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Abstract: Optimizing the dynamic wearability of functional outdoor apparel is crucial for ensuring wearer comfort and 
mobility during physical activities. To address this need, we evaluated the dynamic wearability of outdoor jackets using 
a comprehensive evaluation method that integrated both objective and subjective assessments. Through 3D virtual fitting
with CLO 3D, a jacket pattern provided by an outdoor apparel company was modified based on identified wearability 
issues. Jackets A and B (before and after pattern modification, respectively) were prototyped and evaluated through 
dynamic movement assessments under identical experimental conditions to ensure consistency. A subjective survey and 
interviews were then conducted with 15 participants in their 20s. These were designed to capture user perceptions of 
wearability during dynamic activities, covering multiple dimensions such as size, fit, comfort, ease of use, practicality, and 
satisfaction. We found a significant reduction in overall virtual stress and strain for Jacket B compared with Jacket A (p
< 0.050). The results indicated higher satisfaction with Jacket B across all categories, including size, fit, comfort, ease 
of use, practicality, and satisfaction (p < 0.050). These improvements were consistently observed across all subjective 
evaluation categories. These findings highlight the benefits of combining virtual fitting–based pattern modification with 
user feedback to optimize functional apparel for dynamic activities and provide a systematic framework for wearability 
assessment that can enhance wearer satisfaction.
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1. Introduction

With the increasing interest in health, the significance of physical         

activity has been further emphasized. The Centers for Disease Con-         

trol and Prevention (2025) highlight the positive effects of physical         

activity on both physical and mental health, thereby promoting par-         

ticipation in exercise across diverse fields. Notably, outdoor sports        

activities such as hiking, running, camping, and trekking have        

gained popularity, leading to a continuous increase in the number         

of participants. According to a report by the Outdoor Industry         

Association (2023), the rising participation rate in outdoor activi-        

ties is closely associated with the growing awareness of health and          

well-being. In response to these changes, there has been active         

development of apparel suitable for outdoor sports activities,       

accompanied by a surge in consumer demand. In particular,        

dynamic wearability has emerged as a crucial factor, necessitating        

clothing that ensures unrestricted body movement while maximiz-       

ing the wearer's mobility (Koç et al., 2025; Teyeme et al., 2021). To     

meet these demands, functional clothing designed to provide spe-     

cific features, rather than regular clothing, is essential.

Functional clothing refers to garments designed to provide pre-     

determined functions beyond conventional apparel, such as body     

protection, convenience, and enhanced utility, and therefore     

involves a more complex development process (Boldt & Carvalho,     

2018; Gupta, 2011). With the growing popularity of outdoor activ-     

ities, interest in outdoor apparel has increased, which plays a cru-     

cial role in maximizing wearer safety and mobility across various     

environments (Kim & Baytar, 2024). Thus, outdoor apparel must     

ensure optimal wear comfort under diverse environmental condi-     

tions while also considering dynamic wearability, which allows for     

unrestricted body movement in addition to practicality. Wearability     

is defined as the interaction between the human body and a wear-     

able object, referring to the degree to which a product can be worn     

and used on the body without restricting movement (Gemperle et     

al., 1998). In the context of apparel, wearability serves as an indi-     

cator of the physical and psychological comfort provided by a gar-     

ment worn on the body. Since positive wearability significantly     

contributes to wearer satisfaction, it is a critical factor in apparel     

design and development (Yang & Baytar, 2024). For this reason,     

alongside the growth of the outdoor apparel industry, the demand     

for reliable and systematic wearability evaluation methods has     
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become increasingly emphasized.

Wearability is a multidimensional concept encompassing     

physiological, psychological, sensory, and mobility aspects     

(Gemperle et al., 1998). To assess wearability, researchers rely on         

two main approaches: objective measurements and subjective      

evaluations (Rahman, 2011). Objective methods provide     

quantifiable, repeatable results, primarily assessing garments'     

physical comfort through experimental measurements. Previous     

studies have proposed various objective evaluation methods, such       

as assessing donning and doffing performance based on       

independence, time, and effort (Wu et al., 2021), or evaluating         

outdoor jacket comfort under different environmental conditions      

through water and air permeability experiments (Koç et al., 2025).         

However, objective evaluations alone may not fully capture wear-        

ers' perceptions and experiences (Teyeme et al., 2021). Arezes et al.          

(2013) found discrepancies between subjective thermal comfort      

and moisture retention in trekking boots, highlighting the limita-        

tions of assessments based on physical measurements. Özkan et al.         

(2023) measured dynamic and psychological comfort after verify-       

ing thermophysiological functionality, emphasizing the need to      

consider wearers' sensory perceptions. In this context, subjective       

assessments complement objective data by incorporating users'      

intuitive experiences. Modern outdoor apparel must ensure mobil-       

ity and comfort during physical activities (Koç et al., 2025). Nota-          

bly, dynamic wearability—the ability to support unrestricted      

movement—is a key factor in outdoor apparel (Gemperle et al.,         

1998). Thus, a comprehensive evaluation method with an emphasis        

on dynamic wearability is essential for assessing functional       

apparel.

Recent research has explored 3D virtual fitting technology for        

wearability evaluation, streamlining apparel development by     

improving efficiency in time and cost (Porterfield & Lamar, 2017).         

By visualizing garments, it enables immediate assessment of fit,        

making functional apparel development both cost-effective and      

ergonomically validated (Boldt & Carvalho, 2018; Won & Lee,        

2021). Notably, a 3D virtual map offers insights into strain, stress          

distribution, and wearer comfort (Porterfield & Lamar, 2017).       

Several studies have demonstrated the feasibility of this approach        

through color-coded visualization and virtual avatar-based analysis      

under dynamic movements, supporting its application for      

quantitative wearability assessment (Černiavskaja et al., 2025;      

Dabolina et al., 2018; Yang & Baytar, 2024). These advancements         

go beyond static body measurements, improving garment design       

for dynamic comfort. Despite its advantages, virtual fitting       

technology struggles to replicate human skin flexibility and muscle        

movement (Yang & Baytar, 2024), posing challenges for functional        

apparel, which must ensure mobility and comfort across various        

activities. Additionally, static postures alone are insufficient for     

evaluating wearability, and many studies overlook subjective     

wearer experiences. Thus, a hybrid evaluation method integrating     

objective and subjective assessments is increasingly emphasized     

for more reliable wearability assessments.

Therefore, we aimed to evaluate the dynamic wearability of out-     

door jackets by combining virtual try-on using 3D virtual fitting     

maps with user feedback from movement assessments. To this end,     

we first conducted a virtual fitting simulation using a jacket pattern     

provided by an outdoor apparel company, and modified the pattern     

based on the virtual fitting results. We then analyzed relative dif-     

ferences in the stress and strain maps to compare the two virtual fit-     

ting outcomes. Subsequently, we produced the two jackets and     

conducted a movement evaluation in a real-world environment,     

followed by a subjective wearability assessment through a survey     

and a follow-up interview.

2. Methods

2.1. Participants

We recruited 15 participants for the wearability evaluation. The     

participants were healthy men in their 20s who regularly wear size     

100 tops (23.80 ± 1.72 years; height = 175.27 ± 3.00 cm, weight =     

69.13 ± 5.92 kg, body mass index = 22.50 kg/m²). They voluntarily     

expressed their willingness to participate in the study and were     

selected as participants. Because this study involves wearability     

assessment through various physical movements, a survey, and     

interviews, individuals with musculoskeletal disorders or cognitive     

impairments were excluded from participation. In addition, the     

jacket pattern for men used in this study was provided by the out-     

door apparel company, K2 Korea Group. This jacket is designed as     

a windbreaker with a front closure and is a prototype version.     

Before participating in the study, all participants provided written     

informed consent, which was approved by the Institutional Review     

Board (IRB) of the participating University (IRB No. 2024-08-021).

2.2. Procedures

We evaluated the wearability of an outdoor jacket using a four-     

step procedure. First, a 3D virtual fitting was conducted on the ini-     

tial pattern (1st pattern) provided by an outdoor apparel company.     

Based on the fitting results, the pattern was modified (2nd pattern)     

and reanalyzed through a second virtual fitting. Differences in     

stress and strain values between the two patterns were examined in     

the 3D virtual environment to assess wearability improvements.     

Next, to evaluate wearability with actual users, two jacket proto-     

types were developed using the 1st and 2nd patterns (Jackets A and     

B). Participants wore both jackets and performed a movement     
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assessment. Finally, a survey and interviews were conducted to        

gather subjective wearability feedback. This structured approach      

ensured a comprehensive evaluation, integrating virtual fitting      

results, movement analysis, and user perceptions of wearability.

2.2.1. 3D virtual fitting evaluation 

We conducted 3D virtual fitting using CLO 3D (Version 2024.2,         

CLO Virtual Fashion Inc., South Korea). First, the body measure-         

ments of each participant were applied to their respective avatars.         

The 1st pattern was used for the first round of 3D virtual fitting. To             

improve the fit of the 1st pattern, necessary pattern modifications         

were made based on visual evaluation. For example, based on the          

stress and strain maps, excessive ease that causes unnecessary        

wrinkles was adjusted by reducing the ease allowance, while tight         

areas with significant fabric deformation were modified by adding        

extra ease. The 2nd pattern was developed with these modifications,         

and this modified pattern was also virtually fitted to the avatars          

using the same procedure. 

Subsequently, identical static postures used in the movement       

evaluation were applied to the avatars to analyze the differences in          

the 3D virtual maps between the 1st and 2nd patterns. In evaluating           

the wearability of upper garments, the arms and shoulders are key          

areas, and the waist joint is also crucial for enabling torso twisting           

and bending movements (Gemperle et al., 1998; Youn et al., 2024).          

The shoulder and arm regions were evaluated in six static postures          

involving arm movements out of the ten total postures, while the          

waist region was assessed in five static postures (Table 1). There-     

fore, in these postures, the key stress and strain values were mea-     

sured at upper body joint areas, including the shoulders, arms, and     

waist. Stress and strain values were interpreted only in continuous     

garment regions that were in direct contact with the body. Areas     

corresponding to intentional open or cut-out design features (e.g.,     

ventilation structures in the sleeves) were excluded from quanti-     

tative interpretation to avoid misrepresentation of deformation val-     

ues. The stress map in CLO 3D visually represents the external     

forces applied to the garment, indicating the extent to which the     

fabric is stretched or distorted when worn on the avatar. In contrast,     

the strain map illustrates the degree of fabric deformation based on     

the strain metric defined within the CLO 3D virtual fitting envi-     

ronment (Teyeme et al., 2023). In this study, the strain values pro-     

vided by CLO 3D are expressed as a relative length ratio (L/L₀ ×     

100), where 100% indicates no deformation. This definition differs     

from the standard engineering strain (ΔL/L₀), and therefore the     

strain results in this study should be interpreted as a software-spe-     

cific, relative deformation indicator rather than an absolute physical     

strain value (Table 2). According to this definition, a strain value of     

100% represents a non-deformation (well-fitted) state, whereas val-     

ues below 100% indicate local compression of the fabric, which     

may manifest as wrinkling or buckling in the virtual fitting maps.     

Accordingly, compressed regions (< 100%) and undeformed     

regions (= 100%) were interpreted as distinct fit conditions and     

were visually differentiated in the strain legend. 

Table 1. Evaluation postures for 3D virtual fitting evaluation

Body region Posture

Arms/ 
shoulders

Standing
Raising arms

forward
Raising arms

upward
Raising arms
over the head

Extending arms sideways Crossing arms

Waist

Standing Bending waist forward Bending waist backward Bending waist sideways Twisting torso sideways
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2.2.2. Static and dynamic postures

Both developed jackets were produced in the same size (Size =          

100; Composition = Rayon/Nylon 86%, Elastane 14%). Partici-       

pants, without prior information about the jackets, wore them in a          

randomized order and performed the movement assessment tasks.       

The movement assessment was conducted based on previous stud-        

ies, and included a total of 30 postures classified into static and           

dynamic categories (Table 3) (American Society for Testing and        

Materials, 1988). Specifically, static postures focused on move-       

ments involving the arm, shoulder, and waist joints, including the         

neutral standing posture. These categories consisted of 10 different        

postures, and participants were instructed to hold each posture for         

three seconds. Dynamic postures included donning/doffing, bend-      

ing/extension, and rotation movements of the arm, shoulder, and        

waist joints. These dynamic tasks also involved jumping jacks, sit-         

to-stand, upstairs/downstairs, and walking/running. These were     

structured into 20 different tasks, each repeated three times. All         

movements were performed by following pre-recorded movement      

demonstration videos, ensuring that all participants completed the       

tasks with the same movement protocol.

2.2.3. Subjective evaluation

After the movement assessment, participants conducted a sub-       

jective evaluation of the wearability of Jackets A and B. This eval-           

uation was carried out sequentially through a survey and a follow-     

up interview, using identical questions for both jackets. The ques-     

tionnaire consisted of six categories—size, fit, comfort, ease of use,     

practicality, and satisfaction—totaling 30 items (Chung et al., 2024;     

McQuerry, 2020) (Table 4), as requested by the company. Partic-     

ipants responded using a five-point Likert scale (1 = strongly dis-     

agree, 5 = strongly agree). The size category assessed participants'     

perceived overall size suitability of the jacket. The fit category     

examined how well the jacket conformed to the wearer’s body     

shape. The comfort category focused on subjective perceptions of     

wearing comfort, including weight, skin irritation, thermal comfort,     

and mobility. The ease of use category measured the ease of putting     

on and taking off the jacket, as well as the usability of its fasteners.     

The practicality category assessed participants’ satisfaction with its     

overall usefulness as outdoor clothing. Lastly, the satisfaction cat-     

egory measured the participants' overall satisfaction with their     

wearing experience. In addition, a follow-up interview was con-     

ducted to collect more detailed feedback on the wearability of the     

jackets. The interview data were qualitatively analyzed using a     

content-based categorization approach, in which participant     

responses were grouped according to recurring themes related to     

specific garment components (e.g., torso, sleeves, and hood) and     

wearability aspects. This process allowed for a structured compar-     

ison of qualitative feedback between the two jacket patterns.

Table 2. Numerical ranges for 3D virtual fitting evaluation

Item Figure Range

Stress (kPa)

Front Side Back

Strain (%)

Front Side Back
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2.3. Data analysis

In this study, we used SPSS (IBM SPSS Statistics 27, USA) to           

analyze the differences between the virtual fitting data and survey         

data for the 1st and 2nd patterns (Jackets A and B). First, the Sha-             

piro–Wilk test was conducted to verify the normality of the data-          

sets. The results indicated that both the virtual fitting data and          

survey data did not follow a normal distribution (all p < 0.050).           

Thus, differences between the 1st and 2nd patterns in both datasets          

were analyzed using the Wilcoxon signed-rank test, a non-para-        

metric method for comparing paired samples. We also calculated        

the effect size using r, which was obtained by dividing the Z-value           

by the square root of the sample size, to accurately consider the           

magnitude of the actual difference. The significance level for all     

statistical analyses in this study was set at p < 0.050. 

3. Results

3.1. Initial pattern modification through 3D virtual fitting

Based on the results of the 3D virtual fitting using the 1st pattern,     

potential fit issues that could arise in real-world wear were iden-     

tified, prompting subsequent pattern modifications. The primary     

issues observed during the virtual fitting were categorized into     

three areas: torso, sleeves, and hood (Table 5). For the torso, the cir-     

cumference was relatively smaller compared to its total length, and     

Table 3. Movement assessment

Static Posture

Arms & shoulders

Standing →
Raising arms
forward →

Raising arms
upward →

Raising arms over
the head →

Extending arms
sideways →

Crossing arms

Waist

Bending waist forward → Bending waist backward → Bending waist sideways → Twisting torso sideways

Dynamic postures

1. Donning 2. Bending/extension

Donning → Zipping up → Additional components Elbow bending → Raising arms → Waist bending

3. Rotation 4. Stationary

Rotating neck → Rotating shoulders → Rotating waist Jumping jacks → Sitting/standing → Squatting

5. Walking 6. Doffing

10 m walking → 10 m running → Upstairs/downstairs Zipping down → Doffing
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the hemline curled inward. To address this, additional ease was         

incorporated into the side seams of both the front and back patterns,           

increasing the chest and hem circumferences. Regarding the       

sleeves, the length was excessively long, covering the back of the          

hand beyond the intended fit. The hand warmer opening was too          

small, making it difficult to wear. Additionally, the sleeve cap         

height was higher than optimal for an outdoor jacket, potentially         

restricting arm movement. In response, the total sleeve length was         

shortened, the hand warmer opening was enlarged, and the sleeve         

cap height was lowered to enhance mobility during movement. For         

the hood, the fabric fell too far forward, obstructing the wearer's          

view. The collar area connected to the hood tended to fold inward           

around the neck. To resolve these issues, the center pattern of the     

hood was extended to ensure a secure fit over the head, and the     

front edge of the side patterns inclination was reduced to improve     

visibility. Moreover, the back width of the collar was increased, and     

the front collar angle was adjusted to minimize inward curling,     

ensuring improved structural stability.

3.2. Comparison of virtual stress and strain

Table 6 shows the results of the Wilcoxon signed-rank test com-     

paring the virtual fitting outcomes of the 1st and 2nd patterns.     

Across the entire body region, stress in the 2nd pattern was sig-     

nificantly reduced by 3.45 kPa compared to the 1st pattern (p <     

0.001). A region-specific analysis showed that stress in the shoul-     

ders and arms was significantly reduced by 0.82 and 6.69 kPa,     

respectively, in the 2nd pattern compared to the 1st pattern (all p <     

0.001). Notably, the arms exhibited the largest absolute reduction in     

stress ( 6.69 kPa), despite relatively high variability in the 1st pat-     

tern (SD = 19.93). In contrast, although stress in the waist     

decreased by 2.67 kPa, this difference was not statistically signif-     

icant according to the Wilcoxon signed-rank test (p = 0.809). Sim-     

ilar to the stress results, strain across the entire body region showed     

a statistically significant reduction of 2.67% in the 2nd pattern com-     

pared to the 1st pattern (p < 0.001). Regarding specific body     

regions, strain in the shoulders and arms was significantly reduced     

by 3.78% and 2.42%, respectively (all p < 0.001). In contrast, strain     

in the waist exhibited a decreasing trend of 1.65%; however, this     

difference was not statistically significant (p = 0.123).

3.3. User feedback

After the movement evaluation with Jackets A and B, the par-     

ticipants completed a subjective survey. In all six survey categories,     

Jacket B received more positive evaluations than Jacket A (Table     

7). Specifically, Jacket B scored significantly higher than Jacket A     

(all p < 0.050), with scores exceeding 4.00 (“agree”) in all items.     

Notably, the size and fit items (p < 0.001) and the practicality and     

satisfaction items (p < 0.010) showed a substantial increase from a     

score range of 3.00 (“neutral”) to below 4.00 (“agree”) to above     

4.00 (“agree”), indicating a significant improvement. That is, this     

indicates that the subjective evaluation of Jacket B, developed     

using the modified pattern based on virtual fitting, had more pos-     

itive wearability. These results support the findings of the stress and     

strain maps, which showed significant differences during the vir-     

tual fitting evaluation.

In addition, the follow-up interview results revealed that while     

Jacket B generally exhibited better wearability compared to Jacket     

A, user feedback provided additional insights beyond those iden-     

tified in the virtual fitting analysis (Table 7). Participants responded     

Table 4. Questionnaire items for evaluating the wearability of outdoor         
jackets

Category Survey

Size

1. The chest circumference size of this garment fits well.
2. The waist circumference size of this garment fits well.
3. The hem circumference size of this garment fits well.
4. The hip circumference size of this garment fits well.
5. The neck circumference size of this garment fits well.
6. The overall sleeve circumference (sleeve width) of this 

garment fits well.
7. The armhole circumference size of this garment fits well.
8. The sleeve hem circumference size of this garment fits 

well.
9. The sleeve length of this garment fits well.

10. Overall, I am satisfied with the size of this garment.

Fit

1. I think the size of this garment fits my body shape well.
2. The fit of this garment makes my body shape look better.
3. Overall, this garment’s width (front and back width) fits 

well.
4. Overall, I am satisfied with the fit of this garment.

Comfort

1. Overall, I am satisfied with the comfort of this garment.
2. Overall, I am satisfied with the weight of this garment.
3. The fabric of this garment does not cause skin irritation.
4. This garment is thermally comfortable when worn.
5. Even after continuous movement, the garment fits well 

and does not restrict movement.

Ease of 
use

1. This garment is easy and simple to put on.
2. This garment is easy and simple to take off.
3. The fasteners (closures) of this garment are easy to use.
4. Overall, this garment is easy to use.

Practicali
ty

1. Wearing this garment satisfies my needs for outdoor 
apparel.

2. I am satisfied with the durability of this clothing as a 
functional garment.

3. This garment fully serves its functional role as an outdoor 
apparel.

4. I think this garment is very useful as an outdoor apparel.

Satisfacti
on

1. Wearing this garment makes me feel good.
2. I want to continue wearing this garment.
3. Overall, I am satisfied with my experience of wearing this 

garment.
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that Jacket B offered a more comfortable fit with adequate ease,          

whereas Jacket A felt tight and tended to ride up during movement.           

Regarding the sleeve design, Jacket B allowed for greater arm         

mobility with a more spacious armhole, whereas Jacket A caused         

slight restriction. Additionally, Jacket A’s sleeves were too long        

without hand warmers, and its hand warmer opening was uncom-         

fortably small, making it difficult to use. As for the hood, partic-           

ipants reported that Jacket A’s hood frequently fell forward,        

especially when running, whereas Jacket B’s hood remained more        

stable. These results support the identified issues from the virtual     

fitting evaluation as well as the solutions implemented. Further-     

more, the interview results revealed that the fabric around the front     

zipper frequently got caught in the zipper. Additionally, deep pock-     

ets larger than the hand size were found to be inconvenient to use,     

and a usability issue was identified where the fabric around the     

pockets was pulled inward. These findings highlight the impor-     

tance of incorporating real-user evaluations alongside virtual fitting     

methods to identify functional and comfort-related aspects that     

Table 5. Key problems and suggested pattern modifications after 3D virtual fitting

Category Results
Images before and after pattern modification

Before After

Torso

Problems
· Small torso circumference relative to the total length
· Inward pulling of the front torso pattern hem

 

Revisions

· Expansion of the side seams by 10 mm in the back torso pattern,             
with a 10 mm widening in the chest and hem circumferences of the            
front torso pattern

· Extension of the center back hem by 10 mm and lengthening of the             
front center hem by 10 mm

Sleeve

Problems
· Restricted mobility of the sleeve cap
· Excessive sleeve length covering the hands completely
· Small hand warmer opening, causing difficulty in thumb insertion

Revisions
· Lowering of the sleeve cap by 20 mm to improve mobility 
· Reduction of the sleeve length by 15 mm
· Enlargement of the hand warmer opening by 10 mm

Hood

Problems
· Forward tilting of the hood, obstructing visibility
· Inward rolling of the collar connected to the hood

Revisions

· Extension of the center hood panel by 10 mm for improved head fit 
· Adjustment of the inclination of the front edge of the hood
· Adjustment of the collar angle, reduction of the front center          

neckline by 5 mm, and widening of the center back width by 10 mm

Table 6. Differences in 3D virtual stress and strain values between the 1st and 2nd patterns

Body region 
Stress (kPa, Mean (SD))

Difference Effect size � z p
1st pattern 2nd pattern

Shoulder 5.75 (5.94) 4.93 (11.69) 0.82 0.35 4.342 <  0.001

Arms 13.34 (19.93) 6.65 (9.21) 6.69 0.18 3.672 < 0.001

Waist 3.03 (6.85) 0.36 (0.24) 2.67 0.02 0.241 0.809

Total 7.63 (13.57) 4.18 (9.18) 3.45 0.34 5.767 < 0.001

Body region
Strain (%, Mean (SD))

Difference Effect size � z p
1st pattern 2nd pattern

Shoulder 108.71 (7.34) 104.93 (12.43) 3.78 0.39 4.839 < 0.001

Arms 109.06 (14.10) 106.64 (7.62) 2.42 0.25 4.032 < 0.001

Waist 102.45 (4.25) 100.80 (1.23) 1.65 0.17 1.542 0.123

Total 106.99 (10.12) 104.32 (8.98) 2.67 0.44 6.757 < 0.001

Note. words in bold = significant values.
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may not be evident in digital simulations.

4. Discussion

This study conducted a wearability evaluation of an outdoor        

jacket by integrating 3D virtual fitting, motion evaluation, and user         

feedback. Our results demonstrated that pattern modifications      

derived from virtual fitting analysis improved the wearability of        

functional apparel, and that the effectiveness of these modifications        

was verified through subjective user feedback obtained from       

movement assessments, particularly in terms of physical comfort       

and mobility during dynamic activities.

The Wilcoxon signed-rank test showed that stress and strain lev-         

els were significantly reduced in the shoulders, arms, and overall         

measurements in the modified 2nd pattern compared to the 1st pat-          

tern, while changes in the waist region were not statistically sig-          

nificant. These findings suggest that targeted pattern modifications—       

such as increasing ease allowance and adjusting the sleeve cap         

height—were effective in reducing garment-induced stress and      

strain in key upper-body regions, which may contribute to        

improved perceived comfort. These results align with previous       

studies that utilized stress and strain maps in 3D virtual fitting to     

improve sleeve and waist flexibility in fleece jackets (Dabolina et     

al., 2018) or to evaluate compression leggings to enhance wearer     

satisfaction (Lee & Lim, 2023). However, these studies primarily     

relied on subjective visual analyses, such as color-coded fit assess-     

ments, or focused on evaluating fabric elasticity. In contrast, this     

study provides quantitative insights into improvement trends by     

statistically analyzing stress and strain values derived from virtual     

fitting simulations, demonstrating how specific fit modifications     

are associated with improved wearability. In particular, fit in func-     

tional clothing not only influences garment performance and func-     

tionality but also significantly affects wearer mobility. Although     

Boldt and Carvalho (2018) assessed user mobility by evaluating the     

presence of folds along the back center seam using virtual stress     

maps, their analysis was predominantly conducted in static pos-     

tures, such as an upright standing position, similar to previous stud-     

ies (Dabolina et al., 2018). However, the present study extended the     

analysis beyond static posture evaluations by conducting stress and     

strain map analyses under dynamic postures, providing empirical     

evidence of the effectiveness of pattern modifications. 

We demonstrated that conducting 3D virtual fitting analyses     

Table 7. Differences in survey scores between Jackets A and B

No. Category
Score (Mean (SD))

z p
Jacket A Jacket B

1 Size 3.77 (0.99) 4.39 (0.78) 7.104 < 0.001

2 Fit 3.20 (1.21) 4.12 (0.72) 5.191 < 0.001

3 Comfort 4.37 (0.84) 4.65 (0.63) 3.010 0.003

4 Ease of use 4.25 (0.84) 4.60 (0.69) 3.459 < 0.001

5 Practicality 3.65 (1.07) 4.27 (0.76) 4.902 < 0.001

6 Satisfaction 3.51 (1.06) 4.20 (0.73) 3.211 0.001

Note. words in bold = significant values.

Table 8. User feedback results from follow-up interviews

Category User feedback

Torso

· Jacket A feels somewhat tight in width, and during movement evaluation, the jacket tends to ride up. In contrast, Jacket B has       
a more generous fit, making it feel more comfortable.

· The fabric around the front zipper frequently gets caught in the zipper.
· In both Jackets A and B, the outer fabric gets pulled inward when using the pockets, and the pockets are too deep, making them       

inconvenient to use.

Sleeves

· When raising the arms, Jacket A feels slightly restrictive in the underarm and shoulder areas, whereas Jacket B allows for easier       
arm movement due to its roomier armhole and shoulder areas.

· The sleeve length of Jacket A is excessively long when not wearing hand warmers, whereas Jacket B’s sleeve length appears       
appropriate.

· The hand warmer opening of Jacket A is too small, causing discomfort and pain in the thumb during use. In contrast, Jacket       
B allows for easier and more comfortable use of the hand warmer.

Hood

· During movement tasks, the hood of Jacket A tends to fall forward, especially while running, causing inconvenience. In contrast,       
Jacket B’s remains more stable.

· When the front zipper is fully closed, the neck area of Jacket A feels uncomfortable, whereas Jacket B provides a wider and       
more comfortable neck area.
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incorporating various dynamic movements, followed by pattern      

modifications, is an effective approach for assessing the wearability        

of functional clothing. Prior studies have conducted virtual stress        

and strain map assessments considering dynamic movement to       

develop cycling wear or compression garments (Černiavskaja et       

al., 2025; Teyeme et al., 2023). However, these studies have lim-          

itations in that they were conducted using a single specific posture.          

Outdoor jackets go beyond aesthetic considerations, with dynamic       

wearability being one of the key evaluation factors to ensure unre-          

stricted body movement (Gupta, 2011). Furthermore, previous      

studies utilizing 3D virtual stress and strain maps have primarily         

focused on evaluating the wearability of tight-fitting garments such        

as compression wear (Lee & Lim, 2023; Teyeme et al., 2023).          

However, our study results demonstrated that adjustments based on        

virtual fitting feedback can effectively enhance subjective comfort       

during movement and reduce perceived clothing restrictions, even       

in loose-fitting outdoor jackets. In this context, our study, which         

incorporated various dynamic movements in the virtual fitting       

evaluation, validated the importance of integrating movement-      

based assessments into the wearability evaluation of functional out-        

door clothing.

In addition, this study demonstrated qualitative agreement in       

improvement trends between the results of the virtual fitting and         

physical wear evaluations, and proposed a methodological      

framework for achieving practical wearability improvements.     

While previous studies primarily focused on assessing wearability       

through virtual fitting, additional validation using physical      

prototypes was often lacking (Youn et al., 2024). Some studies         

highlighted the issue that stress and strain levels measured in virtual          

environments tend to be overestimated compared to actual physical        

data (Kim & Baytar, 2024; Youn et al., 2024). To overcome these           

limitations, this study conducted dynamic movement evaluations in       

real-world conditions, where wearers performed various     

movements while wearing the physical prototypes. The results       

indicated similar improvement trends between stress distribution      

patterns observed in virtual fitting and subjective wearability       

feedback obtained from actual movement assessments. In partic-       

ular, this study demonstrated that the predicted stress and strain         

maps in virtual fitting showed consistent improvement trends with        

actual wearability assessments for specific regions. These findings       

suggest that pattern modifications based on virtual fitting systems        

can extend beyond mere simulations and contribute to tangible        

improvements in actual garment wearability (Nam & Kim, 2021;        

Won & Lee, 2021). 

Furthermore, user feedback provided additional insights into the       

practical usability of these outdoor jackets. Key improvements       

identified through user feedback included a more comfortable torso        

fit, increased sleeve mobility, and enhanced hood stability, which     

were found to be consistent with the results of the stress and strain     

maps and the implemented pattern modifications. In addition, dis-     

comfort issues highlighted in Jacket A, such as narrow sleeve open-     

ings and restricted pocket accessibility, were resolved in Jacket B,     

leading to an overall improvement in user experience. These find-     

ings suggest that when developing functional clothing, it is essen-     

tial not only to conduct objective data analyses but also to     

incorporate user experience evaluations. Certain detailed discom-     

forts or areas for improvement, which may not be detectable     

through 3D virtual fitting alone, can be identified through subjec-     

tive assessments after applying real-life movement tasks. Clothing     

comfort is a highly complex concept influenced not only by exter-     

nal environmental conditions but also by the wearer’s psycholog-     

ical and physiological states (Teyeme et al., 2021). Therefore,     

subjective feedback plays a crucial role in wearability assessments     

of functional clothing, complementing the limitations of virtual fit-     

ting analysis (Wang et al., 2014). By combining quantitative stress     

and strain analysis with qualitative user experiences, this approach     

ensures a more reliable and user-centered design process. 

However, this study has several limitations. The virtual fitting     

system used in this study applied simplified mechanical properties     

of specific fabrics, which limited the precise representation of var-     

ious textile characteristics. In addition, variations arising from sew-     

ing construction details and material handling during prototype     

production could not be entirely eliminated, which may have influ-     

enced localized wearability perceptions. While subjective feedback     

played a crucial role in the wearability assessment, individual vari-     

ations remained significant, making it challenging to ensure mea-     

surement consistency. Additionally, 3D virtual fitting technology     

has inherent difficulties in accurately modeling changes in skin     

contact (Kim & Baytar, 2024), limiting its ability to fully replicate     

garment behavior under real wearing conditions. Moreover, the     

participants in this study were limited to males in their 20s wearing     

a single jacket size, which restricts the generalizability of the find-     

ings to other age groups and size ranges. The pattern modifications     

were derived from relative stress and strain distributions rather than     

fully quantified mechanical optimization parameters, and therefore     

should be interpreted as exploratory design adjustments rather than     

definitive optimization solutions.

Despite these limitations, this study demonstrated the effective-     

ness of a hybrid wearability evaluation framework for functional     

clothing design by combining objective virtual fitting analysis with     

user feedback obtained from real-world movement assessments.     

The results suggest that 3D virtual stress and strain maps can serve     

as useful tools in early pattern development by enabling the iden-     

tification and correction of wearability issues at an early stage. This     
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approach facilitates iterative pattern modifications and may be       

extended beyond outdoor apparel to other types of functional gar-         

ments. Future research should aim to improve the accuracy of vir-          

tual fitting evaluations by incorporating more diverse body types        

and wearing conditions, as well as by quantitatively examining the         

relationships between subjective wearer experiences and virtual fit-       

ting data to further bridge the gap between simulated and real-          

world wearability.

5. Conclusion

In this study, we evaluated the wearability of outdoor jackets by          

integrating 3D virtual fitting analysis, dynamic movement assess-       

ment, and subjective user feedback. Pattern modifications derived       

from virtual stress and strain maps resulted in reduced virtual stress          

and strain levels in key upper-body regions, and these improve-         

ment trends were supported by movement-based wear trials and        

subjective evaluations. While previous studies on virtual fitting       

have primarily focused on static evaluations, this study incor-        

porated dynamic movement analysis and real-user feedback,      

providing a more comprehensive wearability assessment. In      

conclusion, this study highlights the practical applicability of       

combining virtual fitting analysis with subjective movement-based      

evaluation as a complementary approach for improving functional       

garment design. This integrated framework may serve as a useful         

strategy for guiding pattern modifications aimed at enhancing       

perceived comfort and reducing movement-related clothing     

restrictions in outdoor apparel.
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