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Abstract

Advancements in sensors and actuators have propelled wearable technologies toward
wide-spread market use, however the physical interface between these technologies and the
human body has remained a functional challenge. Passive fabrics are unable to conform
around body surface concavities, resulting in reduced garment-body contact. Tunable gar-
ment tightness/sti ness is presently attainable only with large-volume pneumatic actuators
or manual adjustability mechanisms that increase device complexity and introduce t in-
consistencies. Wearing variability, or the variation in system placement, orientation, and
tightness in relation to a body both between use trials and between users, can result in large
variation and deterioration in system performance. This work investigates pervasive wear-
able device challenges and proposes novel methods of exploiting active (shape changing)
materials within wearable systems to accomplish enhanced t, performance, and wearing
stability of wearable devices.

Fit, or the garment-body dimensional relationship, is investigated through the design
of circumferentially contractile and thermally-responsive self- tting garments. These self-

tting garments are composed of active textiles that accomplish enhanced garment-body
contact by topographically conforming around complex body surface in response to body
heat. Fit is further enhanced through the introduction of active auxetic behaviors, which
enable active textiles to dynamically contract in two directions of a 2D structure (up to 30%
in one direction and 40% in the other) for dynamic garment length and width adjustment.
Performance, or the physical garment-body interaction that produces tightness/compression
or locally-applied force, is investigated through the design of active textile-based medical
compression devices that accomplish generated blocked forces up to 308 N/m for on-body
compressive pressure over 55 mmHg. Lastly, wearing stability (in terms of consistent gar-
ment tightness across a user group) is demonstrated through design strategies and pattern
making procedures, introducing methods to preserve garment performance across a user
population. By exploiting the capabilities of active materials within the mechanics of |-
aments, yarns, textiles, and systems, this work presents key advancements for wearable
device t, performance, and wearing stability.
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that partially detwin the martensitic garment as it is pulled over the body.
(3) Relaxed martensite state (RMS): Martensite relaxation occurs once the
garment is on the body. (4) Fitted, partially austenite state (FPAS): The
garment contracts when actuated to recover its austenite length, achieving
the dimensions of the body and (5) Tight, partially austenite state (TPAS):
tightens around that form. . . . . . .. . ... ... . ...
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3.2

3.3

Self- tting garment design procedure. (a) Required self- tting gar-
ment actuation contraction [%] determined through anthropometric analy-
sis. Functionally graded garment performance is required to produce even
pressures on the body. (b) Garment pattern derived from anthropometric
analysis. Ten segmented panels make up the garment, each with unique
dimensions and actuation contraction performance mirroring the body. Pan-
els with non-rectangular forms are split at center front so that all shaped
edge conditions can be manufactured identically. ¢ Garment pattern di-
mensions were determined by pairing body circumferencecf) measurements
with the appropriate SMA knitted actuator force-displacement curves. Knit-
ted courses were added or subtracted to position the body circumferencey)
between the austenite knit length (1;) and martensite knit length (1) to keep
forces below 10 mmHg. (d) The completed self- tting garment is depicted in
unactuated (left) and actuated (right) states. . . . .. ... ... ......
Fit analysis of the self- tting garment ptototype. (&) The bare leg
replica (gray), the unactuated garment surface (blue), and the actuated gar-
ment surface (red) were interpolated. A 2D slice was extracted to evaluate
t in terms of garment proximity to the body. (b) (left) Measured actuation
contraction was averaged from 10 anterior marker tracking trials and 10 lat-
eral marker tracking trials. (right) Anterior and lateral marker tracking trails
were split to evaluate di erences in performance based on area of the body.
(c) Cross-sections were gathered from the leg replica through 3D scanning.
Deviation from perfectly cylindrical geometries was analyzed for each cross-
section by plotting the radial coordinate against the angular coordinate. The
anterior and lateral derived radial magnitudes were extracted and evaluated
for their convexity or concavity. Plots 1-5 depict examples of regions with
adequate actuation contraction as well as inadequate actuation contraction
(anterior 1, 2, 3), characterized by sharp, convex peaks. . .. ... ... ..
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3.4 Topographical tting approach and analysis. (a) A 3D printed leg

3.5

cross-section was used to evaluate the t of contractile SMA knitted actua-
tors around complex body topography. Contact sensing at 28 discrete points
around the circumference of the cross-section was used to evaluate t (i.e.
contact) between samples 1-3 of varying knitted architectures. (1) A garter
knit panel replicating the geometry used in the self- tting garment proto-
type shows bridging over concave surfaces and results in approximately 70%
contact with sensing points. (2) A second panel constructed with modi ed
knit geometries, speci cally alternating garter, knit-only, and purl-only ar-
chitectures, shows improved t around concave and convex surfaces; however,
the transitions between the three di erent architectures produce areas that
lift o the surface, which resulted in poor contact performance of 54%. (3)
A third panel constructed with blended garter, knit-only, and purl-only ar-
chitectures produces improved t around concave and convex surfaces with
86% contact with sensing points. (b) Actuation contraction of panels (a)
1-3 depicted under planar loading. (1) The garter knit panel remains planar
upon actuation. (2) The alternating garter, knit-only, and purl-only panel
take sharp, non-planar shape change. (3) The blended garter, knit-only, and
purl-only panel produces gradated, non-planar shape change more appropri-
ate for leg topography. (c) Knit patterns are an organized grid of knitted
loops combined in series and in parallel. Garter knit patterns are formed by
alternating knit courses and purl courses while purl-only and knit-only are
formed by repeating stitches throughout the grid. . . . . ... ... ....
Active materials for thermally-responsive actuation on the human

skin surface. (a) DSC curves to compare 90C Flexinol manufactured by
Dynalloy and the custom material designed by Fort Wayne Metals to actuate
on the surface of human skin. (b) Microstructure characterization of custom
Fort Wayne Metals material through x-ray di raction shows the thermally-
induced austenite and martensite material states. (c) Stress-strain data for
custom Fort Wayne Metals material at varying temperatures (T = [45 C,
34 C,25C, 73C]I=4x10 *1/s, d=0:076 mm) shows the characteristic
NiTi temperature-dependent plateau. (d) Cyclic stress-strain data for one
sample (T = 70 C, | = 8x10 °1/s, d = 0:127 mm) shows material perfor-
mance degradation and stabilization after 7 loading and unloading cycles.
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3.6 A self-tting garment that topographically conforms around the
contours of the body in response to body heat. (a) Garment actuation
contraction requirements ( req = 25%) were de ned by comparing the body
dimension (i.e. wrist circumference) to the required garment dimensions to
enable don/don (i.e. hand circumference) (b) A wrist sleeve was designed
using a SMA knitted actuator architecture that contracts up to 36% under
low load (i.e. F =50g). Multiple knitted architectures (i.e. garter knit and
knit-only) were incorporated into the design to improve t around the curves
of the wrist bone. (c) A topographically-conforming wrist sleeve prototype
was designed with a small batch of custom NiTi fabricated by Fort Wayne
Metals to implement unpowered, self- tting with body heat. The sleeve per-
formance was validated through thermomechanical testing to observe force-
displacement behavior and evaluate implementation of the designed garment
operation. (1) Pre-donned martensite state (PDMS): The martensitic wrist
sleeve begins in room temperature under no loadT{ =20 C, F =0 N). (2)
Donned martensite state (DMS): The martensitic wrist sleeve is pulled over
the largest part of the hand (T = 20 C, F = 3:2 N). (3) Relaxed marten-
site state (RMS): Martensite relaxation causes the sleeve to contract slightly
around the body; however, the sleeve remains oversized (=20 C,F =0
N). (4) Fitted, partially austenite state (FPAS): The palm is used to assist
the material in warming to skin temperature (T =45 C, F = ON). (5)
Tight, partially austenite state (TPAS): The warmed sleeve self- ts around
the curvature of the wrist (T =45 C, F =0:7 N), exerting low forces under
10 mmHg (Ferir = 1:9N). To do the garment, the warmed, tted sleeve is
manually pulled o the body with low forces (T =45 C,F =4:7N). . . .. 69
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4.1 Textile-based hierarchical assemblies produce soft, multifunctional,

4.2

and scalable active textiles.  (A) SMA accomplishes macroscopic sti ness
changes through temperature- and stress-dependent microstructural changes.
(B) 90 C Flexinol exhibits austenite and martensite transformation above
room temperature, making the material a reliable actuator. (C) (i) As a
linear actuator, SMA accomplished axial actuation around 5%. (ii) When two
SMA laments are twisted to form a yarn and only part of the 1D active yarn

is actuated, rotational actuation is accomplished. (iii) When both ends of the
1D active yarn are restricted from rotation, linear stroke is less than 45%,
similar to a single, untwisted SMA lament. (D) Active textiles are composed
of a number of active laments with individual diameters (d) bundled and
twisted (t) into a 1D active yarn with a given surface lament helical bias
angle ( s ). These 1D active yarns with a total diameter (D) are used within
a 2D textile structure, such as a weft knit, with a certain loop length (L).
2D textile structures are scaled by modifying the number of knitted wales
(W 13) and knitted courses (C14). (E) The actuation motion (i-iv) of each
knitted loop is produced through loop buckle and snarl. (F) An active textile,
inactive (left) and active (right), accomplishes tunable displacements, forces,
sti nesses, and kinematic deformations. . . . . . . .. ... ... ... ...
Exploiting torque-unbalanced active yarns within 2D textile struc-

tures produces multi-directional actuation. (A) Increasing material
stresses through yarn manufacturing produces decreased axial actuation per-
formance. (i) Depicts free displacement testing with active laments and
yarns. (ii) Depicts pull-out testing with the same active laments and yarns.
(B) Textile geometries amplify axial actuation performance of active la-
ments and yarns with increasing the loop length (). (i) Depicts free dis-
placement testing for active yarns and textiles under multiple applied loads.
(il) Depicts the resulting work and sti ness for the same active yarns and
textiles. (C) Textiles composed of torque-unbalanced active yarns accom-
plish ampli ed blocked force and actuation contraction compared to those
composed of torque-balanced active yarns. Torque-unbalanced textiles also
accomplish actuation contraction in both x- and y-axes, enabling active aux-
etic e ects. (i) Depicts blocked force testing for two active textiles. (ii)
Depicts free displacement testing for the same active textiles. . . . ... ..
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4.3 Kinematic tunability is enabled by modi cations to yarn construc-
tion. Active textiles composed of torque-unbalanced active yarns can be
kinematically tuned by modifying the number of laments included in a yarn
bundle and the amount of twist inserted into that yarn bundle. (A) Actua-
tion contraction and maximum speci ¢ work is increased by increasing yarn
lament count. Above the critical stress state, actuation contraction is re-
duced by increasing twist per unit length while speci ¢ work is una ected by
yarn twist. (i) Depicts free displacement testing for three active textiles. (ii)
Depicts the resulting speci c work for the same three active textiles accord-
ing to sample mass. (B) Total active force per meter width is approximately
doubled by increasing the number of laments in a yarn bundle while actua-
tion force, or the di erence between the active and inactive forces, per meter
width is unchanged. Active force per meter width is una ected by increased
twist per unit length; however, above the critical stress state, actuation force
per meter width is reduced as twist increases. (i) Depicts blocked force test-
ing for three active textiles with di erent numbers of active laments. (ii)
Depicts blocked force testing for three active textiles with di erent amount
of twist. . . . . .

4.4 Variable recruitment is enabled by multiple active laments. (A)
Di erential scanning calorimetry results for two SMA laments depicts non-
overlapping actuation thresholds As! Asf). (B) Two SMA laments with
di erent material compositions are combined to form a 1D variable recruit-
ment yarn, which is recon gured into a 2D active textile with variable re-
cruitment behavior. (C) The active textile contracts partially at 85 C and
further contract at 145 C as the second lament is recruited. (D) Actua-
tion contraction and speci ¢ work can be tuned across a range of applied
stimuli here, temperature change. (i) Depicts free displacement testing at
multiple applied loads and temperatures. (ii) Depicts the resulting specic
work according to applied load, temperature, and sample mass. . . . . . ..
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4.5

4.6

4.7

4.8

Variable recruitment system architectures are demonstrated in a

variable constriction pump. (A) The pump produces a water volume
displacement of 48 cm® upon surpassing the austenite nish temperature of
the rst active lament ( Ar.1). Further increase in temperature above the
austenite nish temperature of the second active lament (At.,) produces
an additional 2:9 cm® uid volume displacement. (B) Actuation at multiple

temperatures (T = [28 C,68 C, 138 C]) was observed with an infrared camera. 96

Auxetic system architectures are demonstrated in a multi-axially

conforming shoe. (A) The shoe is donned while the active textile upper
is in an inactive material state (0-1). Upon actuation through a change in
temperature (2), the shoe upper contracts in length and width to conform
around the foot. (B) Actuation was observed with an infrared camera. (C)

The shoe-foot interface was evaluated with a contact measurement method.

Multifunctional system architectures are demonstrated in an assis-

tive wrist sleeve.  (A) The assistive wrist sleeve design with anatomical and
dynamic anchors. (B) The inactive assistive wrist sleeve (1) allows the wrist
to assume a natural exion, with angle, ;. Upon thermal loading (2), the
sleeve contracts to lift the hand and simultaneously anchor around the wrist
to produce an extended position, represented by a reduced angle,;. (C)
Actuation was observed with an infrared camera. (D) Image tracking was
conducted to track hand motion and characterize wrist angle change upon
actuation. . . . ...
Composite yarn constructions increase tactility of active textiles.

When an active textile is fabricated from an active yarn are spun with passive
bers here, Kevlar the active textile assumes the tactile characteristics of
the passive ber. . . . . . ...

XXiii

96



5.1 Dynamic and conformal compression garment composed of SMA-
based active textiles. a) A dynamic and conformal wearable compression
device for astronauts using active textiles. Lower body compression is re-
guired for astronauts upon returning from space missions to support the
cardiovascular system. b) A terrestrial consumer spin-o compression device
for a wide range of medical compression needs. c¢) The devices function by
utilizing active textiles composed of SMA materials that accomplish large re-
covery stresses, or true stress () increases, accomplished upon an increase
in temperature (T) under an applied material engineering strain (). d)
The custom astronaut device is designed to be worn in a low pressure state
(p < 22 mmHg) in room temperature to mitigate discomfort before landing
activities begin and transition to a high pressure state > 55 mmHg) upon
a momentary increase in temperature. The device remains in a high pressure
state inde nitely at body surface temperature (T =30 5 C) until the device
is do ed and returned to a freezer. d) The size medium consumer medical
compression device is designed to be donned in a low pressure stafe< 20
mmHg) in room temperature to ease donning. The device transitions to a
high pressure state p > 30 mmHg) upon application of a commercial heating
pad. The device remains in a high pressure state throughout a full day of
wear at body surface temperature T =30 5C). ... ... ... ..... 115
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5.2

5.3

Custom NiTi materials to enable thermally comfrtable actuation

on the surface of human skin.  a) A custom NiTi material exhibited low
austenite transformation temperatures compared to commercially available
materials. b) The custom NiTi material exhibited an upper plateau stress of
580 MPa at 70 C and low-sti ness behavior at 60 C. c) When recon gured
into a twisted yarn, the same custom NiTi laments exhibit an enhanced
equivalent stress, which is dominated by shear stresses imposed during yarn
spinning. d) A textile hierarchy was used to recon gure a NiTi lament
into twisted yarn and knit textile structures. e) The resulting active knit
textile is low-pro le, exible, and endlessly scalable in length and width. f)
The active textile exhibited a low unit tension in room temperature (t;), a
higher unit tension at 70 C (t;), and maintained an elevated unit tension
upon cooling to skin temperature ¢). g) Active textile unit tension values
were manipulated through applied structural strain. h) Unit tension values
were further manipulated through applied the maximum applied temperature
(Ta). Upon heating and cooling, elevated unit tension at skin temperature
was stable over many hours. . . . . ... ... ... .
Kinetic actuation performance of dynamic compression devices. a)
The dynamic compression devices were comprised of an array of mechanically
antagonistic systems, which were composed of active and passive textiles con-
nected in series. Each mechanically antagonistic system transitioned between
inactive, active, and unheated active equilibrium states, produced by 20C,
70 C, and 30 C temperatures, respectively, which were de ned by b) unique
kinematic relationships and c) kinetic performance. d) The design strategy
to minimize inactive unit tension (and compressive pressure) for an astro-
nautic compression device was to increase the passive textile unit tension,
which minimized active textile strain and, consequently, system unit tension
in an inactive equilibrium state. e) The design strategy to mitigate wear-
ing variability for a consumer compression device was to relatively increase
the length of the active textile for every circumference, which minimized the
change in active textile structural strain across the dimensional range of the
Size category. . . . . . . e e e
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54

5.5

6.1

6.2

Uniaxial tensile performance evaluation of dynamic compression

devices. a) A mechanically antagonistic system design at the ankle regions

of both astronautic and consumer compression devices were evaluated in a
uniaxial tensile condition within an environmental chamber prior to testing
these devices on the body. b) The astronautic compression device was heated
with a multi-layer heating and insulation assembly to accomplish wearable,
thermally-driven actuation. b) The heating and insulation assembly was
integrated into a mechanically antagonistic cross-section and evaluated under
uniaxial tensile conditions prior to on-body testing. . . . . . .. .. ... .. 131
On-body performance evaluation of dynamic compression devices.

a) The results of the astronautic compression device on-body wear trial
demonstrated a controllable increase in compressive pressure from the an-
kle to the hip upon locally heating the device, which was sustained for at
least 30-minutes upon cooling back to skin temperature. d) A thin layer of
thermal insulation was suitable to keep the skin surface thermally comfort-
able during the investigation. e) Likewise a consumer compression device
accomplished a controllable increase in compression across all three partic-
ipants, the magnitude of which was determined by user circumferences. f)
Light insulation was suitable to keep the skin surface thermally comfortable
during actuation. . . . . . . . .. 133
Shape memory alloy (SMA) thermo-mechanical loading paths. €))

The shape memory e ect (SME) and the superelastic e ect (SE) and com-
monly used thermo-mechanical paths. (b) Recovery stress generation (RSG)

is a hybrid loading path produced when an SMA specimen in held at a xed
strain. (c) The two-way memory e ect (TWME) is another hybrid loading

path produced through material training. . . . .. .. ... ... ...... 146
SMA Knitted Actuator Structures. a) SMA knitted actuators are com-
posed of interlacing courses of knit and purl loops. The loop geometry is

de ned by the lament diameter ( d) and the loop enclosed areaA,), which

de ne the knit index. The loop geometry produces mixed material strains

"m) throughout the SMA lament. Structural strain ( "s) is produced upon
axial extension of the knitted structure. b) Force-control and displacement-
control characterization strategies can be utilized for SMA knitted actuators. 149
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6.3

6.4

6.5

Summary of experimental procedures. Straight SMA wire (Flexinol ®,

d = 0:203 mm, A; = 87 C) and SMA knitted actuators were investigated
through a displacement-control procedure using successively increasing tem-
perature pro les across thermal cycles 1-10. Cool-down recovery force was
further investigates with a SMA knitted actuator (15 courses x 15 wales, 75%
structural strain) and a SMA knitted actuator sleeve (32 courses x 15 wales,
15% structural strain), which were thermally cycled between a maximum
temperature and a lower temperature. . . . ... ... ... 150
Generated force path for di erent SMA actuator geometries. @)
Example generated force path for an SMA actuator wire. (b) Example
generated force path for an SMA knitted actuator. (c) Thermal expan-
sion/contraction and SME contributions to the SMA actuator wire thermo-
mechanical path. (d) Thermal expansion/contraction and SME contributions

to the SMA knitted actuator thermo-mechanical path. . . . .. ... .. .. 152
SMA wire and SMA knitted actuator characterization. (a) Gener-

ated force response for an SMA wire strained td's = [2; 4; 6; 8]% in relation

to an austenite free reference length. (b) Generated force response for an
SMA knitted actuator strained to "s = [15; 30; 45; 60; 75]% in relation to an
austenite free reference length. (c) Experimental data obtained for an SMA
wire strained to 2%. (d) Experimental data obtained for an SMA knitted
actuator strained to 15%. (e) Traditional generated force obtained by heat-

ing an SMA wire strained to 2% in relation to the enhanced generated force
upon cooling. (f) Traditional generated force obtained by heating an SMA
knitted actuator strained to 15% in relation to the enhanced generated force
upon cooling. . . . . . . . L 156
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6.6 Analysis of design variables that manipulate generated forces in
SMA knitted actuators. (a) Force-temperature relationship for an SMA
knitted actuation strained to 15% in relation to an austenite free length.
(b) Relationship between maximum force ) and maximum temperature to
which the SMA knitted actuator was heated (T') across all SMA knitted ac-
tuators tested. (c) Relationship between the maximum temperature to which
the actuator was heated (') and generated force upon cooling ( Fc), de ned
by the di erence between the maximum observed force £) and the maxi-
mum force upon heating ). (d) Normalized force-temperature relationship
for an SMA knitted actuation strained to 15%. Forces were normalized by
the maximum force upon heating (Fr) and temperatures were normalized by
the maximum temperature of the thermo-mechanical cycle ). (e) Normal-
ized relationship between maximum force £) and maximum temperature
to which the SMA knitted actuator was heated (T) across all SMA knitted
actuators tested. (f) Normalized relationship between the maximum temper-
ature to which the actuator was heated (f') and generated force upon cooling

6.7 Proposed application utilizing enhanced blocking force by cooling,
following heating, during use. a) An SMA knitted actuator can achieve
multiple, stable forces larger than the maximum force upon heating (point 2)
by cooling (points 3a-d) up to the actuator's relaxation temperature. b) A
future application can control forces through controlled cooling using a liquid
cooling garment (LCG) between points iv-vii. ¢) The proposed application -
here, a compression garment (CG) for astronaut Earth re-entry following a
space mission - uses a novel heating/cooling strategy to minimize heat/power
requirements on board a spacecraft. . ... ... ... .. ... .......
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6.8

7.1

7.2

7.3

7.4

Proposed application that programs large forces by applying heat

with an electric dryer to a target temperature before use in a lower-

temperature environment. a) An SMA knitted actuator sleeve can cycli-

cally build force upon cooling (2! 3) and relax upon heating (3! 2) above

the austenite nish temperature (Af). b) A future application can 'program'’

a system force by choosing to heat the system to point ii or point iii to pro-

duce a lower or higher force, respectively, in the ambient use environment -
here, 20 C (i.e, point iii versus point v). ¢) The proposed application - here a
medical compression garment (CG) - uses a novel heating/cooling strategy to
minimize heat/power requirements for portable and long-duration wearable
SYSIEMS. . . . . e e e e e 166
Actuation performance optimization of SMA-based active textiles

for the astronautic compression case study. a) SMA-based active tex-

tiles composed of straight laments do not meet the active equilibrium state
pressure requirements for an astronautic compression device. SMA-based ac-
tive textiles composed of twisted SMA laments surpass the requirements. b)
Active textiles composed of twisted laments also exhibit enhanced generated
force compared to mono lament structures. . . . . ... ... ... L. 174
Actuation performance of active textiles composed of active and

passive laments. To pair passive laments with NiTi laments, the me-
chanical properties of a passive lament must mimic the mechanical prop-
erties of the active lament in its least sti state. Here, kevlar lament
mechanically impeded force relaxation upon coolingto 60C. ... .. .. 182
textile stiness and cut length in uence the mechanical perfor-

mance of system-body interfacing. (a) Using a sti textile along with

a mechanical actuator produces a system that reaches higher active forces
than would be theoretically possible with a stretchy textile. (b) Change in
actuator strain produced by change in textile initial length produces di erent
inactive and active forces around the same circumference. . . . ... .. .. 184
Self- tting design strategy. If an actuator is stretched enough, garment
dimensions can be larger than the body in an inactive state. A system with
added garment ease produces no inactive force around the body and less
active force than other strategies . . . . . . . .. . ... ... ... ... 185
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7.5

7.6

Al

A2

A3

The inuence of garment sizes on system interfaces. When paired

with a textile without mechanical stretch, a larger blocked force is generated
around the larger circumference because the actuator is stretched more. . . 186
Wearing stability design strategy. Consistent actuation forces can be
achieved around a range of circumferences when a mechanical actuator ex-
hibits a force plateau where increased actuator strain does not increase or
decrease actuator forces. The size interval is determined by the percent range

of actuator strains ("a = X y%) where the force plateau occurs. . . . . . . 187
Full leg sleeve design details.  Dashed lines 1 24 represent circumferential
measurements taken around the participants leg in 2 cm increments. Dark
outlines represent the boundaries of knitted panels, composed of a group

of adjacent circumferences that require the same fabric actuation contrac-

tion behavior for tting. The details of each SMA knitted actuator paired

with each knit panel, speci cally wire diameter (d) and knit index ( ix), are
indicated on theright. . . . . . . .. .. ... ... 221
Force-length plots for SMA knitted actuators paired with body

circumference (cb) measurements 1-12 in Figure A.1l. The actuator

data was gathered experimentally through force-control testing, detailed in

prior work [2]. The experimental data was scaled up or down by adding or
subtracting knit courses so that the body circumference ¢,) was positioned
between the austenite knit length (I;) and the martensite knit length (1) at

0.5 N. L e 223
Force-length plots for SMA knitted actuators paired with body

circumference ( ¢,) measurements 13-24 in Figure A.l. The actuator

data was gathered experimentally through force-control testing, detailed in

prior work [2]. The experimental data was scaled up or down by adding or
subtracting knit courses so that the body circumference €,) was positioned
between the austenite knit length (1;) and the martensite knit length (1) at

0.5 N. o e 224
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A4

A5

A.6

Weft knitting. Each latch needle forms a column of successive slip knots.
(1) The latch needle must start out holding a lament loop. (2) The latch
needle rises so that the lament loop falls below the latch. (3) The latch
needle continue rising to hoop a new lament. (4) The latch needle lowers,
carrying the new lament. (5) The pull-back action causes the latch to close
and the previous loop lament to slide over the needle. (6) Upon returning
to the initial state, the latch needle has formed a new loop. . . . . ... ..
Knit shaping.  Knit shaping on atbed machines can occur through added
stitches (i.e. to increase the knit dimensions) or through subtracted stitches
(i.e. to decrease the knit dimensions). The following steps demonstrate the
process on a manual knitting machine; however, these processes are auto-
mated in double-bed at knitting. Added stitches: (1) A transfer tool is
used to remove the looped lament from needle 4. (2) The transfer tool,
carrying the looped lament, moves to an adjacent empty needle. (3) The
transfer tool transfers the looped lament to needle 5, leaving needle 4 empty.
(4) A new row of knitted courses is added, which adds a looped lament to
all active needles 1-5. (5) A second knitted course completes to process. Sub-
tracted Stitches: (1) A transfer tool is used to remove the looped lament
from needle 4. (2) The transfer tool, carrying the looped lament, moves to
an adjacent needle that already carries a knitted loop. (3) The transfer tool
transfers the looped lament to needle 3, leaving needle 4 empty. Needle 4 is
fully retracted so that it is no longer able to form knitted loops. (4) A new
row of knitted courses is added, which forms looped lament to all active
needles 1-3. (5) A second knitted course completes to process. . . . . . ...
Crochet joining method. A crochet stitch is a joining stitch used to
connect SMA knitted actuator panels. (1) A crochet hook grasps a lament
loop. (2) The crochet hook, holding the lament loop, passes through a
knitted loop at the ends of adjacent knit panels. (3) The crochet hook catches
the end of the free lament and pulls the lament through both knit panel
loops and the previous lament loop. (4) Upon returning to the initial state,

225

the crochet hook completes a full stitch. . . . . . ... ... ......... 227
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A.7 Actuation performance stability. Garment performance stability eval-
uated as the per cycle mean deviation of measured %-actuation contrac-
tions from the mean %-actuation contractions over all cycles. Linear tting
through the data collected for the anterior and lateral views shows a slow
degradation of the garments contractile ability. . . ... ... ... ... .. 228

A.8 Performance stability. SMA knitted actuator performance stability evalu-
ated under uniaxial loading under constant applied forces Eapp = [1:0 N, 1.5
N, 2:0 N, 2.5 N]). Plots show the %-actuation contraction (black), marten-
site knit length (blue), and austenite knit length (red) at the various cycles.
Load-dependent cyclic performance degradation (%-actuation contraction)
occurs through an increase of the austenite knit length and a decrease of the
martensite knit length. . . . . . .. .. . L 228

A.9 Self-t contact sensing setup. A custom setup was designed to accom-
plish contact sensing between SMA knitted actuator sleeves and the 3D
printed leg cross-section to evaluate the t (i.e. proximity) di erences be-
tween the garment and the body across prototypes 1 3 (Figure 3.4a) through
resistance measurement. An electrode was permanently connected to the
sleeve being evaluated. Discrete, electrically conductive measurement points
(MPs) (%1 inch copper tape) were placed around the circumference of the
leg cross-section (MP1 - MP28). The data acquisition device (NI-6341) was
setup to collect 8 simultaneous resistance measurements at a time; therefore,
MP1-8, MP8-15, MP15-22, MP22-1 for each sleeve prototype were collected
in four di erent data collection trials. . . . . . ... ... ... ....... 229

A.10 Analysis of resistance measurements for contact sensing. Exemplary
resistance measurement data (blue, sleeve 2, MP1) with highly unpredictable
measurements before contact is established. Upon establishment of contact,
the resistance value drops below 3. Hilbert transform is used to derive the
upper envelope of the resistance signal (orange). The! 3cut-o threshold is
used to de ne the low-no contact and high-in contact levels (yellow). ... 229
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Chapter 1

Introduction

Wearable devices have long been designed to mechanically interact with the human body
for a range of functional goals, such as to stabilize a joint (e.g. ankle brace), provide impact
protection (e.g. body armor), or manipulate interstitial uids (e.g. compression garments).

In these instances - when the primary goal of a wearable device is to mechanically interact
with the body - a mechanics-based approach to device design and an analytical understand-
ing of the device's physical interaction with the human body is critical for the device to be
functionally useful [11, 12, 13]. For a broader array of wearable technologies, such as those
with sensing or computing functionalities, a mechanics-based design approach is an impor-
tant aspect to enabling body-worn functionality - notably when sensing or communication
devices require accurate placement around and proximity to the body [14, 15, 16]. This
research serves to investigate materials and structures engineering methods within wear-
able technology design practices to advance the t, performance, and wearing stability for
a broad range of wearable devices.

To serve their intended function, wearable technologies must accomplish t, perfor-
mance, and wearing stability on the surface of the human body. Here, methods to achieve
t, which de nes the dimensional relationship between a garment and a body, are recon-
sidered to acknowledge pervasive system-body contact challenges. This reexamination in-
troduces opportunities to develop new methods to achieve conformal t and even enhance
conformal t for wearable technologies. Similarly, methods of accomplishing on-body per-
formance, which describes the physical interaction (in terms of forces) between the human
body and a wearable system, are investigated through a physics-based framework. Rather
than simply using textiles and garments as a means of strapping technologies to the body,



2
textile construction and pattern making are presented as methods to engineer/produce sys-

tem performance. Finally, wearing stability, which refers to the lack of variability in system
placement, orientation, and tightness on and around a body between users and wear trials
[14, 17], is investigated through the lens of sizing systems. While traditional apparel grading
methods are designed to scale a desired t across a user population through size categories,
these methods do not necessarily accomplish wearing stability across the target population.
Further, methods to accomplish wearing stability for a population (as opposed to custom
devices) have not been formulated. An aim of this research was to ground the design,
operation, and analysis of wearable technologies in physical theory and, further, leverage
that theory to advance methods to accomplish t, performance, and wearing stability for
wearable technologies.

Previous e orts to accomplish wearable system t and performance for one or more
users have leveraged traditional garment t, pattern making, and sizing methods within
wearable device design without substantially reevaluating or reworking these methods for
the new context. This work advances methods to accomplish t, performance, and wearing
stability by utilizing active materials and structures within a revised set of t, pattern mak-
ing, and sizing methods. The new approach and set of methods are demonstrated through a
wide range of wearable devices, including wrist and ankle sleeves that dynamically conform
around the complex topography of the human body in response to body heat, a shoe up-
per that contracts in multiple orientations to physically support the foot, and an assistive
wrist sleeve that provides hand lifting assistance. Additionally, this work includes wearable
device case studies - dynamic medical compression garments for astronautic and general
consumer use - that o er an in-depth look at wearable device design challenges. These two
compression garment case studies illustrate two di erent sets of requirements. Astronautic
compression garments are high-pressure, lower body garments that are worn post-space ight
(i.e., upon Earth landing and several days thereafter) to provide medical protection for the
cardiovascular system and prevent fainting. Consumer compression garments can be lower
or upper body garments with generally lower pressure requirements. These garments are
often prescribed to treat a wide range of chronic medical conditions, including lymphedema,
chronic venous insu ciency (CVI), and postural orthostatic tachycardia syndrome (POTS).
Methods for accomplishing wearing stability are investigated within the consumer compres-
sion garment case study with the aim of preserving system performance (in terms of medical
compression) across a standard size category, eliminating the need for custom-made devices.
While these case studies are speci ¢, the design challenges and the developed approaches to
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address the challenges are relevant for any wearable system that must accomplish conformal

t and performance across a range of users.

This chapter frames the subsequent research chapters included in this work, highlighting
the overarching research questions that motivated the speci ¢ technology developments as
well as the theoretical approaches taken. By grounding the research in physical theory,
this work presents versatile design methods that can be applied to accomplish advanced
wearable device t, performance, and wearing stability for a range of wearable systems.
These contributions, accomplished by merging engineering methods with functional garment
design methods, introduce new functionalities and broaden the interdisciplinary nature of
wearables research.

1.1 Problem Statement

While signi cant advancements have been made to miniaturize and optimize sensors, ac-
tuators, and communication devices for wearable technologies, little research has focused
on advancing the physical interfaces of these wearable devices to optimize their interaction
with the human body. In the astronautic and terrestrial compression garment case studies,
the physical interface between the garment and the body produces the function (i.e. com-
pression). In other wearable technology applications, the mechanism that produces pressure
in compression devices may also a ord sensor-body contact, actuator-body anchoring, or
general stabilization of external elements on the body surface. The current problem with
wearable technology physical interfaces is their lack of adjustability (in terms of dimensions,
shape, and mechanical sti ness). Because human bodies have a wide range of dimensions
that do not necessarily correlate [18], static physical interfaces cannot reasonable accom-
modate wearable technology t and performance requirements across a user population.
While manual adjustability fasteners can allow a user to further reduce or enlarger garment
dimensions for adjustable t and tightness, this method is dependent on the subjective
experience, producing widespread t and performance inconsistencies [8]. Previous e orts
to develop dynamic physical interfaces that accomplish consistent and repeatable t and
tightness across a user group have resulted in complex and large volume devices that phys-
ically restrict user mobility. Consequently, wearable technologies require new interfacing
methods to improve the compatibility between human bodies and body-worn technologies.
The challenge with achieving t, performance, and wearing stability for wearable tech-
nologies is evident in the logistical and mechanical complications with present modalities.
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The present methods available to accomplish a target garment-body contact for t and

performance across a user group (for medical compression or other purposes) include (1)
tightening garments around the body with adjustable fasteners (e.g. straps, lacing, hook
and loop tape), (2) stretching garments over the body (which can be accomplished with an
undersized garment), and (3) in ating garments and constraining them around the body
(i.e., pneumatic devices). While these methods are used in a variety of ways across wearable
technologies, the problems with these physical interface methods are clearly evident within
the compression garment case studies. Both astronautic and consumer compression appli-
cations with high compression and/or dynamic compression requirements utilize pneumatic
compression, which is the only modality that can adjust pressure around the body volume
on-demand. Pneumatic devices are often utilized in consumer compression applications that
require peristalsis for intermittent treatment of medical conditions, such as lyphedema or
deep vein thrombosis (DVT). Likewise, astronautic compression garments have historically
been pneumatic devices identical to U.S. Air Force antigravity suits (AGS) and favored for
their pressure adjustability [19]. While pneumatic devices have more functionality than
passive textiles that are stretched or manually cinched around the body, clinical e cacy
and usability studies have demonstrated that pneumatic astronautic compression garments
could be a physical impairment in 0 -nominal landing situations and cause the wearer to
trip and/or overexert themselves [20]. In the same manner, pneumatic terrestrial medical
compression devices are limited to use in supine postures due to large device volume and
reliance on large compressors, which impacts mobility [21].

To improve usability - speci cally, user mobility - many compression garment applica-
tions have utilized static methods, such as stretched or manually cinched textiles, despite
loss of functionality. Consumer compression garments that are worn continuously during the
day are generally composed of textiles that are stretched over the body because this method
is low-pro le and discrete [22]. Similarly, pneumatic astronautic compression devices are
being replaced by undersized compression garment composed of passive elastane textiles to
mitigate on-board risk [23]. While undersized compression garments do mitigate many of
the concerns of the pneumatic devices, including mobility impairment and de ation risk,
these garments are not dynamic, meaning the garments can only exert one pressure on the
user. Three unintended consequences of eliminating dynamic pressure control include (1)
increased don/do di culty, (2) decreased user comfort, and (3) loss of dynamic tightness
adjustment. First, the don di culty of an undersized, elastic garment is directly related
to the tightness or compression level provided. For example, garments that conform to the
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body and apply mild pressure (e.g., a swimsuit or athletic socks) can be easily stretched over

the body, while high-level compression garments (e.g., mechanical counterpressure space-
suits) either require donning aids, such as high-friction gloves and stocking donners, or a
number of extra hands to assist the wearer [24, 25, 26, 27]. Donning obstacles pose usability
challenges for non-compression garment wearables as well, such as wetsuits and shapewear
[26]. Second, lack of pressure control makes comfort and pressure consistency a challenge.
Astronauts are required to don their compression garment up to 24-48 hours before landing
activities have been authorized. Therefore, user comfort is improved if a system can be
worn in a low-pressure state and become tighter just as landing activities begin. In a non-
astronautic context, dynamic pressure control could enable deployable mechanical interfaces
that apply high forces around the body and relax (when desired) for comfort, such as joint
stabilizers or prosthetic socket ttings [28]. Lastly, dynamic tightness adjustment allows
wearers to make real-time pressure modi cations in response to physiological conditions
and/or medical needs. For example, astronauts may need dynamic compression adjustment
to compensate for lower-body dimensional changes that can occur during time in micro-
gravity [29]. This pressure adjustment cannot be made by tightening fasteners because the
compression garment is the innermost layer of the landing and entry assembly. Dynamic
pressure adjustment for consumer compression devices would enable more complex com-
pression treatments, such as mechanical massage needed for lyphedema care. In a broader
wearable technology context, dynamic tightness adjustment could enable conformal haptic
devices or mobility assistive devices that require cyclic tightness and loosening - a capa-
bility that cannot be achieved with manual mechanisms [30, 31, 32]. The combination of
challenges produced by cinched, undersized, and pneumatic methods of achieving tightness
in wearable technologies indicates a need for innovation.

1.2 Research Gap

Physics-based equations highlight the inherent functional aws of wearable systems that are
designed to accomplish a specic t and/or tightness around the body (e.g., compression
technologies) and point towards new research opportunities. All garments that apply a
pressure to the body (from leotards to mechanical counterpressure spacesuits) function
according to the law of Laplace, which relates the pressure inside a cylinderpf to the
radius of that cylinder (r) and the force per unit with, or unit tension (t), of the cylinder
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plPa] = t[r [r_nr]n]

Here, the body is considered a hydrostatic column with a radiusy, and the textiles, or other

(1.1)

materials that compose the garment, are considered the cylinder walls with a unit tension,
t. The law of Laplace demonstrates that the way to dynamically increase or decrease pres-
sure around the body is to adjust the unit tension of the garment. Additionally, because
body dimensions are dynamic (i.e., they change in response to posture and orientation in
relation to gravity) and vary between users [33], unit tension adjustment also introduces the
opportunity to maintain a target pressure across a range of radii - or accomplish wearing
stability in terms of tightness. While pneumatic compression garments are able to dynam-
ically adjust their wall tension by adjusting air pressure within each bladder, a research
opportunity lies in the design of mechanically actuatable surfaces and integrated systems
that can dynamically adjust their unit tension without an increase in surface/system vol-
ume. Further, mechanical actuation of textile-based surfaces could enable a broad range
of wearble technologies that are low-pro le and conformal to the body surface, including
haptic interfaces [34, 35, 36, 30, 37], self- tting or adaptive interfaces [17, 38], or assistive
and rehabilitative wearables [39, 32, 40].

1.3 Approach to Problem Statement

Active materials and active material-based structures present an exciting opportunity to
address the research gap in the physical design of wearable technologies. Active materials
are mechanically actuatable smart materials that can change shape and sti ness in response
to a stimulus without increasing volume. This work investigates leveraging the dynamic
sti ness properties of active materials to develop active textile structures and integrated
wearable systems that dynamically adjust their unit tension (i.e. transitioning from loose

to tight) and accomplish dimensional change without increasing volume. While there are
many active materials whose properties could be exploited for active textile and wearable
device design (see Section 2.3), shape memory alloys (SMAs) stand out as a promising
material due to their large recovery stresses (up to 900 MPa) and transformation strains
(6-8%) [41, 42, 43]. SMAs are metal alloys that can recover mechanical deformations with
a change in temperature. If the dimensional boundaries of the material are xed, inhibiting
dimensional change, thermal ux produces an increase in material stress (i.e., recovery
stress), which translates to a blocked force that could change the unit tension of a wearable
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device. A thorough discussion of active materials, including SMA materials, is provided in

Section 2.3.

While SMA is an exciting material candidate for the design of wearable systems, several
wearability logistics must be considered. Wearability can encompass both social and phys-
ical aspects of wearability; however, this work considers physical wearability only as the
comfort a orded by a body mounted object [44]. Important physical wearability consider-
ations for SMA include distribution, stretch, and thermal comfort. First, structural design
modi cations are required to distribute SMA material properties across a surface and en-
hance actuation stroke, or structural strain (because recoverable SMA material strains are
relatively low, 6 8%). In a wearable system, surface distribution is required to produce
a compressive pressure, rather than a localized normal force. Likewise, structural strain,
which is composed of material strain, translation, and rotation, is required for a device to
mechanically interface with the human body. For example, structural strain is needed in
wearables systems to enable mobility, enable don/do, and accommodate multiple users.
Prior work has found that certain regions of the lower body require dimensional expansion
over 11% to transition from a standing to a seated posture [45]. Additionally, garments typi-
cally require expansion between 5-40% to physically pull the garment over the body without
mechanical stretch or a fastener [38]. Lastly, garments must be designed to accommodate a
size category composed of a range of dimensions (unless the garment is made custom for a
single user). Dimensional variation between the smallest and largest circumference within
a standard compression garment size category is as large as 30% [3].

Structural design methods to satisfy the structural strain and surface distribution re-
guirements of wearable systems include recon guring SMA materials into new geometries,
such as spring, braided, woven, or knitted geometries. Improved distribution of an active
material over a surface is a orded by structures that align active material laments or rib-
bons in parallel, such as woven structures. While these aggregate structures do distribute
material properties across a surface and reduce exural rigidity compared to a sheet com-
posed of the same material mass [46], woven structures cannot enhance structural strain.
Alternatively, spring structures accomplish impressive structural strains (> 100%), but are
unable to translate distributed forces to the body [47]. Consequently, SMA springs are
generally used to increase the unit tension of a conjoined passive textile, which can apply
evenly distributed forces to a body volume [48, 30]. Knitted structures, an alternative, are
similar to braided and woven structures in that the geometry a ords two-dimensional scal-
ing. Additionally, knit structures enable enhanced structural strain compared to woven or
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braided structures due to their interlooped geometry [49]. SMA-based knit structures have

been shown to accomplish large structural strains (up to 50%) and large unit tension (up
to 211 N/m unit tension in an active material state and 170 N/m generated unit tension)
[50, 2, 51, 52]. These characteristics make SMA-based active textiles promising for the de-
sign of new wearable interfaces. Consequently, this dissertation work seeks to leverage the
actuation properties of SMA materials within knit textile structures to produce low-pro le

and scalable active textiles that accomplish large structural strains and unit tension for
dynamic wearable applications.

Thermal comfort, in addition to force distribution and structural strain, must also be
considered to enhance the physical wearability of SMA-based active textiles. The human
body surface has a relatively narrow window of thermally comfortable temperatures. Con-
tact temperatures at and above 45C are perceived by the body as a burning sensation
[53, 54]. Conversely, 5C is the approximate cold pain threshold [55]. Additionally, the
human perception of hot and cold depends on a wide range of factors - notably, the rate
of temperature change. For example, cold sensations begin when the skin surface temper-
ature drops at a rate of 024 C per minute [54]. Warm sensations begin when the skin
surface temperature increases at a rate of:06 C per minute [54]. Additionally, prior work
has found that the temperature experienced at distal regions of the body (e.g., ngertips)
dominates an individual's thermal experience [56]. These minimum and maximum temper-
ature tolerances and perceptible temperature change rates capture the sensitivity of thermal
sensation, which can inform thermally-driven actuation strategies and de ne SMA trans-
formation temperature bounds. Additionally, mean skin temperature generally uctuates
between 17C to 40 C in response to ambient environmental temperatures and biological
factors. [54, 57]. This range of uctuation must be considered to properly control ther-
mally driven actuation in a thermally variable environment. This research explores new
approaches to investigate and implement on-body and thermally driven actuation strate-
gies through a human factors framework, considering the range of temperatures available
to the user group along with a thermomechanical understanding of SMA materials.

1.4 Research Questions

Two sets of research questions are posed and addressed in this work. First, a set of research
guestions relate this research to wearable technologies in a broad sense. Second, a targeted
set of research questions were developed for the particular case studies - astronautic and
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terrestrial compression garments. Both sets of research questions consider active textiles,

speci cally knit textiles composed of SMA laments, that accomplish large structural strains
and blocking forces across a distributed surface without increasing volume, for wearable
devices. These characteristics make active textiles an exciting technology with capabilities
that can be exploited in the design of wearable technologies for enhanced system-body
interfaces.

1.4.1 Global Research Questions for Wearable Technologies

The following global research questions related to the t, performance, and wearing stability
of wearable technologies drove the underlying direction of this work and approaches taken.

1. Can the tunable and spatial actuation performance of active textiles be exploited to
enable a garment to dynamically conform around the complex contours of the human
body?

2. Can adjustments to garment t, accomplished through active textiles and new pattern
making methods, produce a range of wearable system functions (i.e., performance) by
leveraging physics-based equations?

3. Can physical theory and the mechanics of materials inform strategies for stabilizing
the mechanical interaction between a wearable system and a human body even as
human dimensions change?

1.4.2 Specic Research Questions for Active Textile Compression Gar-
ments

The speci c research questions that drove the case study direction and approach were
guided by force and thermal guidelines for the case studies (i.e., astronautic and terrestrial
compression garments). Force guidelines drove the formation of the initial research ques-
tions. Because the compressive pressure requirements for astronautic compression devices
are higher than those for consumer compression devices, the research questions were framed
around the astronautic device force guidelines, assuming these guidelines also encompassed
the terrestrial devices force guidelines. A dynamic compression device for astronauts must
be capable of reaching 16-55 mmHg around the body, from the waist to the ankles, respec-
tively [9]. According to the 2012 Anthropometric Survey of U.S. Army Personnel (ANSUR),

a population representative of an astronaut population, cross-sectional circumferences from



10
the ankle to the waist range from 19-116 cm [51]. Using the law of Laplace (Equations

1.1), it can be deduced that the maximum required unit tension for an OIG is 395 N/m
(assuming that the largest and proximal body circumferences only need a maximum of 16
mmHg). Prior work found that SMA-based active textiles accomplished a maximum unit
tension value of 211 N/m - just short of the OIG requirements [51]. Consequently, the rst
research question is centered around the unit tension capabilities of SMA-based active tex-
tiles. The subsequent research question is concerned with the translation of active textile
unit tension to suitable compression pressure around a body volume through device design.

Thermal comfort guidelines de ned the last research question. Successful integration
of SMA-based actuation within wearables devices is dependent on new SMA materials and
actuation strategies to maintain physical wearability in terms of on-body thermal com-
fort. Prior investigations into SMA-based actuation have utilized commercially available
materials with high actuation temperatures (e.g., 70 C and 90 C, Flexinol, Dynalloy, Inc.)
[48, 30]. Thermal guidelines for an astronautic compression garment were de ned by the
range of temperatures commonly experience by the human skin surface (2535 C) as
well as the minimum and maximum temperatures the skin can contact without discomfort,
which are 5 C and 45 C, respectively [54]. This work sought to de ne the ideal material
transformation temperatures for a SMA-based wearable device and leverage known ther-
momechanical behaviors of SMA materials to develop appropriate actuation strategies for
astronautic compression devices.

1. Can structural manipulations to active materials be leveraged in SMA-based active
textile construction to achieve unit tension up to 395 N/m?

2. Can physics-based equations be merged with traditional garment pattern making
methods to produce compression devices composed of SMA-based active textiles that
accomplish dynamic compression between 0-20 mmHg in an inactive equilibrium state
and, upon actuation, reach 6-55 mmHg in an active equilibrium state around body
circumferences ranging from 19-116 cm?

3. Can active material thermomechanical loading paths be exploited to enable a variety
of on-body uses while maintaining thermal comfort, de ned by a system-body physical
interface above 5C and below 45C?
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1.5 Research Objectives

The goal of this research was, broadly, to reexamine and advance methods of accomplishing
t, performance, and wearing stability for wearable technologies. In the context of the
case studies (astronautic and terrestrial compression garments), the aim was to develop
and implement new t, performance, and wearing stability strategies using SMA-based
active textiles. Additional research objectives were developed to enhance the kinematic
and kinetic performance and physical wearability (notably, thermal comfort) of the SMA-
based active textiles. The following ve research objectives strove to de ne system-body
physical interface requirements and improve the mechanical interaction between wearable
technologies and human bodies.

1. Fit reinterpretation. Develop new methods to accomplish and enhance conformal
t, or the system-body physical interface, by leveraging spatial actuation and active
materials that respond to the thermal environment of the human body surface.

2. Active textile advancement. Leverage the structural mechanics of laments,
yarns, and textiles to enhance and broaden the mechanical properties and actuation
performance of SMA-based active textiles for wearable applications.

3. Textile-to-system translation. Merge existing garment pattern making methods
with physics-based equations for series elastic systems to produce SMA-based
wearable devices with highly tuned and dynamic performance.

4. Actuation strategy development. Formulate a range of strategies to accomplish
thermally-driven actuation on the human skin surface with SMA-based active
textiles within thermally comfortable temperature bounds.

5. On-body performance demonstration. Evaluate the performance of the
designed compression devices to investigate their ability to produce dynamic forces
on the body without surpassing thermally comfortable temperatures.

6. Wearing stability formulation. Identify the barriers to wearing stability for
wearable technologies and leverage physical theories to formulate advanced sizing
strategies that produce identical physical experiences for di erent users across wear
trials.

Each of these research areas contributes to the advancement of the physical design of wear-
able technologies.
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1.6 Outline

The following sections outline the chapters of this dissertation, starting with relevant back-
ground information (Chapter 2) and followed by four research contributions to the eld
(Chapters 3-6).

Chapter 2 presents relevant background information to frame the t, performance, and
wearing stability challenges for wearable technologies. Part | provides an overview of
standard garment design, sizing, and production methods, indicating areas that pose
challenges for wearable technologies. Part Il provides an overview of the application
case study, astronautic compression garments, and their use environment. Part Il
follows with a brief survey and description of active materials and structures and sug-
gests particular active material and structures combinations that could be leveraged
to advance the mechanical design of wearable technologies.

Chapter 3 explores the dimensional relationship between garments and human bodies
and introduces active textiles that accomplish sti ness and dimensional shape change,
as a new approach to achieving conformal t. This chapter pairs anthropometric
analysis with design guidelines for SMA-based active textiles to develop functionally
graded active garments that can be easily pulled over the body and contract to meet
and stien around the body surface in response to body heat. Additionally, fully
spatial actuation motions are exploited within SMA-based active textile design to
achieve an enhanced level of contact with the body surface - a capability that has
previously only been possible with thermoplastic plates or foam inserts.

Chapter 4 is a mechanics-based investigation of the design of active laments, yarns,
textiles, and wearable systems and presents advanced methods of accomplishing a
range of wearable device t and performance. This chapter leverages the known tor-
sional behavior of SMA laments along with the mechanisms of buckle and snarl
formation in twisted yarns to develop active textiles with ampli ed blocking force,
kinetic tunability, active auxetic e ects, and improved exibility compared to previ-
ous SMA-based active textiles. Advances in active textiles are demonstrated through
multifunctional wearable devices, including a variable constriction pump that exhibits
sequential actuation, a wearable that conforms multi-axially around the body, and a
soft exoskeleton that performs assistive motions and on-body anchoring simultane-
ously.
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Chapter 5 presents dynamic and conformal wearable compression devices facilitated

by the active textiles developed in Chapter 4. These devices implement new thermal
wearability strategies to enable the devices to remain inactive in room temperature
and accomplish actuation proximal to the surface of the human body without thermal
discomfort. Further, this chapter presents new methods of designing compression
devices that have multiple equilibrium states, or tightness levels around the body,
by developing and merging nonlinear elastic series equations with standard garment
design methods. The chapter ends with a user study to investigate the compressive
pressure exerted by the devices around the human body.

Chapter 6 presents a future outlook on the compression devices developed in Chapter
5 by proposing new actuation methods aimed at improving the thermal wearability
and usability of SMA-based wearable systems. The chapter reexamines SMA ther-
momechanical loading paths commonly used in SMA-based actuator applications and
presents a novel, superimposed condition in which SMA-based active textiles generate
substantial forces upon heating and cooling. In addition to translating a subtle mate-
rial e ect to usable actuation paths, two novel actuation sequences are presented: (1)
a method of using an available cooling source to generate useful on-body forces and
(2) a method of using an available heating source before wear to pre-program a target
generated force that is achieved upon ambient cooling. These new modes of actua-
tion require a small fraction of the traditional power/heat requirements and could be
implemented in wearable device design, such as medical compression garments.

Chapter 7 presents a synthesis of research ndings and contributions to the eld of
smart textiles and wearable devices. Each chapter is considered within the framework
of the central research questions and future research opportunities are identi ed.

1.7 Study Signi cance and Contributions

This research presents cross-disciplinary approaches to address the challenges associated
with wearable technology t, performance, wearing stability, and physical wearability. In
addition to the particular strategies develop to enhance wearable technology physical inter-
faces, a major contribution of this work is a methodological synthesis of disparate research
disciplines, including functional apparel design, human factors, mechanical engineering, and
material science.
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1. Fit advancements were made by demonstrating that linearly matching garment and

body dimensions does not necessarily produce garment-body proximity. Conformal
t, or full contact between a garment and a body across a covered surface, can only
be achieved with wearable interfaces that spatially conform around body topography.
This work identi es wearable technology t challenges. Further, the research presents
new pattern making and design methods to leverage the spatial actuation properties of
SMA-based active textiles to accomplish accurate and dynamic t to improve garment-
body contact for wearable technologies.

2. Performance advancements were made by exploiting active materials within yarns
and textile structures to accomplish new mechanical properties and actuation behav-
ior. Active textile performance advancements include enhanced blocking forces and
expanded actuation motions - notably, active auxetic e ects, which describes dynamic
contraction in both orientations of a 2D surface. Further, these active textiles with
enhanced kinematic and kinetic performance were dimensionally manipulated within
garment pattern making procedures to produce a range of on-body performance, such
as (i) increased tightness or change in tightness around a body volume, (ii) biaxial and
dynamic conformation around the body surface, and (iii) opposing and synchronized
tasks along each axis of the 2D textile, such as increased tightness in one direction and
lifting of a body segment in the opposing direction. These new approaches demon-
strate that textile construction and garment pattern making methods can be powerful
engineering tools to advance the system-body physical interface of wearable systems.

3. Wearing Stability  challenges are pervasive in wearable device design and, until now,
deviations from traditional apparel sizing methodologies to improve wearing stability
have not been investigated. This research illuminates the challenges associated with
stabilizing device performance across a user population and proposes new methods
to accomplish wearing stability in terms of tightness across a size category. The
methods that enable these wearing stability advancements are grounded in physical
theory and material phenomenology - highlighting the cross-disciplinary awareness
that is required to advance wearable technologies.

4. Physical wearability = considerations drove SMA actuation strategy advancements to
enable thermally comfortable SMA-based wearable systems. The wearables commu-
nity has, until now, utilized only one heating strategy to accomplish actuation. This
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research broadens the types of actuation operations available to wearable systems,

which include (1) utilizing material hysteresis to sustain a high force post-heating
and (2) utilizing thermal contraction to increase force post-heating and upon cooling.
These novel actuation strategies and the proposed methods of integrating these strate-
gies into wearable system operation were developed by adopting a human-centered
perspective when investigating active material behavior.

These interdisciplinary research contributions shine light on complex and often ill-
de ned challenges in the eld of wearable technologies. This work provides new road maps
for improving the t and performance of wearable technologies and, further, successfully
scaling t and performance across a user population.



Chapter 2

Background

This chapter provides an overview of wearable device t and sizing challenges. Traditional
garment design methods are presently the only developed methods to accomplish t and
sizing for body-worn items. These methods are being leveraged in wearable technologies to
improve the system-body interface and develop size categories; however, traditional garment
design methods were not developed for wearable technologies and they do not address
fundamental challenges with system-body interfaces. This chapter starts with an overview
of traditional garment design methods and their challenges. The chapter continues with an
application case study - astronautic compression garments. The purpose of the case study
is to take a deep dive into t, performance, and wearability challenges and propose new
methods for their advancement. This case study background covers the mechanical design
and usability challenges of present astronautic compression garments, also called orthostatic
intolerance garments (OIGs). Both the internal and external astronaut environments that
shape the usability requirements of OIGs are covered. This chapter ends with an overview
of active materials and structures that dynamically change shape and/or sti ness and points
towards opportunities to advanced system-body interfaces for wearable technologies.

2.1 Fit and Sizing Challenges for Wearable Technologies

This section was adapted from a paper, Enhancing Performance and Reducing Wearing
Variability for Wearable Technology System-Body Interfaces using Shape Memory Materials,
published in Flexible and Printed Electronics journal in May 2021 (DOI: 10.1088/2058-
8585/abf848.) The publication was co-authored by Crystal Compton, Heidi Woel e, and
Justin Barry and overseen by Dr. Brad Holschuh.

16
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Wearable technologies are rapidly acquiring new capabilities to track, assist, or enhance

a users own functions. Wearable technologies are de ned here as any body-mounted item,
which can be a traditional garment with an integrated actuator/sensor (e.g., ECG sensing
shirt) or a stand-alone sensor/actuator placed proximal to the body (e.g., smart watch).
Sensors and electrodes embedded within garments enable wearable health monitoring and
activity recognition [58, 59, 60]. Soft robotic actuation mechanisms have been incorporated
into wearables to enable user gait assistance and even physical rehabilitation [61, 62]. While
signi cant research has been conducted to advance the design of wearable sensors and
actuators which are rapidly being miniaturized and optimized for wearable applications
little attention has focused on the system-body interface, which is a critical factor for
device acceptance and functionality in use environments. Up to 50% of wearable robotic
system power has been shown to be lost through non-optimized system-body interface
dynamics [13, 12]. Slight variation (< 2 cm) in electrode anatomical placement results
in large variation in R wave amplitudes ( 25%), impacting diagnostics [15, 63]. Wearing
variability, de ned as orientation and placement variation between a system and a body
both between users and across wearing sessions, has been shown to produce cumulative
degradation of wearable motion tracking [14]. Methods to achieve accurate and consistent
t in wearable systems for a large population have yet to be broadly discussed in a research
setting.

Wearable technologies are currently developed to interface with the human body us-
ing standard garment design principles. These methods include static interfaces, such
as stretch fabrics, to anchor lightweight sensors around the body or manually-adjustable
straps/bracing to anchor heavier sensors and actuators to the body [13, 64]. The mechan-
ical properties of the chosen interface material necessitate di erent design strategies to
ensure that the wearable system can interface with a range of users. Stretch fabrics can
stretch to a ord more variation in body dimension; however, as fabric sti ness decreases
to accommodate more users, stability of the anchored sensor/actuator decreases, causing
sensor/actuator drift or de ection away from the body. Stier fabrics provide enhanced
anchoring of system components around the body; however, this interface approach is intol-
erant to small changes in body dimension and requires manual adjustability mechanisms,
such as laces or straps [61, 65]. Research advancement in system-body interfaces for wear-
able technologies is long overdue.

The methods developed to design a wearable system require translation of volumetric
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data from the human body to a at pattern and back to a volumetric form, usually con-

structed from a fabric. The following sections detail basic garment design methods and
principles used routinely to produce ready-to-wear (RTW) and custom garments and wear-
ables. This targeted and condensed version of this foundational information is intended to
highlight the in uence garment design methods and choices within the process have on
the functional success of wearable systems.

2.1.1 Methods for Developing Garments and Garment Fit
Pattern Making

Garment pattern making is the process of developing one or more 2D shapes that can be
con gured around a 3D volume to form a wearable system. Traditionally there are two
methods used to determine the shape of a 2D garment pattern 1) at pattern making and
2) draping. Flat pattern making involves drafting a 2D shape that forms a 3D garment on
paper using numerical body dimensions that are manipulated to accomplish the nal 3D
garment. Often established 2D pattern shapes, called a pattern sloper or block, are used to
begin this process, which are then manipulated into a particular design. Draping is an al-
ternative garment pattern making method that does not require mathematical calculations
or dimensional data. Rather, a fabric is shaped directly around a 3D form. If the shape
of that form is marked with a pen/marker, the draped fabric serves as the beginning of a
2D pattern once it is removed from around the 3D form. With either method at pattern
making or draping a paper pattern is created to use in the development and production
of the garment. Generally speaking, draping is the recommended method for developing a
pattern for unconventional wearable systems, such as dynamic, lower body compression gar-
ments, while at pattern making can be used when the wearable appropriates a conventional
garment form with established pattern shapes.

Mechanical Properties of Textiles

Once a basic paper pattern has been created, a fabric is chosen and the mechanical properties
of that fabric dictate the required modi cations to that basic pattern. There are three
main types of fabrics: 1) woven, 2) knit, and 3) nonwoven. Typically woven and nonwoven
fabrics do not have any stretch due to their structure, unless an elastomeric ber is part

of the fabrics ber composition [66]. Woven fabrics are formed by creating interlacings of
lengthwise, warp yarns and crosswise, weft yarns [66]. Nonwoven fabrics are created directly
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from bers, which are enmeshed through chemical, mechanical, or thermal means to form

a berweb structure [66]. Knit fabrics are inherently stretchy due to the nature of their
structure horizontal loops are formed and linked, which allows expansion/contraction of
the loops, resulting in a mechanical stretch [67]. Both the amount and direction of stretch
for knit fabrics varies. Knit fabrics have either a 2-way stretch, which means the fabric
has stretch in one direction, typically across the width (see Fig. 1) of a fabric, or a 4-way
stretch, which means the fabric has stretch in both width and length directions [66]. An
elastomeric ber is used in the composition of 4-way stretch knit fabrics to complement this
stretch [67]. The stretch capacity of a knit fabric plays a large role in the t and design of
a garment. Consequently, the mechanical properties of the fabric are an important factor
that determine the shape of the 2D patterns [68].

Dimensional Manipulations and 'Ease’

After the fabric has been chosen, the 2D patterns may be adjusted in ease allowance ac-
cording to the mechanical properties of the fabric to ensure that the end garment achieves
the intended t around the body. Garment ease informs how the garment pattern needs
to be manipulated and is de ned as the di erence in measurement between the body and
a garment [69]. While design ease (aesthetic) can be used to achieve an intended visual
garment form, here we discuss tting ease (functional) only, which is used to achieve a
comfortable t and to allow the wearer to move without being physically constricted by
the garment [68]. A positive value of ease (i.e., increasing a pattern dimension relative to
a body dimension) is required for non-stretch (woven, nonwoven) fabrics; otherwise, the
garment does not extend as body dimensions (which are not static) expand and contract
[70]. Additionally, positive ease may be added to accommodate garment don/do. If a
non-stretch fabric must be used for a garment that requires a close t, such as a vest or
dress shirt, closures must be incorporated into the garment pattern to enable the garment
to open and fasten around the body. In contrast, a negative amount of ease (i.e., decreasing
a pattern dimension relative to a body dimension) is often preferred for stretchy (knit)
fabrics to accomplish a conforming t across a variable population [68]. Negative ease is
possible with stretch fabrics because the stretch properties of the fabric a ords temporary
dimensional change and subsequent recovery, which is typical during garment don/do as
well as during movement, posture change, and other activities, such as inhaling and exhaling
[68]. Zero ease (i.e., pattern dimensions equal body dimensions) is only used in the design



20
of custom garments because population dimensions are too broad to identify a zero ease

condition for all users. Depending on the fabric chosen, garments designed with zero ease
can be donned by either stretching a fabric over the body or fastening a non-stretch fabric
around the body with incorporated closure mechanisms. In summary, the proper amount of
ease for a garment pattern is calculated by comparing body dimensions in multiple postures
and adjusting the base pattern according to both required dimensional uctional and the
mechanical properties, speci cally stretch properties, of the chosen fabric [71].

Method of Assessing Fit

The assessment of garment t is traditionally a qualitative process conducted by one or
more t experts who observe a garment on an individual [72]. Fit criteria are compared
through a subjective tting scale, such as a 1-5 t evaluation scale [72]. The range of criteria
evaluated during the procedure include (1) grain, or the drape of a fabric across the body,
(2) line, or the silhouette of the garment, (3) set, or the appearance of wrinkles/folds, (4)
balance, or the symmetry of the garment around the body, and (5) ease, or the dimensional
di erence between the garment and the body. Within this research, the primarily focus is
on garment t in terms of ease, or proximity to the body. While some quantitative methods
have been developed to de ne and identify garment t, such as volume comparisons of
clothed/unclothed 3D scans [73] and contact/pressure sensing [74], the average user relies
on heuristics and preference to determine if a wearable ts them well [72]. Consequently,
new methods to make t less subjective for the average user are needed for t-sensitive
systems, such as wearable technologies.

2.1.2 Methods for Accomplishing Fit Across a Population
Anthropometric Analysis Data

The methods used to develop a garment sizing system (e.g., small, medium, large) generally
start with an analysis of an anthropometric database to determine the span of dimensions

a sizing system needs to cover [75, 76, 77]. The choice of the database is determined by
the target user group (e.g., consumer, military) [75, 77]. If the product is going to be
marketed to a consumer population, the product dimensions should be designed around a
database such as SizeUSA or the Civilian American and European Surface Anthropometry
Resource (CAESAR) [78, 79]. If the end user is a military group, other anthropometric
databases, such as the Anthropometric Survey of U.S. Army Personnel (ANSUR), are more
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appropriate. A new anthropometric analysis on a target user group may be conducted if

the data are not available otherwise [76].

Key Dimensions and Statistical Analysis

After an anthropometric database has been chosen, a few, key dimensions are singled out as
critical to the design of the product. For example, wrist circumference is the most important
measurement for a wrist-worn wearable. The key dimensions are then statistically analyzed
through methods such as cluster analysis, standard deviation, or types of multivariate anal-
ysis, to segment the population into groups [76]. While the ideal size framework would t
100% of the population, statistical outliers are usually removed, down selecting the sample
size to a certain percentage [71]. Most ready-to-wear (RTW) sizing systems only accommo-
date 65-85% of a consumer population [80]. Sizing systems for functional garments intended
for a specialized population may aspire (and be required) to accommodate the 1st through
the 99th percentile population dimensions. Examples include assistive exoskeletons for the
military or spacesuits for astronauts [61, 81]. This large accommodation is challenging be-
cause the percentiles associated with each dimension are not additive an individual with
a 75th percentile torso dimension does not necessarily have a 75th percentile arm dimen-
sion [77]. Consequently, sizing systems for functional wearables intended to accommodate
a large percent of the population are always reliant on garment design strategies, such as
splitting the system into individual components and adding targeted areas of adjustabil-
ity (discussed further in the following sections). These strategies are formulated through
system and environmental requirements speci ¢ to an application.

Size Intervals and Categories

While statistical segmentation forms the foundation for a sizing system, the number of size
categories and the dimensional boundaries of each size category may be shifted according
to wearable product t requirements and production costs [82]. Large size intervals are
preferred for dimensionally diverse population because they accommodate the population
with a minimum number of unique sizes; however, large size intervals are a challenge for
wearable technologies because they increase the dimensional variation between the smallest
and the largest user within the size category magnifying variation in system t [15]. For
example, t-shirts are commonly produced in size intervals of 5 cm from base size. If an
ECG sensing shirt were also produced in size intervals of 5 cm from base size, the ECG
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sensors would not function on a large percentage of the user group. ECG sensors need to

be in physical proximity with the body to function and an 'oversized' shirt will not a ord
sensor-body contact on most users. Alternatively, the best size interval to maintain sensor-
body proximity across a user population may be 0.5 cm. While small size intervals are
functionally preferable for wearable technologies, small size intervals require the produc-
tion of a large number of discrete size categories, which can be expensive and a production
challenge especially with incorporated actuator/sensors [83]. For example, it may be nan-
cially feasible to produce a pair of dress pants in 27 sizes for a general consumer population,
while 27 sizes for a wearable computing wristband for a small military population may
not be necessary or reasonable from a production cost perspective. Consequently, cost and
product t requirements are often competing factors that impact the functional outcome

of wearable technologies. Additionally, the number of size categories for any product is a
logistical choice that must be made with an understanding of (1) the dimensional require-
ments of the target population, (2) the accuracy of t required for that population, and (3)

the appropriate cost breakdown of the product.

Pattern Grading

Multiple garment sizes are created through pattern grading, which is a process of creating
multiple garment sizes from a base size pattern by systematically increasing or decreasing
dimensions to form larger and smaller garments, respectively [84]. Pattern grading does
not involve uniformly scaling a pattern by a certain percentage because dimensional lengths
and widths do not correlate [84]. Common methods of increasing or decreasing pattern
dimensions include (1) shifting, (2) edge change, and (3) proportional grading [84]. (1)
Shifting techniques are conducted with a physical base pattern cutout by strategically sliding
the pattern vertically and horizontally, tracing and connecting base pattern curves to form a
larger or smaller pattern shape [2]. This grading method is not frequently used and is known
to produce a attening e ect, which increases as derived garment sizes drift further from the
base size [84]. (2) The most common method of increasing or decreasing pattern dimensions
is edge change, which involves manipulating speci ¢ points along the edge of a pattern
according to grade rules [84]. Grade rules are a set of a predetermined x- and y-coordinate
dimensional shifts in specic pattern points required to accomplish the dimensions of a
smaller or larger garment size. While edge change grading techniques are used heavily in the
apparel industry, manipulating points only is known to cause challenges with garment shape,
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speci cally the curved form between points. (3) Proportional grading, another common

grading method, starts with the middle size base pattern as well as patterns for the smallest
and largest sizes within the size system [84]. Additional garment dimensions between these
three sizes are then derived by dividing the distance between smallest-to-medium or largest-
to-medium sizes by the number of intermediary sizes required. While these pattern grading
methods are systematic, all approaches require iteration and subjectivity. Notably, these
methods lack volumetric data. Therefore, these pattern grading methods do not guarantee
that a new garment size category will adequately t a group of people. Consequently,
t models that represent the edges of each size category (i.e., the largest and smallest
dimensions that can t within a size small category) are also useful to analyze the success
of a grading method. The t of each sample prototype is evaluated based on elements of
t, including line, grain, balance, ease, set. These t criteria enable a pattern maker to
identify required adjustments to pattern dimensions for any pattern within the size system.
All steps taken to develop a size category from anthropometric analysis to pattern grading
heavily dictate the success of a system-body interface for a range of users.

2.1.3 Garment Prototyping and Production Logistics

There are three main approaches to producing a wearable system for a population of users:
(1) RTW, (2) bespoke/tailored, and (3) mass-customization. RTW wearables are pre-
sized through grading methods using anthropometric data and can be worn upon being
purchased. RTW wearables are the least satisfying approach for user groups because it
is di cult to adjust a particular size to match the unique dimensions of a particular user
[71]. Bespoke/tailored garments are also pre-sized using some dimensions determined by
the manufacturer; however, garment edges are left un nished to allow the shape to be
easily altered by a tailor. A common example are mens suits that require alterations
post-purchase. Wearable technologies that require some sort of user-specic calibration
before use are also considered bespoke/tailored and these added steps increase labor and
garment cost. Mass-customization refers to products that are manufactured according to the
speci cations of the buyer upon purchase. While mass-customization can refer to product
choices such as color or style, we refer to mass-customized products as those that have
custom dimensions based on a particular users dimensions. Wearables, such as industrial
and rehabilitative exoskeletons or prosthetics, are produced through a mass-customized
approach. Mass-customization is an exciting approach that requires rapid manufacturing
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response times and fundamental changes in garment production methods, including ow of

goods and factory layout [85]. Many established companies and startups have investigated
the translation of individual user 3D scan data into a product with custom dimensions [86)].
These companies have found that, despite the large amount of volumetric data 3D scans
provide, mass-customization methods do not guarantee that a user will be satis ed with the
custom-built product [80]. Additionally, these methods only incorporate static dimensional
data and do not enable product optimization for dynamic product use (e.g., change in body
shape due to movement or posture change).

The physical process of making one or many garments is a labor-intensive process with
built-in manufacturing error tolerances speci ¢ to the type of garment being produced. Re-
search has found up to 20% of garments produced through standard production methods
do not meet the product expectations a high number for any industry [84]. Addition-
ally, the production time required to manufacture wearable technologies has been found to
be more than three times greater than for standard garments, which increased production
costs by 244% [83]. Processes during production where error can happen include mark-
ing, spreading, or cutting fabric patterns (many plies of fabric are laid out on a table and
cut with an electric motorized knife at once). While the workers who sew fabric garment
pieces together are often highly skilled, additional production errors can be caused by poor
handling during construction or deviating from designated seam allowances. Manufacturing
tolerances are established to control garment quality and to identify an acceptable deviation
from the intended measurements. These tolerances are typically expressed in a positive and
negative value, which indicates how far a point of measure can deviate from the intended
measurement. There is no standard/established tolerance measure, rather, each manufac-
turer/company determines what best ts their product and price point. While acceptable
tolerance for production errors can vary across production facilities, error tolerance at gar-
ment seams is generally 0.2 cm and 1.3 cm in the length of a garment [84, 83]. These error
tolerances are particularly challenging for wearable technologies that require precise location
and proximity of sensors/actuators around the body [83]. To mitigate manufacturing errors,
wearable technologies must be produced at specialized production facility, increasing pro-
duction costs. Wearables with small t tolerances and high functional requirements, such
as spacesuits or wearable exoskeletons, often take a hybrid approach to production mix-
ing and matching many RTW components that make up a full system to meet the unique
dimensional requirements of the user at a more reasonable cost [61, 87, 81]. While mass cus-
tomization is an exciting prospect, RTW methods remain the wearable technology market
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standard. New methods are required to further develop and streamline mass-customization

approaches before they are pro table from a large-scale production standpoint [80]. To
address the fundamental manufacturing precision di erence between soft goods and hard
goods, this work explores innovative methods of improving t and sizing methods to advance
wearable technologies.

2.1.4 \Wearable Technology Physical Interface Challenges
Sensor Interfacing

The challenge of sensor integration into clothing is largely dependent on the functional pur-
pose of a sensor. Common sensors that would be desired on the body include stretch sensors,
pressure sensors, inertial sensors (accelerometers, gyroscopes), temperature sensors, and a
plethora of biosensors, such as electromyography (EMG), electrocardiography (ECG), elec-
troencephalography (EEG), photoplethysmography (PPG), and heart rate monitors [88].
Each of these sensor types must interface with the body in a particular way to function,
which means unintended garment t can result in poor functionality, incorrect functionality,

or lack of functionality. Most sensors must physically touch the body to gather meaningful
data, such as electrical activity or ow rate. Consequently, if a sensor is embedded in the ar-
ticle of clothing (e.g. shirt), that shirt must enable that sensor to physically touch the body.
With physical proximity a requirement for functionality, traditional apparel methodologies

to accommodate a large population, such as added dimensional ease, become problematic.
For example, if the sensor must touch the chest, the shirt dimensions around the chest must
be equal to or less than the chest itself for all users. In some instances, stretch fabrics can
be used to ensure garment proximity to the body across a large user population [68]. The
only instances in which stretch garment are not appropriate are when the forces exerted
on the textile due to the weight of the sensor are greater than the forces attributed to the
tensile properties of the stretch fabric, causing sensor de ection away from the body surface.
In instances where close t, but added sti ness is required, designers often incorporate ad-
justability mechanisms, such as a high-sti ness strap around the chest (still integrated into
the shirt) that can be tightened locally to ensure body proximity and appropriate sti ness.

For many sensor applications, body proximity is only part of the wearability challenge.
Once touching the body, most sensors require stable or semi-stable interface conditions.
Sensor noise is a common challenge as the user begins to move in the garment and the
sensor shifts across the surface of the skin, sometimes even drifting placement over time.
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Drift can be particularly prevalent in response to habitual motions, such as swinging an arm

during walking, which can cause a garment to rotate around the body, carrying the sensor.
Some sensor noise is unavoidable due to muscle oscillation or chest expansion/contraction
during breath and can be address through data Iters; however, sensor drift and de ection
that occurs on the surface of the skin is usually avoidable and can be mitigated through
compression and high-friction materials, such as inertial measurement units (IMU) mounted
to high-friction foams that are wrapped around the body in compression.

Many sensors also require precise anatomical placement (e.g. ECG between particular
ribs, EMG over a muscle group) [15]. In these instances, new forms of anthropometric anal-
ysis must be conducted to evaluate the dimensional variability of that anatomical landmark
[15]. Adjustability mechanisms can be used to enable each user to adjust the garment as
needed for their personal anatomy; however, bi-directional adjustability is often required to
achieve the level of t precision that is required for the garment to function correctly. To
work around the complexities of bi-directional tting mechanisms (that are complex both to
design and use), prior work has suggested a traditional garment sizing/grading approach in
non-critical dimensions and an adjustability approach only where functionally required [89].
Critical dimensions are de ned as areas of the garment that must accomplish a particular
dimension in relation to the users body for the garment to function. Non-critical dimensions
are de ned as areas of the garment that do not need to be ne-tuned to a users particular
dimensions because they do not a ect the function of the garment. An example is a shirt
with integrated piezoelectric sensors designed to measure user respiration during sports
performance. In this instance, the sensor must be placed rmly against the chest so that
normal force from inhalation is translated to the piezo sensors, essentially forming a strain
gauge. Upon analyzing the distribution of population chest dimensions and chest apex dis-
tance from the shoulder, it is clear that there is signi cant population variability in both
length and width dimensions. Through experimental investigations, placement tolerances
can be determined and, in this case, it may be decided that the sensor band can be placed
up to an inch higher around the chest than intended or an inch lower around the chest
than intended and still function. Alternatively, if the sensors are not positioned around
the circumference in a particular manner, it may be found that functionality is impeded.
Consequently, the designer could decide to grade the shirt length (within the established
tolerances) through traditional apparel sizing methodologies, while adding in a circumfer-
ential adjustability at the chest. If the opposite tting tolerance were determined through
experimental testing, the designer could instead grade the circumference of the garment
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through traditional apparel methodologies (although the garment would almost certainly

require stretch fabrics) and a length adjustability mechanism could be incorporated into
the garment, such as adjustable pleats. These t and sizing challenges for wearable sensing
applications highlight the need to develop less subjective methods to advance the design
and analysis of system-body interfaces.

Actuators Interfacing

The challenges of integrating actuators into garments share many commonalities with sen-
sor integration di culties. These commonalities include the requirements to (1) physically
touch the body, (2) remain stable during wear, and (3) be placed in precise anatomical
locations. Because actuators function di erently than sensors, the design strategies are
slightly di erent. Common actuators that are incorporated into garments include tradi-
tional actuators, such as motor-driven cables, pneumatics, or jammers, and smart material
actuators, such as SMAs, SMPs, or DEAs. The purposes of each of these actuation methods
is to apply a force to the body for purposes like cardiovascular support (compression), joint
movement assistance (arti cial muscles), or translating information (haptics). To accom-
plish each function, the clothing must enable the chosen actuation method to interface with
the body in a particular way. For example, if a pneumatic actuator is the chosen method
to lift the arm, that actuator must interface with the arm pit in a way that mechanically
facilitates motion [90].

Research has found that up to 50% of power generated by a mechanically actuatable
wearable system can be lost because of human interface challenges [13]. Additionally, prior
research has identi ed many of the apparel t challenges that impact mechanically actuat-
able wearable systems, including (1) actuator-garment drift across the surface of the body
and (2) garment deformation in response to repeated mechanical loading over soft, human
tissue (e.g. muscle, fat) [12]. In addition to the sizing and adjustability approach detailed
in the section on sensors (which is applicable to actuators as well), tting clothing with
integrated actuators to the body requires careful design consideration of garment sti ness
and methods of translating and distributing forces across the body. Consequently, compli-
ant fabrics are generally excluded for the design, making garment t across a population
more di cult to accommodate. As mentioned previously, compression and surface friction
are two key strategies to mitigating drift across the body [12]. Additionally, knowledge
of the skeletal system and areas of the body that can support load can enable a designer
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to reroute applied actuator forces through a sti textile system to areas of the body that

more appropriately handle the forces being applied to the body. An example is using a sti
textile that anchors over the iliac crest of the hip that supports load applied further down
the body at the compliant thigh. In this instance, accomplishing t for the garment to
function requires study beyond static anthropometry and into elds such as biomechanics,
mechanical engineering, and material science.

2.2 A Case Study: Astronautic Compression Garments

A wearable technology case study - astonautic compression garments - was chosen to enable
a deep investigation into the challenges associated with wearable device t, performance,
and physical wearability. The following sections provide a thorough overview of the chosen
case study, covering the astronaut environment, both internal and external, that in u-
ence the design and use operation of astronautic compression garments. The case study
overview includes information about the physiological changes that occur during exposure
to microgravity (i.e., internal environment), centered around cardiovascular adaptations.
The section continues with an outline of astronaut reentry, landing, and egress operations
and the physical implications of microgravity exposure during these operations. The section
ends with a breakdown of the built astronaut environment during re-entry (i.e., external
environment), covering the exploration vehicle environment, launch and entry suits, and
compression garments.

2.2.1 The Human Body in Microgravity

The human body is physically conditioned for the Earth environment. Our cardiovascular
system, for instance, is designed to accomplish venous return (i.e. pumping blood from body
extremities back up to the heart) in a standing posture under normal gravity conditions.
The downward force of gravity creates a pressure gradient throughout the cardiovascular
system, which can be considered a basic hydrostatic column with the heart as the point of
indi erence [91]. As our body orientation changes in relation to Earth's gravity through
modi ed posture, such as supine, seated, or inverted, the hydrostatic gradient is modi ed
and homeostatic mechanisms quickly produce cardiac output adjustment to maintain a com-
fortable mean arterial pressure [92]. This process of cardiovascular self-adjustment, often
referred to as autoregulation, prevents a sudden drop in blood pressure (i.e. hypotension)
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which can reduce blood ow and tissue oxygenation [92]. Without quick autoregulation of

the cardiovascular system, individuals can easily become disoriented and/or faint [92].

The mechanisms that assist with autoregulation include metabolic controls, which are
chemical messengers, as well as myogenic controls, which refer to physical body responses
[92]. For this discussion, myogenic controls will be discussed only. The leg muscles, often
referred to as muscle pumps, play a large role in autoregulation by assisting venous return
through muscle contraction [93]. Even during static, orthostatic (i.e. upright) postures,
small muscle contractions keep the body upright, visually seen as a sway, and simultaneously
prevent lower body blood pooling. These muscle pumps are so e ective in assisting venous
return that they are often referred to as the body's second heart [93]. Additionally, smooth
muscles that form the walls of the venous system exhibit variable-sti ness properties in
response to intervascular pressure changes. These muscles function by sti ening in response
to extension (vasocontriction) and relaxing/widening in response low-pressure/low-strain
conditions (vasodialation) to autoregulate venous wall pressure [92]. Veins are also equipped
with venous valves, which are one way ow mechanisms that prevent blood back ow [93].
Finally, the surrounding (extrvascular) tissue pressure provides some small counterpressure
to the vascular walls, although this physical assistance is low<{ 25 mmHg) [6].

Upon entry into a microgravity environment, the body becomes weightless and, conse-
quently, the body's hydrostatic column disappears [93]. Fluids re-equilibrate in the upper
part of the body, which is registered by the body as a uid excess [93]. In response, the
body tries to rid itself of the uid buildup through reduced blood production and increased
diuresis, contributing to total blood volume loss and dehydration [93]. This upward redis-
tribution and elimination of uid - both blood and body water - reduces limb volume up
to 2 liters across both legs and results in total weight loss around 1-2 kg within a few days
[93]. Total blood volume ceases to decrease after a few weeks in microgravity; however,
other physical adaptations, such as left ventricular mass increase (associated with cardio-
vascular disease) and muscle atrophy, become more severe as mission duration increases
[94]. Additionally, vascular walls become deconditioned in microgravity in response to both
blood volume decrease and mean arterial pressure decrease and, consequently, do not per-
form their autoregulatory functions normally [94, 95]. Large muscle pumps in the legs also
become fatigued from disuse. These cardiovascular adaptations result in a relatively stable
equilibrium while in microgravity. Serious health complications only arise upon reentry into
gravity environments.



2.2.2 Orion Spacecraft %
The Orion spacecraft will house the astronaut crew in future space missions. Orion is
composed of four main parts: (1) the spacecraft adapter at the base, (2) the service module,
(3) the crew module, and, at the top, and (4) the launch abort system (Figure 2.1) [96].
Of these four parts, only the crew module returns to Earth [96]. The launch abort system
is used to ensure safe ascent into orbit and breaks away once the spacecraft has begun to
orbit. Likewise, the spacecraft adapter is used to connect Orion to the launch vehicle (i.e.
the Space Launch System) and breaks away post-lunch [96]. The service module is the
only part that remains with the crew module throughout the space mission, holding critical
supplies, such as air, water, fuel, and extra cargo [96]. The service module breaks away
when landing activities are initiated [96].

Within Orion's crew module, there is space for 4-6 crew members. The internal launch
and landing con guration includes 4-6 modular seats oriented with crew backs to the base
of the capsule [97]. The seat design positions knees and hips at approximately 90 and -90
degrees, respectively [97]. The crew cabin is pressurized to 14.7 psi, replicating Earth's
pressure, so crew can comfortably move around the capsule without pressure garments.
Otherwise, pressure garments are required to maintain homeostasis. The gas mixture within
is also designed to replicate Earth's environment and consists of a mixture of oxygen and
nitrogen. Launch and entry suits, which are full-body pressure suits, are only worn during
launch and landing to provide protection in the event of cabin de-pressurization or in the
event that the crew needs to evacuate the crew module.

2.2.3 Earth Re-entry, Landing, and Egress

Exact Earth re-entry, landing, and egress activities have not been fully developed for Orion;
however, past shuttle activities provide approximate guidelines for the rentry environment
and situation. Earth re-entry and landing can take as little as 30 minutes to accomplish;
however, this window of time assumes nominal landing conditions, including daylight hours,
mild winds and weather, fully-operational ground guidance systems, and no on-board tech

nical complications [98]. Additionally, landing preparations begin for the crew well before
landing activities are initiated. Crew must be dressed in their full landing and entry suit,
including their OIG, and positioned in a seated con guration anywhere between a few hours
to a few days before landing activities are initiated. Once landing activities are initiated, it
takes approximately 24 minutes to reenter Earth's atmosphere, 5 minutes of navigation and



31

Figure 2.1: Orion egress logistics. NASA evaluates the Orion crew egress strategy in the
Neutral Buoyancy Laboratory (NBL) at NASA's Johnson Space Center (JSC) in Houston,
TX [5]

altitude control, and 2 minutes to approach and land [98]. Upon Earth re-entry, Orion's
crew module is directed to land in the ocean. A Landing and Recovery Team is sent to
assist the crew with spacecraft egress in one of several egress scenarios [99]. If the waters
are calm, the Landing and Recovery Team can dock their boats to the crew capsule and
the crew can exit the crew module through an upper hatch directly onto recovery boats
[99]. If that waters are rough or the crew needs to egress before the Landing and Recovery
Team arrives, the crew may be expected to exit Orion on their own through the module's
upper hatch and jump into an in atable raft equipped with emergency supplies [100]. The
crew would then be picked up once the Landing and Recovery Team approach. All of these
tasks must be completed by the crew while wearing their launch and entry suit with an
OIG underneath. See Figure 2.1.

Due to the physical requirements of re-entry, landing, and egress tasks, astronauts should
be able to comfortably wear their OIG in a zero- or low-pressure state up to 2-days and,
upon increasing pressure, be able to perform egress tasks on open water. Consequently, OIG
controllability and mobility are critical factors currently missing from existing technologies.



2.2.4 Cardiovascular Deconditioning Syndrome %
Physiological adaptations from time in microgravity can cause immediate and short-term
complications for astronauts upon Earth reentry. Astronauts are most at risk of experienc-
ing symptoms of hypotension (e.g. dizziness, fatigue, fainting) immediately upon entering
Earth's atmosphere during critical landing tasks [93]. Symptoms during reentry are initially
caused by reduced blood volume paired with new gravitational and acceleration forces on the
body that cause lower body blood pooling and reduced brain oxygenation [93]. Figure 2.2
provides a simpli ed diagram of the blood equilibrium in response to modi ed gravitational
environments.

Following reentry and landing, astronauts continue to risk hypotension symptoms 1-3
days post-space ight, which is the time is takes for blood volume to normalize. Both as-
tronauts returning from short-duration (4-18 days) and long-duration (4-6 months) space
missions can be at risk within this time frame; however, those that experience months
of exposure are ve times more likely to experience hypotension than those exposed to
less than a month of microgravity [101, 102]. Astronauts returning from short-duration
missions generally fully re-adapt to Earth's gravitational environment within those 3 days
[102, 101]. Astronauts exposed to microgravity over 4-6 months can take up to 10 days to
fully adjust [101]. Cardiovascular measures that remain impaired after blood volume has
readjusted include heart rate, blood pressure, stroke volume, cardiac output, and peripheral
vascular resistance [102, 101]. Until these measures have normalized, astronauts can nd
it physically challenging to tolerate standing, called orthostatic intolerance (Ol), and they
can become easily fatigued from exercise or hot environments [102, 101]. While most post-
space ight Ol research has been conducted with male subjects, female astronauts are ve
times more likely than male astronauts to experience Ol post-space ight [103, 104, 105].
Gender di erentiation has been attributed to a vasodilatory response to estrogen produc-
tion as well as a generally lower peripheral vascular resistance and mean arterial pressure
[106, 105, 107, 104, 108]. Consequently, compression are required post-space ight to miti-
gate cardiovascular deconditioning symptoms during critical landing tasks and several days
thereafter. These compression garments are essential to enabling long-duration missions to
Mars and beyond and to enabling women astronauts to take part in these explorations.
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Figure 2.2: Cardiovascular uid shift in response to gravitational conditions.

Under standard gravitational conditions on Earth, our cardiovascular systems have condi-
tioned themselves to maintain equilibrium in orthostatic conditions (left). Upon entering
microgravity conditions, uid redistributes up towards torso center, resulting in reduction
in total blood volume and mean arterial pressure (center). Blood pools in the limbs upon
re-exposure to gravitational environments due to cardiovascular deconditioning. Figure
adapted from [6]

2.2.5 NASA Launch & Entry Suits

Personal pressure suits (often referred to as launch and entry suits) are mandatory during
launch and landing tasks to physically protect crew members during emergencies, speci cally
in the instance of crew module depressurization [19]. Personal pressure suits for high-
altitude ying were initially developed in 1922 and further developed in the 1950s for the
U.S. Air Force. The rst personal pressure suit for astronautics was developed in 1987
by NASA, Lockheed Management and Engineering Services Company, and David Clark
Company and was called the Launch Entry Suit (LES) [19]. The LES was an adaptation
of previous aircrew partial-pressure protective systems, optimized to operate in NASA's
spacecrafts [19]. The LES was composed of (1) long underwear, (2) a pneumatic, 5-bladder
OIG paired with a built-in cold water protection layer, (3) a restraint layer to provide 2.8

psi (145 mmHg) continuous counterpessure, (4) a bright orange outer cover to improve post-
landing visibility, and (5) escape equipment, including a parachute and otation device [19].
Each suit cost over $84000 and the system was available in 12 sizes.
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In the 1990s, David Clark Company, who had been developing full-pressure garments for

the U.S. Air Force, determined that full-pressure garments, as opposed to the LES's partial
pressure con guration, improved user mobility, comfort, and medical protection [19]. The
Advanced Crew Escape Suit (ACES) was a full-pressure garment, pressurized to 3.5 psi
(181 mmHg), and paired with a separate, lower body Anti-G Suit (AGS), which will be
discussed in detail in Section 2.2.6. The space shuttle supplied 100% oxygen to pressurize
the ACES and AGS [19]. The helmet visor was left open during nominal events to reduce
the risk of re [19]. A Liquid Cooling Garment (LCG) was usually worn underneath the
ACES and is composed of long underwear equipped with liquid water channels that pull
heat away from the body [19]. The ACES was available in 14 sizes.

The Orion Crew Survival Suit (OCSS), the descendant of the ACES, was unveiled in
October 2019. The OCCS maintains many of the same features as previous launch and entry
suits. The wearable system has a bright orange outer shell for maximum visibility for search
and rescue teams in the event of an unaided Orion exit and the outer shell is reproof for
crew protection [7]. The OCCS was also designed with enhanced mobility in mind, knowing
the crew will be required to climb out of the upper Orion hatch on open water in nominal
conditions and would require maximum mobility in the event of o -nominal situations [7].
Unlike the ACES, the OCSS is designed to be pressurized in o -nominal events only [7].
Consequently, the suit will be submersed in the crew cabin's mixture of nitrogen and oxygen
unless an a situation arises that would require the suit to be pressurized with 100% oxygen.
The OCSS is the only suit that is compatible with Orion and will be used as the last measure
of crew protection for all Orion missions (Figure 2.3) [7].

2.2.6 Current & Prior Astronautic Compression Garments

Orthostatic intolerance garments (OIG) are one of several countermeasures required during
landing activities to preserve crew cardiovascular health. It should be noted that OIG is
used as an umbrella term to refer to any compression garment designed to protect against
Ol, including pneumatic and undersized garments. In addition to an OIG, NASA-STD-3001
speci es uid and salt intake should increase pre-landing to maintain hydration and active
cooling should be used to mitigate thermal loads produced from physical stress [53]. Some
research suggests medications can also be used to mitigate negative e ects of cardiovascular
deconditioning, such as midodrine [8]. This research only focuses on the physically constric-
tive, lower body compression garment worn as part of NASA's launch and entry suit, now
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Figure 2.3: Orion Crew Survival Suit (OCSS). The OCSS is a full pressure suit worn
un-pressurized during launch and landing during Orion missions. The suit is a last resort
to protect Orion crew. [7]

the OCSS.

During the LES and ACES days, NASA had all astronauts wear the Anti-Gravity Suit
(AGS), which is an in ated, lower body compression garment composed of 5 interconnected
bladders (abdomen, thighs, calves) constrained with a high-sti ness, high-denier, coated
nylon textile (Gore-Tex and later Nomex) (Figure 2.4)[19]. The garment was designed
to apply between 0-2.5 psi (0-130 mmHg), with 1.5 psi (77.6 mmHg) being the standard
operational pressure [95]. The garment pressure was controlled by the Pressurization and
Control Assembly, which was a air control dial on the leg of the landing and entry suit,
which supplied 100% oxygen from the orbiter supply [19, 8, 95]. The original AGS covered
the full surface of the lower body; however, cut-away regions were added later as a necessity
to enable user mobility and reduce the thermal stress of wearing the garment [95].

The AGS is a partial-pressure garment, meaning sealed bladders are wrapped around
the body and the outer walls of the bladder translate pressure towards body center. In a
full pressure suit con guration, gases apply pressure to the body directly because the body
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Figure 2.4. Compression garments.  (left) NASA's pneumatic anti-gravity suit previosly
worn underneath the advanced crew escape suit (ACES) [8]. (center) Roscocmos's un-
dersized elastane compression garment, called the kentavr [8]. (right) NASA's new Orion
compression garment, an undersized, elastane garment designed in collaboration with Jobst
USA, a custom medical compression garment company based in Hickory, NC. [9]

is fully encapsulated within a bladder. Consequently, pressure distribution of the partial-
pressure AGS is more irregular than a full pressure garment [95]. Speci cally, no pressure is
applied in the cut-away regions (i.e. feet, knees, hips, buttocks), while pressures are exerted
non-uniformly at bladder sites (i.e. calves, thighs, abdomen) as the in atable structure
balloons in towards the body. Some early research attempted to mitigate the pressure dis-
tribution irregularities of partial pressure garments by designing anti-ballooning prototypes
that used thermoplastic plates contoured to speci ¢ body locations [109]; however, these fea-
tures did not signi cantly improve cardiovascular protection [109]. Related research sought
to deliver targeted pressure to vascular regions with the hypothesis that pressure at vas-
cular regions would improve venous return [109]. While calves, thighs, and abdomen were
compressed normally, the researchers found that the addition of pressurizing the buttocks,
a location with notable vasculature, did not increase cardiovascular protection [109].
Despite the non-uniform pressure of the partial-pressure suit, the AGS is an excellent
physical compression [8]. NASA has moved away from an in ated OIG for a number of
reasons, including (1) system complexity, (2) reliability concerns, (3) mass requirements,
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