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STRUCTURAL LINE ORGANIZATION
AND FORM SEMANTICS OF SMART SHIRTS

This study investigates commercially available smart shirts for physiological monitoring and analyzes their structural
seam line organization through ergonomics and form semantics. Nine products with monitoring modules positioned
around the mid torso and one posture correction shirt were selected, and within a unified coordinate framework the front
and back images were rectified for perspective and reconstructed as line drawings to map distribution patterns of key line
groups, including the midline banded zone, shoulder to sleeve transition lines, side panel shaping seams, and opening
and closure boundaries. The results show that concentrating logging modules and critical connection routes near the
torso midline, together with a longitudinal band structure coordinated with a long shaping seam from the side chest to
the waist, reduces lateral excursion during walking and running and keeps contact pressure on the anterior chest and
upper back relatively stable. When curved raglan seams or a rear shoulder yoke is used, seams are shifted away from high
slip regions such as the acromion and the lower edge of the armhole, which reduces the likelihood of friction, chafing,
and pressure marks. When multiple sensing points are distributed across the chest, abdomen, back, and upper arm, a
midline longitudinal band organization is more suitable as an alignment and fixation reference. In combination with a
long lateral shaping seam, it preserves more continuous contact areas on the anterior chest and upper back, reducing
detachment and displacement triggered by wrinkling. A center front zipper divides donning and doffing into shoulder and
sleeve positioning and contact pressure build up, helping reduce torsional misalignment during wearing and stabilizing
the distribution of contact pressure. At the appearance level, most samples mirror seam lines around the body midline,
and continuous curves reduce sharp corners and short angular breaks. Longitudinal guidance and lateral contouring
Jointly strengthen the sense of motion direction, giving fixation and monitoring functions a clear technical orientation in
appearance. Based on these observations, the paper summarizes zoning strategies and curve organization principles for
smart shirts for physiological monitoring, providing traceable design grounds for subsequent seam line derivation and
style comparison.

Key words: Smart shirt, Structural seam line analysis, Ergonomics, Form semantics.
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OPTAHI3AIISI KOHCTPYKTHUBHUX JITHIN IIBIB
TA CEMAHTUKA ®OPMHU CMAPT-COPOYOK

Y yvomy docnioocenni susuaromoca komepyitino 0ocmynHi po3ymui copouxu 0 Qi3ionoeiyHo20 MOHIMOPUH2Y ma aua-
JUBYEMbCSL OP2aHizayis ix cMmpyKmypHUx weié 3 mouKu 30py epeoHOMIKU ma cemanmuxu gopmu. Byno obpano oeg'smo
NPOOYKMIG 3 MOOYISAMU MOHIMOPUHSY, PO3MAUUOBAHUMU HABKONIO cePedHbOl Yyacmunu niyryba, ma 00Ha COpouKa OJisi KOpeK-
yii nocmasu. Y pamrax €Ounoi KOOpOUHAMHOI cucmemu 300padicenHst nepedHboi ma 3a0HbOI Yacmun 0yIu UNPAGIEHI 3
MOYKYU 30py NEPCREKMUBU MA PEKOHCMPYIOBAHI V 6U2NAOL IHIUHUX MATIOHKIE OJis 6I000paiCcents pO3n00iLy OCHOBHUX ePYN
JIHIU, BKIIOYAIOYU 30HY cepeOHboi NiHil, NiHil nepexody 6i0 nieya 0o pyKasa, weu, wo gopmyoms OiuHi naneni, ma mexci
8iOKpumms ma 3akpumms. Pe3ynemamu nokasyoms, uo KOHYeHmMpayis Mooynie peeCmpayii ma KpumuyHux Mapupymie
3'eonanns nodoausy cepeonvoi ninii mynyoa, pasom iz N03008ACHLOI0 CMY2ACHON0 CIMPYKIYPOIO, CKOOPOUHOBAHOIO 3 0082UM
opmysanvHuM WEoM 6i0 OIUHOT YacmuHu epyoeti 00 MAail, aMeHuLye biune SI0XULeHHs nio yac Xo0bou ma 6icy ma niompu-
MY€E 8IOHOCHO CMADIIbHULL KOHMAKMHUL MUCK HA NePeOHill uacmuni 2pyoell ma éepxwiti yacmuri cnunu. Ilpu euxopucmarnni
BUCHYMUX PAIAHOBUX WBI6 AO0 3a0HbOI KOKeMKU Niedd W6l 3MIUyIomucst 6i0 OUISIHOK 3 6UCOKUM KOG3AHHAM, MAKUX 5K
AKPOMIOH [ HUMCHILL KpALl NPOUMU, WO 3MEHULYE UMOBIDHICIMb MEPNisl, HAMUPaHHs ma ciioie 8i0 mucky. Koau kinbka moyok
30HOY8AHHSA PO3NOOILEHI NO 2PYOAX, HCUBONLY, CRUHI A 8EPXHILL YACMUHI PYKU, OP2AHI3AYiA NO3008HCHLOIL CMy2U cepeOHbol
JUHIT € Db NIOX00AU010 5K OpieHmup O/ BUPIBHIO8AHHS ma Qikcayii. VY noeoHanui 3 0082uM OIYHUM DPOPMYBATLHUM
weom 6iH 30epicac OLIbW CYYIIbHI 30HU KOHMAKNY HA NePeoHill 4acmuui epyoel [ 6epXHIll YACMUHI CRUHU, 3MEHULYIOHU
8IOpUG | 3MIUeHHS, GUKIUKAHI 3mMopuikamu. [lenmpanoha nepeous: GaUCKasKa po3ouisie 002aHHs [ 3HIMAHH HA NO3ULYIO-
HYBAHHS Nileyell I PYKasie ma HaKONUYEeHHs KOHMAKMHO20 MUCKY, O0NOMA2aioul 3MEeHUUMY UKPUBTICHHS NIQ 4aC HOCIHHS
ma cmaoinizyrouu po3nooil KOHMAaKmuHo2o mucky. Ha pieni 306HiuHb020 8u2iady OLbUicmyb 3pa3Kie 8i000paxicaoms niHii
B8 HABKOIO CepeOHbol iHII Mind, a cyyiibHi KpU8i 3MeHuyioms 20Cmpi Kymu ma Kopomxi Kymosi pospugu. 1103008cHs
opienmayis ma OiuHe KOHMYPYBAHHSA CHIIbHO NIOCUTIOIOMb GIOUYMMSL HANPAMKY PYXY, Haoaiouu Qyuxyiam ¢hikcayii ma
MOHIMOPUHEY YIMKY MEXHIYHY OPIEHMAayilo y 306HiuHboMy eueisiol. Ha ocnoei yux cnocmepedicens y cmammi niocymogy-
0MbCsl cmpamezii 30HY8aHHL MA NPUHYUNY OP2AHI3aYil KPUBUX 05t POZYMHUX COPOHOK OISl (DI3I0N02IUHO20 MOHIMOPUHRY,
wo 3abesneyye nPOCmMediCy8any 0CHO8Y OJis NOOAILULO20 BUSHAYEHHS TIHIT WEI6 Ma NOPIGHAHHS CIMUILLG.

Knrouoei cnosea: posymna copouxa, ananiz cmpyKmypHux ueis, epeoHOMIKd, CeMaHmuxa gopmu.

Statement of the problem. Smart shirts integrate
sensing contact points, lead wires, and logging mod-
ules into elastic fabrics, and both comfort and data
quality are jointly affected by the stability of contact
pressure and motion induced displacement. How-
ever, existing solutions lack a reusable framework
for structural seam line analysis, making it difficult to
explain how zoning and wire routing reach an action-
able balance between fixation and comfort. This lim-
its the abstraction and transfer of design experience,
and design guidelines and operational evaluation
methods that can directly inform practice have not yet
been established.

Research analysis. Relevant studies over the past
five years can be grouped into three streams, focusing
on pattern generation and fit adaptation, the zoning

logic of structural seam lines, and contact pressure
with its evaluation. Work on pattern generation and
fit adaptation is more oriented toward methods and
toolchains. Lei (Lei G., 2022: 136) proposed a three
dimensional pattern making method based on graphic
encoding positioning, enabling three dimensional
garment panels to be unfolded into two dimensional
patterns more intuitively and efficiently. This method
preserves the spatial locations of structural curves
such as the body midline and the armhole with good
fidelity, providing pattern making support for sensing
point placement and wire routing fixation in a smart
shirt for physiological monitoring. Based on 126 vir-
tual try on models, Choi (Choi J., 2025: 30) identified
four categories of issues, including proportions, level
differences, lateral posture, and shoulder imbalance,
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and then built a library of 48 shirt patterns optimized
for different body types. This provides a basis for
revising the base block pattern of a smart shirt for
physiological monitoring, improving seam alignment
and fit stability, which in turn benefits sensing point
fixation and wire routing constraints. Studies on the
zoning logic of structural seam lines are more ori-
ented toward design rationale. Using seam lines as the
entry point, Wang Qi (Wang Qi, 2013) proposed that
compression sport shirts should define zones accord-
ing to muscles, sweat zones, dermatomal structures,
and skin folds, in order to secure fit and functional
performance. The study grouped functional zones
into moisture management and athletic performance
enhancement, and it highlighted alignment based
seam segmentation to reduce soft tissue vibration and
displacement, which can be used to derive stabiliza-
tion strategies for sensing point placement and wire
routing in a smart shirt for physiological monitor-
ing. Evidence on contact pressure and its evaluation
is more oriented toward quantitative support. Gon-
cu-Berk G. (Goncu-Berk, G, 2021: 5621) compared
the impedance and signal to noise ratio of embroi-
dered textile electromyography electrodes across rag-
lan sleeves and set in sleeves, as well as across differ-
ent fit levels. Their results indicate that pattern design
and fit level determine the stability of electrode to
skin contact. Liu Liying (Liu L., 2013: 60) conducted
regression analysis between subjective comfort rat-
ings and laboratory based objective indicators. The
indicators most strongly associated with comfort
were water vapor transmission rate, air permeability,
fabric modulus, and drape index, and these can serve
as quantitative grounds for material selection and fit
control in a body fitting smart shirt for physiologi-
cal monitoring. Li Yufen (Li Yufang, 2021: 52) used
surface electromyography features, including root
mean square, integrated electromyography, median
frequency, and mean power frequency, as evaluation
indicators for garment pressure and fit effects in yoga
wear. The study found that moderate garment pres-
sure can suppress fatigue, whereas pressure that is too
low or too high increases fatigue, suggesting that a
smart shirt for physiological monitoring should use
moderate pressure to stabilize sensing points while
avoiding constrictive pressure.

Purpose of the article. Using multiple smart shirts
for physiological monitoring as samples, this paper
examines structural seam lines such as the neckline
curve, shoulder line, side seam, and chest circumfer-
ence control line, maps their zoning and curvature
directions in front and back views, discusses their
roles in sensing contact point positioning, fabric fit,
and suppression of motion induced displacement, and
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then summarizes transferable design principles from
the perspective of visual order, providing interpret-
able grounds for subsequent design derivation and
evaluation.

Presenting main material. This study selected
ten smart shirts with relatively high market sales as
samples. To obtain comparable structural seam line
data, high resolution front and back images of each
shirt were collected, with priority given to materials
showing a natural standing posture and limited lens
distortion, and perspective and geometric distortion
corrections were then applied. Under a unified ref-
erence frame, the images were scaled and aligned
proportionally, and the silhouette, key seam lines,
opening and closure locations, and functional zone
boundaries related to sensing elements or device
modules were traced and organized in vector form. To
reduce errors introduced by any single image, each
product was cross checked against images from mul-
tiple angles to verify seam line relationships and to
ensure consistent relative positions between line tra-
jectories and anatomical landmarks. Afterward, the
line drawings were mapped onto a standard human
body model, which supported the classification of
structural seam line types and zoning features and
was used for subsequent analysis of structural zoning,
load transfer paths, and potential friction prone areas.

The core modules or anterior chest contact points
of Zephyr, QUS, Cardiosport, and Clicshirt are con-
centrated near the torso midline (Table 1). The log-
ging modules of Zephyr and QUS are positioned on
the upper back midline, while the chest contact points
of Cardiosport and Clicshirt are located near the ante-
rior chest midline. During walking and running, the
midline region shows smaller lateral excursion, so the
contact pressure at chest contact points is more stable.
In all four shirts, the shoulder seam lines avoid the
apex of the acromion and the edge of the underarm.
In Cardiosport, Clicshirt, and QUS, the shoulder uses
curved seaming that transitions from the neckline
toward the underarm. Zephyr introduces a transverse
seam across the rear shoulder, placing the seam on
a flatter posterior shoulder area and away from the
boundary with greater anterior axillary slip. During
arm swing, the anterior axilla and the underarm show
greater skin—garment slip, and moving seams away
from these regions reduces the risk of friction and
pressure marks.

Hexoskin, Emglare, Athos, and Keesense place
multiple sensing contact points across the chest,
abdomen, back, and upper arm (Table 2). With sens-
ing points distributed, fit cannot rely on a single ante-
rior chest area. Structural seam lines need to secure
multiple contact points within relatively stable fab-
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ric regions. In all four samples, a longitudinal band
organization appears near the torso midline, serv-
ing to accommodate wire routing or fix modules
while also acting as an alignment reference between
front and back components. On the back of Athos,
Emglare, and Keesense, a banded zone extends verti-
cally along the back midline, and nodes or connection
points are arranged around this zone. Hexoskin has
fewer seam lines, and two horizontal fixation bands
on the front directly define the positions of the sub
chest and waist abdomen contact bands. Sensing con-
tact points are mostly located at the central anterior
chest and central upper back, and continuous fabric is
typically preserved near the anterior axillary edge and
the lower edge of the armhole to avoid placing con-
tact points in regions with stronger arm swing com-
pression and frequent wrinkling. The shoulder region
often uses curved shoulder to sleeve segmentation or
a vest like armhole boundary, keeping seams away
from the acromion apex and the lower armhole edge
and reducing chafing and local peak pressure during
arm swing. A shaping seam from the side chest to the
waist provides the primary contouring. Around the
anterior chest and upper back contact zones, fewer
seams reduce wrinkling, which makes patch edges
less likely to lift and results in more stable contact.

Table 1
Tructural seam lines and functional zoning
of smart shirts with a centralized logging module
Zephyr Smart shirt QUS Smart shirt

/ id

Cardiosport Smart shirt Clicshirt Smart shirt

. . I m 1] I

Table 2
Structural seam lines and functional zone
distribution of smart shirts
with multi-point sensing
Hexoskin Smart shirt

Keesense Smart shirt

Emglare Smart shirt

Athos Smart shirt
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OWO and Posture Shirt use a center front zip-
per and are designed for posture and haptic feed-
back (Table 3). If a pull over design is used, a larger
stretch is required to achieve the same contact pres-
sure, and the shoulder and armhole are more likely
to shift out of alignment during donning and doffing.
A center front zipper divides the process into posi-
tioning and closure, allowing the wearer to align the
shoulder and armhole first and then close the zipper
gradually to build pressure. With positioning before
closure, repeated pulling near the shoulder and arm-
hole to search for alignment is reduced, and local con-
strictive pressure caused by fabric torsion decreases
accordingly. Once the opening and closure structure
is anchored on the torso midline, lateral sway during
movement is smaller and the anterior chest pressure
distribution becomes more stable. Both shirts place
the primary contouring within side panel structures
from the side chest to the waist, while keeping more
continuous fabric surfaces on the anterior chest and
upper back, which reduces contact point drift and
stabilizes the direction of tensile guidance. Shoulder
seam lines are kept away from high friction bounda-
ries such as the acromion and the lower edge of the
armhole, reducing chafing and pressure marks during
arm swing.

Table 3
Structural seam lines and functional zone
distribution of smart shirts for posture
and haptic feedback
OWO Smart shirt Posture Shirt

Both the neckline and the armhole are finished with
continuous curves, with few sharp corners or short
angular breaks. Zephyr, Hexoskin, and Keesense are
sleeveless models, where the neckline and armhole
are mostly closed by a single curved line, and the arm-
hole curve transitions continuously from the anterior
axilla to the front shoulder without corner points. The
remaining sleeved models use a raglan construction,
in which the raglan seam extends from the side of the
neck to the underarm as a continuous curve, making
the shoulder point angle less pronounced. In Athos,
QUS, and Clicshirt, the raglan seam curvature is rela-
tively consistent, and the seam does not fall near the
acromion apex. OWO and Cardiosport incorporate an
opening and closure structure at the center front, while
the shoulder area still maintains the continuous curva-
ture of the raglan seam. In Athos, OWO, and Emglare,
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the starting point of the raglan seam lies closer to the
side of the neck, resulting in a fuller lateral shoulder
contour. In Cardiosport, the shoulder line is positioned
more laterally, its upper edge is closer to horizontal,
and the shoulder contour appears straighter.

The curve design of the ten smart shirts is often
organized around the body midline, where left-right
mirrored lines treat the body as a coordinate system and
establish a stable and predictable visual reference. For
wearable devices, this sense of order is naturally inter-
preted by users as reliability and controllability, giving
the appearance a rational technological character.

In most samples, structural seam lines show clear ana-
tomical orientation. The line organization of Keesense
and AlignMed more closely reflects abstractions of mus-
cle bundles and bony landmarks, where anterior chest
lines branch downward and back lines converge toward
the midline, creating a progressive tightening direction
from the chest and back toward the waist and making
support relationships more legible in form. Cardiosport
uses lateral contouring and zoning lines to emphasize
a forward driving momentum, whereas the back mid-
line and horizontal banded lines in Zephyr and QUS
strengthen guidance for alignment and stability. Across
these samples, seam lines often follow the outer contour
of the rib cage and the shoulder — back outline, and large
radius curves connect regions with different curvatures;
on the front, lateral inward shaping achieves close to
body contouring, while on the back, longitudinal and
oblique line organizations provide alignment and con-
straint. This makes the intentions of fit and support visi-
ble on the garment surface and produces an overall sec-
ond skin impression.

While maintaining close fit to the body, structural
seam lines also guide how motion is expressed in the
shirt’s appearance. In Zephyr and QUS, the combina-
tion of the back midline and horizontal banded lines
forms a clear longitudinal frame. As the lines descend
along the spine, the back structure reads visually as a
stable channel, making the wearer’s torso posture eas-
ier to track during running and jumping. Cardiosport
uses lateral contouring curves and zoning lines to
redirect the silhouette from the chest toward the waist
side. Because the lines slide diagonally downward,
the front view more readily evokes a body posture that
moves forward. Athos adopts a symmetric network of
nodes and connecting lines, dividing the chest and
back into multiple smaller geometric units. The sense
of motion no longer depends on a single dominant
curve but arises from rhythm created by repetition
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and spacing variations in the mesh structure. As the
gaze moves, the nodes create a sequence of contin-
uous pause points. The connecting lines mark load
directions of outward expansion and inward recov-
ery across the chest and back surfaces, making the
garment read more like equipment with a functional
frame. Hexoskin uses fewer seam lines and mainly
relies on the overall silhouette and a small number of
horizontal stabilization bands to control rhythm. With
fewer distracting surface elements, the impression
leans toward a tool like and low intervention charac-
ter. These strategies rely on midline guidance, lateral
contouring, mesh segmentation, and simplified line-
work, and they shape different motion atmospheres
on top of a body fitting pattern. Some emphasize pos-
ture alignment, some highlight forward progression,
and others foreground an equipment like character or
low perceived presence, providing clear formal cues
for stylistic differences under similar functional goals.

Conclusions. This paper examines commer-
cially available smart sports shirts with rear mounted
monitoring modules, and under a unified coordinate
framework it performs image rectification, line draw-
ing reconstruction, and seam line overlay, in order to
map seam line types and combination patterns from
ergonomic and visual cognition perspectives. The
findings show that outer silhouettes often use large
radius curves and rounded edge finishing, which
helps maintain fit during movements such as running
and jumping and reduces pressure marks and chafing
around the shoulder—neck region and the underarm.
The continuous connection between the under chest
band and the lateral regions forms the primary load
bearing path, redistributing module weight and fabric
tension around the torso circumference and reliev-
ing local pressure concentration. Monitoring module
pockets are concentrated along the back midline and
paired with several stable cable routing path configu-
rations, supporting signal stability, skin comfort, and
visual neatness during dynamic movement. Across
samples, differentiated strategies are formed through
midline guidance, lateral contouring, mesh like seg-
mentation, and simplified linework, enabling motion
semantics such as posture alignment, forward pro-
gression, equipment like character, and low perceived
presence to be clearly distinguished on a shared func-
tional basis. On this basis, the paper extracts trans-
ferable curve categories and configuration principles
that can be used to describe pattern logic and visual
expression across products.



MMCTCIJTBO3H3,BCTBO

..............................................................................................................................................................

BIBLIOGRAPHY

1. Lei, G., & Li, X. A new approach to 3D pattern-making for the apparel industry: Graphic coding-based localization.
Computers in Industry, 2022, 136, 103587. https://doi.org/10.1016/j.compind.2021.103587

2. Choi, J., Choi, H.E. Development of a body type optimized pattern library based on fit adjustment frameworks. Fash
Text 2025, 12, 30 . https://doi.org/10.1186/s40691-025-00437-8

3. E3. (2013). EHRIZHRED FILRITAR: MR JERREF R, 4L, FE, 2013. 22-30.

4. Goncu-Berk, G., & Tuna, B. G. . The Effect of Sleeve Pattern and Fit on E-Textile Electromyography (EMG) Electrode
Performance in Smart Clothing Design. Sensors, 2021, 21(16), 5621. https://doi.org/10.3390/s21165621

5. XA & XK. PRACETE M VTN R ERDIEREER AR FBERFFR(TIERARR), 2013, 28 (03),
60-63+68. https://doi.org/10.13306/j.1006-9798.2013.03.003.

6. FEHIF & KDL REENWIE T LT ESIAKT RN ELHRHK, 2021, 49 (06), 52-57. https:/doi.org/
10.19333/j.mfkj.20201000406.

REFERENCES

1. Lei, G., & Li, X. (2022). A new approach to 3D pattern-making for the apparel industry: Graphic coding-based
localization. Computers in Industry, 136, 103587. https://doi.org/10.1016/j.compind.2021.103587

2. Choi, J., Choi, H.E. (2025). Development of a body type optimized pattern library based on fit adjustment frameworks.
Fash Text 12, 30. https://doi.org/10.1186/540691-025-00437-8

3. Wang Qi. (2013). Jin shen xing yun dong fu zhuang fen ge xian she ji yan jiu [Research on the Design of Seams in Tight-
Fitting Sports Clothing]: Master's dissertation. Beijing Institute of Fashion Technology. Beijing. China. 22-30. URL: https://
kns.cnki.net/kems2/article/abstract?v=NitQnVYDOcrSavugUjhfyQWIB26cyHpaekhbyqHidiK-y3XNdI12K4s2dt2FQx9
eVVer12WbW5L34b8eLGFZY9pSrKsNyVUynaeCrA3IURw7X5RDIsK2WqQdRPxV336kY VdRDKIdn2PIFtM-
QarVTzfTR68100yTwKshTz EjSvEmxy2DXASLw==&uniplatform=NZKPT&language=CHS". [In Chinese]

4. Goncu-Berk, G., & Tuna, B. G. (2021). The Effect of Sleeve Pattern and Fit on E-Textile Electromyography (EMG)
Electrode Performance in Smart Clothing Design. Sensors, 21(16), 5621. https://doi.org/10.3390/s21165621

5. Liu Liying, & Liu Lin. Fu zhuang shu shi xing zhu guan ping jia ji zhu ke guan zhi biao jian de xiang guan xing yan
jiu [The Study on the Subjective Evaluation of Clothing Comfort and the Correlation between Subjective and Objective
Indicators]. Journal of Qingdao University(Engineering & Technology Edition), 2013, 28 (03), 60-63+68. https://doi.org/
10.13306/j.1006-9798.2013.03.003. [In Chinese]

6. Li Yufang, & Zhu Weihua. (2021). Fu zhuang ya dui yu jia yun dong zhong nv zi shang shen ji rou pi lao de ying xiang
[The impact of clothing pressure on the fatigue of women's upper body muscles during yoga exercises]. Wool Textile Journal,
49 (06), 52-57. https://doi.org/10.19333/j.mfkj.20201000406. [In Chinese]

Jlara neproro HaJIX0UKeHHS pyKonucy a0 BuaanHs: 21.11.2025
Jara npuifHsATOTO 710 APYKY PYKOMHMCY Micis periensysanus: 19.12.2025
Hara my6mikarii: 31.12.2025

74 AxryasbHl IMTaHHS TyMaHiTapHUX Hayk. Bur 94, tom 2, 2025



