a given location. In a hypothetical sce-

nario where friction is negligible, tension will not vary spa-

tially despite local changes in radius, creating a spatially 

dependent pressure profi le that varies proportionally to the 

local radius.  

 3.    Th e diff erence in rigidity and local curvature between PVC 

and human tissue will aff ect both the total pressure and the 

spatial pressure distribution. Depending on the body loca-

tion of the active garment, the nature of the underlying tis-

sue may vary wildly; for example, if placed on the front of 

the shin, where the tibia sits just beneath the surface, the 

system dynamics will diff er from a similar test conducted on 

the upper thigh, where thick muscle tissue exists around the 

full circumference in roughly cylindrical form. Young ’ s 

modulus values for human tissue vary: muscle tissue modu-

lus averages between 1-3 kPa,  8   which diff ers greatly from 

dry collagen (6 GPa) and bone (5-21 GPa).  30   Th e Young ’ s 

modulus of PVC, on the other hand, varies between 2-4 

GPa,  13   which is similar to bone. We therefore expect a sig-

nifi cant change in system dynamics if the system is tested 

over irregular, soft  tissue regions (with applied pressure 

causing a decrease in radius, in turn causing a decrease in 

transient tension and pressure and a greater-than-predicted 

SMA contraction stroke). Th is quasi-static process will likely 

continue until equilibrium is reached between the applied 

pressure and the tissue elastic response.   

  
 Fig. 6.        Aggregate normalized passive (left) and active (right) pressure residuals 

vs. sensor element (sensel) number for all  “ far-fi eld ”  pressure tests grouped into 

low-friction and high-friction categories. Best-fi t estimates and R 2  values for 

each group are included, with signifi cant ( P   ,  0.05) diff erences identifi ed.    
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  Quantifying these eff ects was beyond the scope of this study; 

however, if an eff ective modulus value can be determined for 

each body location (perhaps representing a weighted average 

of moduli values refl ecting the relative proportion of soft  and 

hard tissue at that location), then we can calculate the relation-

ships between applied pressure, eff ective tissue modulus, and 

eff ective limb radius. Th ese relationships for eff ective radius 

could be incorporated into the predictive model — treating limb 

radius as a variable quantity based on pressure and eff ective 

limb modulus, rather than as a static quantity — to predict pas-

sive and active pressures for soft  surfaces. However, this will 

be further complicated by the fact that human limbs are not 

perfect cylinders and the radius of curvature varies both cir-

cumferentially and longitudinally. 

 Finally, we recognize that this study has limitations that war-

rant discussion.

  1.    SMA actuators themselves have limitations that will aff ect 

the systems in which they are used. Th e SMA frequency 

response is low, relative to other active materials, which lim-

its their performance in highly dynamic systems.  5   Th e sys-

tems proposed and studied in this eff ort are eff ectively 

two-state, static systems, and the actuators are used to tran-

sition from one static state (the passive pressure condi-

tion) to another static state (the active pressure condition). 

Should it be desired for the compression garment to dynam-

ically function, either as a powered support device or to 

morph or otherwise augment the wearer during motion, 

then the choice of SMA coil actuators as presented may be 

suboptimal.  

 2.    SMA actuators are notoriously power hungry and hysteresis 

prone: the system tested in this study required 27 W of 

power for 9 s to achieve MCP pressure targets over a 3.81-cm 

width. Designs that can capture the tension created during 

SMA activation (through a locking, lacing, or similar archi-

tecture), enabling the actuators to be deactivated once a tar-

get counterpressure has been reached, should be prioritized 

and investigated.  

 3.    Th e performance tests conducted in this study used a rigid 

cylindrical object (PVC pipe) as the base structure against 

which pressure was produced. Humans are not rigid cylin-

drical objects and soft  tissue will not necessarily respond in 

the same fashion when exposed to an applied pressure. Sub-

sequent system testing on nonrigid objects (ideally on 

human subjects) is a critical next step in system validation.  

 4.    Th e sleeve prototypes developed for this study were not full 

garments. Each prototype was only 1.5 ”  wide (resembling a 

cuff  rather than a full sized sleeve). However, the technol-

ogy and predictive model are both modular, enabling similar 

full-sized garments to be modeled and constructed by sim-

ply adding more actuator modules in parallel along the limb 

axis. We did not construct or test a full-sized garment, but 

we expect the performance of such a garment to mimic the 

performance of the prototypes developed in this study.  

 5.    Finally, we observed limitations in system performance 

that can be attributed simply to limitations in design, 

manufacturing, or material selection. Th e passive fabrics 

were chosen based on commercial availability and not on 

optimized performance, and breakdowns in their charac-

teristics (i.e., irrecoverable strain, loss of modulus, nonlin-

ear behavior, and high friction) aff ected the test results. 

Similarly, the 3D printed actuator cartridges, as designed, 

contributed to the  “ near-fi eld ”  pressure distortion and 

experienced structural failure at high tensions that lim-

ited the system durability and the maximum pressures 

observed. More detailed consideration of these system 

aspects is warranted.   

  Th e active sleeve tests conducted in this study provide 

signifi cant insight into future active compression garment 

design. Th e hybrid systems developed for these tests exhibited 

considerable counterpressure increases as a result of the novel 

SMA coil actuator cartridge system, and it was demonstrated 

that this increase in performance can achieve MCP target 

pressures and can be triggered quickly. To the best of our 

knowledge, these tests represent the fi rst widespread testing of 

a controllable, active compression garment that uses inte-

grated SMA coil actuators, and their successful performance 

provides credibility to the claim that SMA-based active gar-

ments are well suited for compression garment applications, 

including space medicine (e.g., preventing orthostatic intoler-

ance) and extravehicular activity (e.g., enabling easy-to-don 

MCP space suits).     
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