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This study forged an interdisciplinary design partnership between an apparel designer,
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and Design Sciences, Auburn biomechanical kinesiologist, and a professional female athlete to design and test
University, Auburn, AL, USA a novel new upper body performance garment for improved fit, mobility, comfort,
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University, Auburn, AL, USA donning/doffing and throwing performance in female professional athletes. Research-

ers collaborated to address garment functionality and performance during the multi-
phase prototyping design process. The final designed performance top was tested
against a control for satisfaction differences with fit, mobility, comfort, donning,

and doffing, along with throwing performance utilizing a mixed methods question-
naire and motion capture equipment. Open-ended questions were analyzed with con-
tent analysis, while quantitative measures utilized ANOVA and independent t-tests.
Results indicated the designed performance top had higher fit satisfaction and more
optimal positioning during the overhead throw when compared to the control gar-
ment, with no difference in comfort or mobility, and the designed top had lower
donning and doffing satisfaction. The designed performance top illustrates the need
for further research in increasing satisfaction in donning and doffing with bust/bra sat-
isfaction in performance garments and future research to better understand the psy-
chological sensory cues in posture cueing garments.
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Introduction

Overhead throwing is an action used in a myriad of female ball-throwing sports, such
as handball, basketball, softball, football, and cricket. The overhead throw requires
sequential movements of segments throughout the body’s kinetic chain to efficiently
deliver a ball to a specified target. In dynamic overhead movement, the scapula must
exhibit adequate stability and mobility for efficient movement. Any breakdown in
the kinetic chain can leave the athlete susceptible to injury (Bencke et al., 2018; Chu
et al., 2016). More recently, research has shown the benefits of utilizing specific per-
formance garments targeting scapular repositioning and improvement in mobility
during dynamic tasks (Brophy-Williams et al., 2015; Cole et al., 2013; Gascon et al.,
2018a, 2018b). Yet research has shown these garments do not always enhance the ath-
lete’s performance or satisfy garment needs (Feather et al., 1996; Michaelson et al.,
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2020). Performance garment functionality has been an ongoing problem for many
female athletes and over the years caused discomfort, decreased mobility, limited
range of motion, and performance issues (Bye & Hakala, 2005; Feather et al., 1996;
Michaelson et al., 2018a, 2018b, 2020). Female athletes face many fit problems in
upper body garments due to their muscular physiques and various bust sizes, as most
athletic wear is made for the average female physique (Brown et al., 2014; Michaelson
et al., 2020). Additionally, even athletic wear for the average female has reported fit
problems (McCann, 2016; Michaelson et al., 2018a, 2018b; Zhang et al., 2019). This
causes problems with performance as athletes may become distracted by their gar-
ments while playing (Michaelson et al., 2020).

Some performance garments are designed as compression garments (Cipriani et al.,
2014; Michael et al., 2014; Song et al., 2015; Wallace et al., 2006). Upper body gar-
ments, typically a compression top worn over a sports bra, is used by athletes to aid
them in proper body positioning during practices and competitions (Michaelson
et al,, 2020). Yet, research has shown that not all compression garments biomechani-
cally cue an athlete to maintain proper posture, scapular repositioning, or alignment
(Gascon et al., 2018a, 2018b; Song et al., 2015). Repetitive athletic movements and
deviation from proper scapular positioning and mobility can adversely affect ath-
letic performance (Gascon et al., 2018b; Song et al., 2015; Zappala et al., 2017). To
assist an athlete in optimal scapular positioning and mobility, compression garments
specifically designed to target scapular positioning have become a popular solution
(Cipriani et al., 2014; Gascon et al., 2018b; MacRae et al., 2012; Michael et al., 2014;
O’Sullivan et al., 2006; Wallace et al., 2006). Additionally, to rectify scapular devia-
tions, postural taping, bracing, and compression garments have been suggested to
reduce injury risk and improve performance (Cole et al., 2013; Gascon et al., 2018b;
Zappala et al., 2017). However, scapular taping and bracing have been known to limit
the range of motion causing altered overhead kinematics (Cole et al., 2013). Research-
ers have suggested that the use of compression garments may be a better alternative
treatment as the effectiveness of these garments has been shown to reduce the inci-
dence of athletic injury (Brophy-Williams et al., 2015; Gascon et al., 2018a, 2018b).
Based on researcher suggestions, an interdisciplinary design partnership was forged
between an apparel designer, biomechanical kinesiologist, and a professional female
athlete to design and test a novel compression top for female throwing athletes.

Interdisciplinary apparel design

The interdisciplinary design aligns expertise in different disciplines or industries to col-
laboratively share expertise, knowledge, and skills to advance a novel idea. This approach
facilitates high-order thinking by integrating discipline-specific knowledge into a single
idea or project. Researchers participating in interdisciplinary research can integrate dif-
ferent ideas, viewpoints, and skills into a project that was only possible with the collabo-
rative efforts of the entire interdisciplinary team. There are many benefits to conducting
interdisciplinary apparel research since the shared expertise of the apparel designer,
other discipline professionals, industry leaders, and even users of the apparel can share
their expertise to advance the design and performance of apparel.
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Performance garments come in various styles: upper body, long and short sleeve;
lower body, full-body, partial length, and short length (MacRae et al., 2012; Michaelson
et al.,, 2020). Athletes seek out performance garments to enhance their athletic perfor-
mance while practicing and competing (Hayes & Venkatraman, 2016). They want task
efficiency without injury from their performance garments (Bye & Hakala, 2005; Dick-
son & Pollack, 2000; Perry & Lee, 2017; Wheat & Dickson, 1999). Postural control and
overhead throwing performance are heavily influenced by the positioning of the pelvis,
trunk, scapula, and shoulder (Lewis et al., 2005; O’Sullivan et al., 2006). However, among
throwing athletes, scapular positioning has been one of the most significant factors to
consider when evaluating posture and optimal performance during the overhead throw
(Kibler, 1998; Kibler & Sciascia, 2017).

Most performance garment studies do not report on the fabric type, and this may be
due to the wearer’s lack of knowledge of the fabric name or fiber content. Compression
fabrics have been shown to improve an athlete’s performance, aid in recovery, and are an
essential factor in garment performance research (Hayes & Venkatraman, 2016; Laing &
Sleivert, 2002). Past research on female athletic garments revealed that fabrics impacted
mobility, performance, and caused chafing (Bye & Hakala, 2005; Feather et al., 1996;
Kwok et al., 1999; Michaelson et al., 2020). Proper fabric selection can address many of
these issues and increase satisfaction with using compression garments.

Researchers have reported many fit issues with female athletic apparel, but not all
studies reported on the problematic body area (Brown et al., 2014; Bye & Hakala, 2005;
Feather et al., 1996; Kwok et al., 1999; McCann, 2016; Michaelson et al., 2020; Tian et al.,
2019; Wheat & Dickson, 1999). Some of these prior studies stated that low fit satisfac-
tion might be due to the muscular development in female athletes (Bye & Hakala, 2005;
Feather et al., 1996; Michaelson et al., 2020; Tian et al., 2019). Professional athletes have
muscular development, which is more advanced than the average person due to the con-
stant training of their sport. Athletes report dissatisfaction with garment fit as the more
developed body areas do not properly fit into ready-to-wear garments. Improper fit is
especially problematic when garments were initially designed as unisex or for men and
used for female sports (Bye & Hakala, 2005; Laing & Sleivert, 2002; Tian et al., 2019;
Wheat & Dickson, 1999). Female athletes reported problems with the neck, crotch,
waist, and midriff in compression garments (Michaelson et al., 2020), shoulder, waist,
chest, hip, and crotch in auto-racing suits (Tian et al., 2019), while problems with but-
tocks and crotch were reported in various lower body garments (Bye & Hakala, 2005;
Feather et al., 1996; Michaelson et al., 2018a, 2018b). Chae and Evenson (2014) found
that women had fit problems with shoulders, armholes, and waist in golf apparel.

Comfort was the highest-ranked attribute in sports garments, followed by fit for both
men and women (Fowler, 1999). While not all sportswear studies rank apparel attrib-
utes, fit, comfort, mobility, donning and doffing, and performance were common attrib-
utes reported in prior research (Bye & Hakala, 2005; Chae & Evenson, 2014; Jin & Black,
2012; Michaelson et al., 2020, 2018a, 2018b). Sportswear fit is impacted by improperly
sized garments and restricted mobility which affects sports performance and can be
a safety issue in some sports (Bye & Hakala, 2005; Chae & Evenson, 2014; Ho & Au,
2016; Jin & Black, 2012; Kwok et al., 1999; McCann, 2016; Michaelson et al., 2020, 2018a,
2018b; Wheat & Dickson, 1999). Comfort is impacted by fabric, fit, improper sizing, and
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seams in the apparel (Bye & Hakala, 2005; Chae & Evenson, 2014; Feather et al., 1996;
Kwok et al., 1999; Michaelson et al., 2020; Perry & Lee, 2017). Donning and doffing are
impacted by fabric selection, closures, and fit (Bye & Hakala, 2005; Kwok et al., 1999;
Michaelson et al., 2020, 2018a, 2018b). Seam comfort can directly impact fit when dis-
comfort is experienced (Ho & Au, 2016).

Upper body compression garments come in various designs, some with and without
shoulder straps. The biomechanical influence of compression garments with shoul-
der straps cues the athlete to maintain optimal posture and improve scapular align-
ment. Specifically, the shoulder straps target the posterior shoulder to improve scapular
positioning and restore normal shoulder kinematics. Compression garments without
shoulder straps are constructed in an attempt to signal or promote activation of the lum-
bopelvic-hip complex (LPHC) and scapular muscles for better postural alignment of an
individual’s shoulders, spine, and trunk (Gascon et al., 2018a, 2018b). This is achieved
through a proprioceptive feedback mechanism. Proprioceptive feedback is muscle-
joint input that provides information regarding a position in space and/or in relation to
objects. The pressure of the posture cueing garment provides cutaneous sensory cues
providing input to the central nervous system. These sensory cues will allow specific
musculature to signal the body to maintain a more upright and proper posture (Gas-
con et al., 2018a, 2018b). These posture cueing garments are directly linked to improved
athletic performance and have been shown to assist baseball pitchers and tennis ath-
letes during the execution of sport-specific tasks (Gibbs et al., 2014; Zappala et al., 2017).
However, limited data supports the kinematic influence of posture cueing garments
among athletes during the overhead throw.

Based on the literature review, a novel compression top with posture-cueing was
designed and then wear-tested to investigate the following research questions in this

study:

+ What, if any, are the garment satisfaction differences with fit, mobility, comfort, and
don/doffing, between the control and novel compression top?

« Are there any kinematic differences in scapular protraction/retraction rotation, lat-
eral/medial rotation, and anterior/posterior tilt during an overhead throw at the four
throwing events of foot contact, external shoulder rotation, ball release, and internal
shoulder rotation between the control and novel compression top to signify the pos-

ture cueing device is improving performance?

Prototyping design process

The novel compression top was designed collaboratively with a team consisting of an
apparel designer and a biomechanical kinesiologist. This collaboration enabled the
compression top to be both functional and aesthetically pleasing, while considering
performance aspects for a professional female athlete. Prior apparel researchers have
stated that athletes prefer both functional and aesthetics in their athletic wear (Dick-
son & Pollack, 2000; Feather et al., 1996; Michaelson et al., 2020; Wheat & Dickson,
1999) while kinesiology studies focus on the garments’ ability to improve an athlete’s
performance, such as the overhead throw (Cole et al., 2013; Gascon et al., 2018b).
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A professional female athlete was identified as a fit model for prototype development.
The model identified participated in multiple collegiate throwing sports, was on an
Olympic team, had an athletic body structure from years of athletic training, and could
articulate apparel issues to the design team. A 3D body scan was obtained to obtain
accurate body measurements, which the apparel designer then used to draft the initial
compression top patterns. Fabric samples were ordered and chosen based on stretch,
compression qualities, thermal properties, and weight. Black was chosen for uniform-
ity, as compression fabrics had limited color options. Initially, four stretch fabrics were
chosen: (a) compression tricot with MaxDri"" and MicroBlok™ finishes (70% nylon,
30% spandex, 285 gsm) for compression benefits; (b) Spandura™ with Coolmax"" finish
(90% Cordura nylon, 10% spandex, 350 gsm) for stretch and wicking purposes; (c) mesh
bonded compression (90% nylon, 10% spandex, 310 gsm) for contrast and compression
benefits; and (d) sport lining mesh (85% nylon, 15% spandex, 85 gsm) for breathabil-
ity. All study prototypes were constructed on a flatlock industrial machine and hemmed
with an industrial coverstitch machine. All machines used Max-Lock® serger spun poly-
ester thread—Tex 27 and A&E Best Stretch® textured nylon thread in the lower loopers
only for seam strength, stretch, and comfort.

First prototype for garment functionality

The design team’s initial prototype goal was to achieve feminine style lines and ade-
quate comfort and mobility. The design team met weekly to discuss the design and
functional capabilities needed in the initial compression top. The first prototype
featured raglan short sleeves, crew neckline, 2-inch band under bust, stylized bust
seams, and curved hip inserts. The super stretch compression tricot with MaxDry""
and MicroBlok " finishes was used on the sleeves, center piece of bust, and the lower
torso for compression benefit. The Spandura” with Coolmax '™ finish was used on the
remaining bust pieces, back, and hip inserts for stretch and wicking. Mesh-bonded
compression fabric was used for the bust band and the stylized area next to the raglan
sleeve as contrast. All seams were superimposed (SSa) with a four-thread overlock
(ASTM 514) stitch (ASTM International, 2011).

The fit model wore the initial prototype during a standard workout and provided
feedback to the design team during a meeting. She indicated fit improvements were
needed in the neck, shoulders, armhole circumference, torso length, and bust. The fit
model also reported “heaviness after a workout” where the Spandura" fabric was used.
After the fit model provided her report, the design team discussed each of the concerns
and mutually agreed to changes based on their personal knowledge of fabric proper-
ties, garment design, biomechanical requirements of the athlete, and athletic expertise,
and then hypothesized changes to the garment. The biomechanical kinesiologist and fit
model provided additional education to the apparel designer on the movement require-
ments for throwing and the typical problematic fit issues resulting from throwing. It was
decided that the Spandura™ would be removed from subsequent prototypes as it did
not provide sufficient wicking and breathability. It was replaced with the super stretch
compression tricot, which provided the model with “a feeling of being cool”. A built-in
sports bra was also recommended to improve thermal comfort by eliminating excessive
heat in the bust area. The fit model initially needed to wear a sports bra under the first
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prototype for bust support, which added 2 layers of additional fabric to the bust area cre-
ating thermal discomfort.

Subsequent prototypes for functionality and performance

After each subsequent prototype was developed and given to the fit model, the design
team would meet weekly for continued interdisciplinary discussions. They improved
the overall compression top design for better fit, comfort, and mobility. Based on these
meetings and discussions, the raglan sleeves were removed, and a sleeveless style was
implemented. Flatseaming (FSa) with flatlock stitching (ASTM 607) was used for seam
strength and to improve comfort, especially with rubbing and chafing in all subsequent
prototypes (ASTM International, 2011). Then, an integrated sports bra and posture cue-
ing device were incorporated. The sports bra with foam cup was designed using a wick-
ing mesh liner fabric to avoid excess heat during workouts or competitions. This was
a common complaint based on the biomechanical kinesiologist’s expertise and the fit
model’s athletic experience. The fit model reported high heat under the arms and there-
fore, the pattern was adjusted to include an underarm insert using the mesh liner fabric.
She also suggested using wider elastic under the bust as many sports bras with one inch
or narrower elastic moved while performing, which caused distraction while competing.
Two-inch elastic was used to provide a more secure fit for the athlete. The design team
discussed posture cueing to find a way to achieve optimal scapula positioning within
the garment while not hindering throwing mobility. In sports, kinesio tape, an elastic
adhesive tape, is used to secure the scapula in a criss-cross manner to provide stability.
A similar criss-cross design was suggested by Johnson (2011) for a posture bra, so the
design team adapted this design for the posture cueing device within the performance
top. A wide 2-inch braided elastic was used for the posture cueing device. The device
was placed between the sports bra and outer garment top except for an opening which
allowed the wearer to tighten or loosen to the device. The device was attached to the top
of the bra cups, crisscrossed between the scapula, then attached to the side of the bra
cup or the side closure. An infrared camera was used during fitting sessions to reveal if
thermal comfort was being achieved with the subsequent changes before a wear trial. All
these changes were incorporated into a prototype worn by the fit model and two other
female athletes for at least one workout or practice session. Fit model feedback included
feeling “powerful” and “invincible” along with strong satisfaction with apparel fit, mobil-
ity, and comfort. As there were no further design issues to be addressed, the design team
made the decision to use this design for wear trial testing.

Final prototype for wear trial testing

After months of garment redesign and fit testing, the interdisciplinary design team col-
laboratively agreed to a final prototype for wear testing. The final compression top com-
prised of 15 outer parts. Based on infrared heat mapping, super stretch compression was
used for the center front upper torso, back, and lower torso pieces for wicking. Bonded
compression with macro mesh was used in three upper torso pieces from the shoul-
der through the bust to help control bust movement and a 2-inch strip under the bust.

Sports bra fit adjustments made donning and doffing difficult, so a wide hook and eye
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bra closure were added on the side. A front bra closure was not ideal based on fit model
concerns of a possible injury if they fell on their chest. A back bra closure would also be
problematic due to the tightness of the compression top and length of the top. Mesh lin-
ing, fabric D, was used at the side insert, center front insert, and for the sports bra liner.
Super stretch compression, fabric A, was used for the main body portions. Bonded com-
pression with macro mesh, fabric C, was used under the bust, curved along the shoul-
ders, and a portion of the center front pieces for contrast. Fabric placements within the
final prototype, posture cueing device, sports bra closure, and stitches can be seen in
Fig. 1. Wear testing tops were graded into 5 sizes: extra small to extra-large and based on
over 30 body scans from potential female throwing athlete participants. The researchers
used the control top sizing chart to group the body-scanned participants into similar
sizing ranges based on bust and waist measurements.

Methods

Questionnaire development

A mixed-method questionnaire was developed using established measures from prior
published garment studies and three open-ended questions (Barker, 2002; Cox & Cox,
2002; Huck et al., 1997; LaBat & DeLong, 1990; Wheat & Dickson, 1999). All scales were
modified to a 7-point Likert-type satisfaction scale (1 =very dissatisfied to 7 =very sat-
isfied). LaBat and DeLong’s (1990) Fit Satisfaction Scale was modified for upper body
areas by adding back length’ All semantic scales in the questionnaire start at one for the
negative side, such as dislike, then increase to seven for the positive side, such as like.
The three researchers developed open-ended questions for additional clarification on
participant’s perceptions of the novel top: (1) list any problems you experienced in the
compression garment; (2) provide any feedback about the compression garment style,

N

Elastic straps

Attached foam

‘) bra cups

Sports Bra Interior (Front View)

\

Side closure
hook & eye

Front View Back View
Sports Bra Interior (Side View)

o

Garment constructed with FSa seam with 607 stitch.

Fabric A - Compression tricot with MaxDri™ and MicroBlok™ finishes
Fabric C - Mesh bonded compression
Fabric D - Sport lining mesh

Fig. 1 Final prototype design, fabric, stitches, and seams
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colors, construction, etc.; and (3) provide any feedback about the built-in bra or posture
cueing features.

Sample and data collection

After obtaining institutional review board approval (Auburn University, IRB 16-079
EP 605) that included ethical protection of human participants in this research, the
researchers commenced a two-part study consisting of kinematic data on the posture
cueing device effectiveness during a 60-foot overhead throw and a mixed-methods ques-
tionnaire on garment satisfaction for both the control and novel top. Twenty female
throwing athletes from a southeastern university participated and met the following cri-
teria: (a) female athlete (19-30 years); (b) actively participates in a throwing sport; (c)
medically cleared to participate in overhead throwing activities; and (d) have not had
any injuries within the last six months. The “control” compression top used in this study
was purchased at a local athleticwear store. One specific brand and style were chosen
and then purchased in 5 sizes: extra-small to extra-large. The control top was similar to
the novel top based on neckline style, no sleeves, and top length (see Fig. 2). Participants
wore the control top and their own sports bra during the wear trial. This section lists the
number of subjects and their gender; there were 20 females between the ages of 19 and
30.If needed, the mean age was 20 years. The participants were not requested to provide
height and weight for thisstudy.

Study performance tops

The novel compression top was graded and constructed in the five sizes. All of the com-
pression tops, control and novel, were given to the participants based on their bust and
waist measurements. Other clothing worn by the participants during the study, such as
shorts, pants, undergarments, etc., were owned by the participant, were typical practice
garments, and were not controlled for in the study.

All data were conducted in a controlled laboratory setting. Testing was conducted on
two separate days, 24—72 h apart, in the following manner: (1) the control top and sports
bra; and (2) the designed top with a built-in sports bra. All participants had tracking
system sensors attached to their upper bodies synchronized with The MotionMonitor
(Innovative Sports Training, Chicago, IL) to collect kinematic data. Once all tracking
system sensors were secured and digitization completed, participants were given ver-
bal instructions to perform their own non-standardized, throwing warm-up to avoid the
risk of injury. Afterward, the participant executed five-game effort throws to a catcher
60 feet away for both garment conditions on separate days. After collecting kinematic
data, the participants completed the garment satisfaction questionnaire for the control
and novel compression top.

Data analysis

All data analysis for this study was conducted using SPSS Statistics, Version 26, statisti-
cal software. Open-ended question responses were entered into an Excel spreadsheet for
coding using a content analysis approach. Two separate coders evaluated each response
and assigned it a theme(s). Once all data were coded, it was imported into SPSS Statistics
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Fig. 2 A Control compression top. B Novel compression top

for intercoder reliability. Not all participants responded to each open-ended question
resulting in a total of 45 responses and intercoder reliability was confirmed (x <0.78).
Quantitative data was entered into SPSS Software for analysis. Scale reliability was con-
firmed for all measures (a <0.78).

Results

The researchers investigated whether garment differences existed between the control
and novel compression top for fit, mobility, comfort, don/doffing, usefulness, likeabil-
ity, and performance benefits from the posture cueing device. Researchers collected kin-
ematic data of an overhead throw from all twenty female throwing athletes, followed by
a mixed method questionnaire for both garment conditions. Participants were female
athletes that were actively playing a throwing sport (70% softball, 30% multiple throwing
sports), their ages ranged from 19 to 27 years (age 21.85+2.43), the majority were Cau-
casian (90%), and most were at a junior (45%) or graduate (30%) academic level. Table 1
features the descriptive and AVOVA statistics for all the variables. When sphericity
was violated in some of the ANOVA statistics, Greenhouse—Geisser corrected results
were reported in these instances. Table 2 represents the results of the qualitative data

obtained from the three open-ended questions.
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Garment satisfaction differences

Fit

A repeated measures analysis of variance (ANOVA) was conducted to compare the
effect of fit area satisfaction and garment conditions. There was a significant effect on fit
area satisfaction by garment condition, F(4.946, 187.961) =4.030, p=0.002, n>=0.096.
Independent samples t-test were then conducted between garment conditions. There
was a significant difference in bust satisfaction by garment condition, #(38)=2.724,
p=0.004, and shoulder blade satisfaction by garment condition, £(38) =0.914, p =0.047.
Qualitative data noted that the novel compression top fit satisfaction varied among the
participants, with some liking the fit to others not liking the fit due to it being too tight.
These results suggest that fit area satisfaction does influence garment condition. The
novel garment fit satisfaction increased in all fit areas compared to the control garment
except for bust and shoulder blade areas which decreased, see Table 1. No qualitative
responses explained the shoulder blade fit problems, while the bust fit problems appear
to have resulted from the built-in bra and bust support. The bust fit was only slightly sat-
isfying for the novel compression top (M =5.00) and not all participants liked the built-
in bra. Participants stated the built-in bra “has to go’, “highly uncomfortable”, and “cups
were difficult to fit”

Mobility

A repeated measures ANOVA was conducted to compare the effect of mobility satisfac-
tion and garment conditions. There was no significant effect on mobility satisfaction by
garment conditions, F(2.798, 95.127) =0.814, p=0.482. While there was no significant
difference in means, it should be noted that participants rated “like” higher in the con-
trol garment (M =5.89) than the novel garment (M =5.28). Additionally, participants
rated tightness higher in the novel top (M =5.22) than the control top (M =4.67). These
results indicate that mobility was similar between the compression tops. The novel com-
pression top was made of compression fabric and designed to be form-fitting, so the
tightness rating was foreseeable.

Comfort

A repeated measures ANOVA was conducted to compare the effect of comfort satis-
faction and garment conditions. There was no significant effect on comfort satisfaction
by garment conditions, F(5.719, 211.609) =1.697, p=0.127. Independent samples ¢-test
found a significant difference for clingy in the novel (M =5.70) versus control (M =5.15)
top; £(38) =— 1.193, p=0.041. Clingy can be associated with compression fabric and a
tighter fit (Michaelson et al., 2020). Qualitative data results found some comfort satis-
faction comments were related to fabric properties, such as “helps to keep me cool” and
“felt nice when I had it on” Comfort dissatisfaction mainly was related to the bust and
bra comfort, with comments such as “bust was tight” and “bra was uncomfortable”.

Donning and doffing
Independent samples ¢-test found a significant difference for donning [£(38)=6.340,
p=0.000] and doffing [#(38) =5.984, p=0.000] between the garment conditions. When
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Table 1 Quantitative variables for novel compression top

Variable Novel top Control top ANOVA
M SD M sD Effect Fratio df Sig
Fit areas
Neck 6.10 117 585 114V 263 10 0.00
Shoulder 6.15 1.04 555 176 G 0.10 1 0.75
Armhole 5.95 123 575 148 VxG 4.03 4.95 0.01
Upper Arm 6.30 117 595 1.36
Lower Arm 6.40 127  6.00 1.38
Bust 5.00 184 620 0.70
Shoulder Blade 5.60 157 6.00 1.17
Midriff 5.85 127 560 1.50
Waist 5.85 139 580 1
Abdomen 6.05 1.00 570 0.94
Back Length 6.40 075 610 1.07
Mobility
Comfortable-Uncomfortable 6.11 132 639 078 V 895 8 0.00
Acceptable-Unacceptable 6.50 092 6.50 071 G 0.27 1 061
Flexible-Stiff 6.44 092 656 051 VxG 082 2.80 048
Arm movement-Arm restricted 6.67 059 6.56 0.86
Ease-Hard to move in 6.22 122 656 0.71
Satisfactory-Unsatisfactory 561 158 572 1.67
Torso movement-Torso restricted 6.06 135 644 0.86
Like—Dislike 5.28 222 589 1.78
Tight-Loose 522 183 467 1.72
Comfort
Snug 6.00 105 555 105 V 384 10 0.02
Sticky 574 149 535 176 G 0.23 1 0.64
Heavy 542 154 550 167 VxG 170 10 013
Nonabsorbent 547 174 515 2.06
Stiff 553 184 555 1.64
Clammy 558 1.74 495 1.85
Damp 5.68 170 505 1.85
Non-stretchy 5.00 183 560 1.60
Clingy 574 120 215 1.69
Scratchy 5.74 163 585 157
Prickly 6.05 147 595 157
Don/Doff
Easy-hard to put on 3.70 211 675 044
Easy—hard to take off 4.00 205 680 041
PCK—Scapular protraction/retraction
(degrees=+)
Foot contact 0.51 21.0 0.12 155 G 2.17 1.00 0.16
Shoulder external rotation —0.92 15.9 7.40 104 E 387 1.51 0.01
Ball release 11.2 144 16.0 10.7 GxE 523 1.68 0.02
Shoulder internal rotation 235 16.1 27.2 13.7

PCK—Scapular lateral/medial rota-
tion (degrees +)

Foot contact - 296 19.3 — 284 14.9 G 5.34 1.00 0.03
Shoulder external rotation —27.1 16.7 —-230 13.7 E 26.9 1.69 0.01
Ball release - 19.1 15.3 - 105 11.0 GxE 122 38.4 0.01

Shoulder internal rotation —-15.9 14.1 —-6.73 8.80
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Table 1 (continued)

Variable Novel top Control top ANOVA
M sD M sD Effect Fratio df Sig

PCK—Scapular anterior/posterior tilt
(degrees +)
Foot contact —-279 14.2 — 031 104 G 2.94 1.00 0.10
Shoulder external rotation 12.5 10.0 7.81 11.6 E 14.2 1.92 001
Ball release 5.44 9.25 0.06 9.01 GxE 3.95 1.93 0.03
Shoulder internal rotation 3.42 11.1 —2.36 8.60

F ratio is a statistical test in the analysis of variance (ANOVA) that measures the ratio of variability between groups to the
variability within groups

N=20. ANOVA, analysis of variance; V, variable, G,garment condition, E, event, PCK, posture cueing kinematics
Bold denotes significance

donning and doffing the garments, the control top (My,,=3.70, My ¢=4.00) was easier
than the novel top (My,, =6.75, My,=6.80) for both tasks. Participants found that the
novel top was overall difficult to put on and off, difficult due to body shape, along with
bra clasp usage. Prior research found similar results with female compression garments
regarding donning and doffing satisfaction (Michaelson et al., 2020).

Posture cueing performance differences

All kinematic variables for the overhead throw variables were analyzed using repeated
measures ANOVA in both garment conditions. Results indicate a significant effect of
garment for scapular medial/lateral rotation [F(1.00,1.69)=5.34, p=0.03], and a sig-
nificant garment by event interactions for protraction/retraction [F(1.00,1.89)=5.23,
p=0.02], lateral/medial rotation [F(1.00,38.4) =12.20, p =0.01], and anterior/posterior
tilt [F(1.00,1.93) =3.95, p =0.03]. Post-hoc results revealed significance in protraction/
retraction at shoulder external rotation, lateral/medial rotation, and anterior/posterior
tilt at ball release and internal shoulder rotation (p<0.05). Results revealed the novel
compression top showed an increase in scapular retraction during maximum shoulder
external rotation (p<0.02), an increase in lateral rotation at ball release (p<0.01) and
maximum shoulder internal rotation (p<0.01), and an increase in posterior tilt at ball
release (p<0.02) and maximum shoulder internal rotation (p<0.04) compared to the
control top. It should be noted that not all participants had sensory cues indicating the
posture cueing in the novel top, see Table 2. The current study allowed for a more opti-
mal scapular position during the overhead throw. However, the novel top illustrates
the need for further biomechanical research between compression garments during

dynamic movements.

Discussion

This study investigated the garment satisfaction differences between a control and a
novel interdisciplinary-designed compression top, along with any kinematic differences
during an overhead throw while wearing each garment. Fit satisfaction indicated prob-
lems with the bust and shoulder blades. Brown et al. (2014) found similar bra fit issues
with 75% of female marathon runners reporting a bra fit problem. Bra fit can change
with a female’s age and bust size therefore bra fit is an area of dissatisfaction for many
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Table 2 Qualitative feedback on novel compression top
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Question

Theme f

Comment examples

Problems experienced

Style, colors, construction, etc

Posture cueing and built-in bra
features

Don/doff 11

Bra/bust 6

Fit 5

Comfort 5

Style 1
Fabric 1
Style 7

Color 5

Comfort 4

Fit 3
Superhero identity 3
Don/doff 2
Reference to another garment 2

Bra 9

Comfort 7
Fit 5
Posture cueing 3
Don/doff 2
Bust support 2
Sizing 1

“extremely hard to get on/off", "dif-
ficult to fasten’, "little tricky going on’,
and“little harder to put on with my
body type”

nu

“bust was small/tight’, “breast cups
were difficult to fit well”, and “built-in
bra was highly uncomfortable”

o

“band was a little tight’, “breast cups
were difficult to fit’, “little tight”

“bust was small/tight’, “built-in bra
was highly uncomfortable’, and “tight
in the chest”

“really wish garment had sleeves”
“take off compression”

obviously made for women which |
like" “did not like the look”, “like the

cut’,“neck unflattering’, “razorback or
v-neck options’, and “style was great”

“prefer neutral colors but would also
wear other colors” “liked color”, “black
color is practical’, and “black is always
flattering”

“under breast area non stretchable”,
“felt nice when | had it on’, “pretty

tight’, and “helps to keep me cool”
“liked it"and “did not like the fit”

"

“feel like Katniss Everdeen” “looked
like Angelina Jolie in Tomb Raider’,
and “feel like Wonder Women”

“it was too difficult to put on”and “bra
without clasp would be easier”

“similar to a snug tank”and “better
than the first one (control garment)”

“built-in bra has to go’, “built-in bra
was nice’, “built-in bra could be
secured better” “bra moved around
less while moving which gave less
distraction when performing’, and

“love the idea of built-in sports bra”

“band a little tight’, “anterior side felt
very comfortable and secure’,"bra
was uncomfortable” “uncomfortable”,
“felt comfortable while wearing’,"not
super uncomfortable’, and “too loose

in breast area”

“really like the fit’,“did not fit’, “fit very
well’, and “too form fitting around
waistband”

“wish | could feel the pull’, and “felt
my shoulders more retracted than
normal”

“difficult to put on and take off”and
“needs to be easier to put on”

“did not provide support”and “sup-
portive”

“chest sizes instead of small, medium,
and large”
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Table 2 (continued)

F ratio is a statistical test in the analysis of variance (ANOVA) that measures the ratio of variability between groups to the
variability within groups

females. Similarly, bust size impacts fit especially when the cup size increases. This study
found that fit dissatisfaction centered on the built-in bra and bust support. The built-in
bra impacted not only fit but mobility, comfort, and don/doffing of the novel top. While
having a built-in bra can aid in thermal comfort, it may come at the sacrifice of fit, mobil-
ity, bra discomfort, and don/doffing difficulties. Shoulder blade dissatisfaction was not
fully understood in this study. Still, it should be noted that improper width of shoulders
in performance apparel has been known to cause dissatisfaction in prior studies (Tian
et al., 2019) and should be explored in future studies. The tightness of the novel com-
pression top may lead to discomfort for those who do not prefer compressive garments
as some participants stated it felt too tight. The fabric choice in the novel top was found
to be comfortable with a cooling effect which may be due to the wicking and breatha-
bility fabric properties. Similarly, female basketball and golf players preferred garments
for breathability and comfort to avoid chafing, cling, and excess moisture on their body
(Chae & Evenson, 2014; Feather et al., 1996). Additionally, Zhang et al. (2019) reported
that sports bras should not be overly tight and must provide breathability for comfort.
Regarding the breathability, the novel compression top fabric while compressive was
comfortable for participants. The athletic body shape may also pose additional fit and
don/doffing issues (Bye & Hakala, 2005; Feather et al., 1996; Michaelson et al., 2020; Tian
et al.,, 2019). Even though the novel compression top was specifically designed for an
athletic female athlete various body shapes still existing and designing garments to fit all
shapes is not possible. Overall, the novel top provided performance enhancement with
the posture cueing device and has good overall garment satisfaction. This study adds to
the limited body of research for female athletic garments, built-in bra garments, female
performance enhancing garments, and the benefits of interdisciplinary design research.

Interdisciplinary design reflection after prototyping

The design team reflected on working collaboratively on apparel development at the end
of the prototyping process. The design team better understood both disciplines and the
work done in each industry. Many of the developments to the prototype would not have
been considered without the other team member’s knowledge and the feedback of the
fit model. The biomechanical kinesiologist did not know textiles, patternmaking, or gar-
ment manufacturing so they did not realize the impact it had on the garment’s overall
functionality. The apparel designer did not have expertise in the biomechanics of throw-
ing, musculoskeletal system, athletic performance, or injury/exercise recovery tech-
niques used with athletes. By meeting regularly to discuss the fit model’s feedback, the
design team could work together to achieve a final prototype that both members hoped
would be advantageous for a female athlete.
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Conclusions

The current study included a novel compression top explicitly constructed for female
athletes, which was found to provide increased fit satisfaction and allowed for more
optimal scapular positioning during the overhead throw. Both study garments had sat-
isfactory comfort and mobility satisfaction, with no significant differences between the
garment conditions. The built-in bra had mixed results, so it is advised that manufactur-
ers provide options for consumers to choose a top with a built-in bra or a top without
one. The novel compression top illustrated the need for further research in increas-
ing satisfaction in donning and doffing, closure location, and bust/bra fit and comfort
satisfaction in compression garments. Compression fabrics for garments should have
excellent breathability and wicking features to help with comfort and mobility satisfac-
tion. Future garment research is needed in several areas including female athletic body
shapes, built-in bras, bust comfort in compression garments, and better understand-
ing of the sensory cues in posture cueing devices. This studies interdisciplinary design
approach gave insights into biomechanical functions used in sports, apparel fit problems
experienced by female athletes, and their corresponding psychological impacts, which
aided all researchers in this study. Athletic apparel designers can benefit from an inter-
disciplinary approach to further apparel design functionality and performance research.
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