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This study was to develop and evaluate a shirt pattern for a wheelchair tennis player 

to improve comfort using reducing garment strain using a CAD program. For that, 

seven body movements related to garment strain during play were analyzed. In order 

to develop a pattern, a morphological matrix was used to generate a pattern design 

concept. In the morphological matrix, the tennis shirt patterns were deconstructed and 

each was named as function and each function had potential pattern making solutions, 

including the surface zone methods, structural lines development, and wearing eases 

development. The surface zones in the present study were calculated to explain the 

bodice subdivided zones to develop 2D patterns that apply to each surface of the 3D 

avatars. The structural lines utilized to adjust a tennis shirt block pattern in this study. 

Also, the wearing eases development was managed at the grade points of the pattern 

to provide ease by using the change of length. Based on the possible solutions, 

patterns were adjusted to meet the garment comfort aspect for each function of 



 

 

pattern on the 3D avatars. In this study, 3D body scanner was used to create 3D 

avatars with postures based on the determined body movements. The drafted pattern 

was used to drape the virtual garments on the each movement of 3D avatars in the 

CAD program, and then the stain areas of the pattern design were identified using the 

tension map. In all of the movements, the majority of garment strain appeared on the 

shoulder surface and around the neck as the bodice shoulder angle function. The 

majority of other strain found was on the shoulder blade as the bodice bust function 

during movements in the forehand swing, backhand swing, serve toss, and serve 

follow through postures. The first pattern was developed to release garment strain on 

the shoulder surface zones as the shoulder structural line was spread in a parallel way 

and the shoulder point was expanded. Since the strain was decreased significantly in 

both forehand movements on the shoulder surface zone, the first pattern can be 

effectively applied to the bodice shoulder angle function. The second pattern was 

constructed to release the other maximized strain on the back surface zone of the 

shoulder blade. The result of the second pattern was shown that the strain relatively 

decreased with forehand swing, backhand swing, serve toss, and serve follow through 

postures. Based on the results of this study, it should be noted that the shoulder and 

the shoulder blade areas are important during development of patterns, in terms of 

decreasing strain for comfort during movements. Also, for the wheelchair users 

during play, the movements affecting the shoulder blade, such as back swing posture 

and serve toss posture, are more effective for reducing strain.    
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Chapter 1. Introduction 

 

According to the Americans with Disabilities Act (1990), an individual with a 

disability is defined as someone who has a documented physical or mental 

impairment that impacts one or more major life activities. Many researchers have 

studied the relationships between physical fitness and health for individuals with 

disabilities with the goal to improve quality of life individuals with disabilities. For 

example, Winnick (2010) suggests that people with spinal cord injuries that result in 

loss of movement and now use wheelchairs can improve their health and sport 

performance through physical fitness. According to the International Tennis 

Federation (ITF), founded in 1976, wheelchair tennis is rapidly growing as a way for 

wheelchair users to improve their health. However, wheelchair tennis players often 

play in unfavorable conditions. In addition, the game rules follow those of tennis, 

with minor adaptations. Some of these adaptations include two bounces and a narrow 

court. Not only do wheelchair tennis players have to play in the same environment as 

tennis players without disability, but also they require a high level of skill with regard 

to controlling the wheelchair along with playing the game. Thus, these athletes have 

to overcome disabilities in order to accomplish the same result as tennis players 

without disability. Even though there has been research into wheelchair tennis that 

considers environmental conditions and athletes with disabilities with the goal of 

improving mobility and performance (Goosey-Tolfrey, Diaper, Crosland, & Tolfrey, 

2008; Mason, Porcellato, Woude, & Goosey, 2010), research on the clothing for 

wheelchair tennis players, particularly on satisfaction of clothing for tennis play, has 
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been very limited. This study does not suggest that there is a great need to design a 

specific tennis shirt for wheelchair tennis players, but the sport and player movements 

provide a unique opportunity to study garment strain using a 3D avatar.     

 According to Zhang, Yeung, and Li (2002), a wearer‟s satisfaction for their 

clothing relies on comfort during performance. Also, one of the important comfort 

attributes includes movement in the physical dimension (Chattaraman, & Rudd, 2006). 

Thus, in the theoretical foundations of functional clothing design, especially in 

designing functional active sportswear, determination of the body movements of the 

participants in the sport is crucial. To provide for greater ease of movement when the 

active sportswear garment is used, an apparel designer needs to know the various 

body movements of the participants during the particular sport activity (Watkins, 

1984). Not only do wheelchair tennis players have a limited range of body movement 

compared to tennis players without disability, they also have their own special 

movements, such as wheeling their chairs. Therefore, to effectively design functional 

athletic sportswear for wheelchair tennis players, the movements for wheelchair 

tennis players must be analyzed during play.  

Garment strain is strongly associated with the space between the body and the 

garment during body movement. In addition, garment strain has a great impact on 

overall comfort (Hong, Dongsheng, Qufu, & Ruru, 2011). In the designing of 

functional athletic sportswear, garment comfort is a crucial factor for ease of 

movement (McRoberts, Black, & Cloud, 2015). When this concept is applied to 

functional sportswear for wheelchair tennis players, the garments must be designed 
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for the best ease of movement in a wheelchair, without undue related strain caused by 

the wearer‟s clothing.  

In order to design a functional sportswear garment that meets wheelchair 

tennis players‟ satisfaction, the design of the garment must consider garment strain 

for ease of movement and achieving a precise fit of the garment. In the past, 

functional apparel researchers and designers have utilized subjective assessments of 

the full range by movements of athletes to evaluate the fit of the garment and create a 

pattern for the garment. However, with the advent of computer aided design (CAD) 

systems that provide three-dimensional (3D) body images, functional apparel 

researchers, designers, and pattern makers for functional sportswear can use this 

technology to objectively assess garment fit. 

3D body image technology, also called the 3D avatar, creates a digital human 

body image using a 3D body scanner. The scanned images can be automatically 

integrated into apparel CAD systems eliminating human error in measuring and 

entering human body data (Ashdown, Loker, Schoenfelder, & Lyman-Clarke, 2004). 

Designers for functional sportswear companies use 3D avatars to visualize garments 

in a digital 3D form. Garment fit can also be assessed on the 3D avatar and patterns 

can be adjusted to achieve the appropriate fit prior to pattern grading, marker making, 

and production. For these reasons, researchers have studied the accuracy of garment 

fit using a 3D avatar for objective measurements (Thomassey, & Bruniaux, 2013). 

However, few researchers have investigated the effectiveness of garment fit using a 

3D avatar with body movements (Kozar, Rudolf, Cupar, Jevšnik, & StjepanoviÄ, 

2014). Using this technology, 3D avatars of the unique body movements of 
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wheelchair tennis players can be created. These 3D avatars can then be used to 

objectively assess the fit of functional sportswear garments for wheelchair tennis 

players and patterns for these garments can then be developed.  

 

Purpose of the Study 

The purposes of the present study were to: 

1) Assess the accuracy of garment fit using 3D avatars with body movements, 

specifically the movements of wheelchair tennis players.   

2) Develop garment patterns for wheelchair tennis player functional 

sportswear based upon the assessments of garment fit. 

3) Improve the comfort for wheelchair tennis players through the design and 

development of effective functional sportswear garments. 

Wheelchair tennis players have special upper body movements, including 

wheeling the chairs as their lower torsos and legs stay stationary on the wheelchair. 

Since the present study concentrates on how garment strain affects the limited range 

of motion during play, the clothing system related to the movement of the arms and 

torso needs to be thoroughly analyzed. In this study, the clothing system is defined as 

the necessary components to construct the pattern. This study is intended to improve 

the quality of life for wheelchair tennis players through examining the relationship 

between the analysis of body movement and garment comfort during play, so as to 

develop the most satisfactory garment for these athletes.  
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Objectives 

The following objectives have been established for developing the virtual 

tennis shirt for wheelchair tennis players to improve their comfort during play: 

Objective 1. Determine the range of movement for the arms and torso 

of a male wheelchair tennis player as observed in a YouTube training 

video; 

Objective 2. Determine the clothing system that is needed based on 

garment strain as observed in the movements of a male wheelchair 

tennis player as seen in the observed video; 

Objective 3. Create 3D avatars with determined body postures for 

objective 1, using the transferred body scanned data from a 3D body 

scanner in a CAD program; 

Objective 4. Develop a new tennis shirt pattern design that will 

indicate improved comfort on the 3D avatars; and 

Objective 5. Determine the effectiveness of the prototype for a tennis 

shirt through a 3D virtual garment in the CAD program. 

 

Rationale for the Study 

 Although many researchers have studied how to improve comfort through 

increasing wearing ease during sportswear development (Wang, Mok, Li, & Kwok, 

2011), few have examined the development of wheelchair users‟ sportswear based on 

an analysis of their body movements. Wheelchair users require different needs for 
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their sportswear during their performance and have varying body movements, due to 

their degree of disability. In addition, researchers have indicated that wheelchair users 

have needs for their suitable garment during their activities (O'Bannon, Feather, Vann, 

& Dillard, 1988; Wang, Wu, Zhao, & Li, 2014.) However, there are still only limited 

studies regarding wheelchair users‟ clothing, including their tennis garment, which 

are based on their body movements. Wheelchair user‟s movements encompass 

wheeling their chair and reaching the ball from seated position during the tennis game. 

Tennis players without disability do not perform these movements, so these different 

movements performed by wheelchair users were not considered when constructing 

the general sportswear. Due to these differences, the improved comfort in garment 

made for tennis players without disability would not apply for wheelchair users, and 

this garment can also become the source of discomfort to wheelchair users during the 

activity. Therefore, the development of garment for wheelchair tennis players based 

on their own specific body movements could be contributed to their satisfaction in 

garment during their performance. 

The 3D technology in a CAD system is currently an important technology for 

testing fit and developing patterns. The fit test in the CAD system examines virtual-

trials on the created 3D avatars through the body scan. However, 3D avatars only use 

standard positions even though the ultimate goal is to examine comfort during 

movement. Thus, since this study uses 3D avatars with movements, a garment 

focusing on fit can be accurately developed to improve comfort during each 

movement. The results of the present study will also contribute to the apparel industry 
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because the prototype evaluation will be performed by an objective instrument using 

3D technology. 

 

Assumptions 

The assumptions for this study are: 

1)  Garment strain affects individual movement; 

2)  Garment strain is an indicator of discomfort; 

3)  Garment strain can be evaluated using a 3D avatar and virtual garment; 

4)  Wheelchair tennis players have a limited range of motion in their arms and 

torso and their legs are stationary on the wheelchair. 

 

Limitation 

This study was conducted using one individual‟s 3D body scan data, and therefore 

cannot be generalized to all wheelchair tennis players. Garment strain evaluation was 

limited to a tennis shirt with round neckline and short set-in sleeve. 

 

Definition of Terms 

3D avatars : refers to the three-dimensional body models through 3D body 

scan. 

Clothing system: refers to the necessary components to construct the pattern 

development. 
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Comfort: “A state of physical and material well-being, with freedom from 

pain and trouble, and satisfaction of bodily needs; the condition of being 

comfortable” (Oxford English Dictionary, 1961, p.662). 

Fit: “the relationship of the garment to the body” (Watkins, 1995, p.264). 

Garment Strain/Pressure: An aspect “closely related to the space allowance 

between the body and the garment during body movement” (Ancutiene & 

Sinkeviciute, 2011, p.160). In this study, garment strain is expressed in the 

unit of gf/cm
2
. 

Mobility: “the ease with which an articulation, or a series of articulations, is 

allowed to move before being restricted by the surrounding structures” 

(Kreghbam & Barthels, 1985, p.664). 

OptiTex
TM

: “a developer of computer-aided design(CAD) and computer-aided 

manufacturing software for the apparel industry”(http://www.optitex.com) 

Virtual Fit: “is the most advanced form of virtual try-on. Body scans can be 

used to evaluate the fit of clothing on the basis of size specifications, 

structural design details, and fabric parameters”(Loker , Ashdown &Carnrite, 

2008, p.169) 

Wearing ease: is “the amount of ease to ensure physiological comfort and 

mobility”(Wang et al., 2011, p.900). 
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Chapter 2. Literature Review 

 

In order to develop tennis shirt for wheelchair users, the characteristics of 

people with spinal cord injuries who mainly use a wheelchair are described to 

understand their degree of disability. Since this paper was planned to improve the 

comfort in tennis shirts for wheelchair users during tennis play, the disabilities of 

physical movement for wheelchair users are discussed. Research on clothing for 

wheelchair users and wheelchair sportswear are depicted. Also, the research of the 

clothing system from the perspective of comfort is discussed to comprehend fully the 

relationship between comfort and fit issues, including the concept of comfort and the 

research of clothing based on comfort. In pattern design as part of clothing system 

planning, various design criteria are explained to develop a pattern based on the 

aspect of clothing comfort for wheelchair users. Since this study uses a CAD program 

(e.g. OptiTex) for a 3D virtual garment, the research regarding the 3D study of 

apparel design is also described. 

 

Disabilities of Wheelchair Users 

 Paraplegia and quadriplegia.  

Paraplegia and quadriplegia result from injury to the spinal column. Based on 

the location of the injury, the terms paraplegia and quadriplegia can be classified and 

defined. In other words, quadriplegia is more severe, as it affects all four limbs, 

whereas paraplegia is a paralysis condition where only the lower limbs are affected.  

In the quadriplegia, the injury of the cervical segments (C1 to C8) affects the function 
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of the arms, trunk, legs, and pelvic organs (Figoni, 1997). The level of C1 to C5 

injuries require total assistance for transferring from bed to wheelchair and for 

bathing activities, since potential movements occur between the limited respiratory 

and partial shoulder movement(Morgulec, Kosmol, Van, & Wozniak, 2005).  

People with C6 to C8 injuries need some assistance for daily living activities 

involving extension of the arm. In addition, C8 can grasp with able finger flexion and 

extension. With paraplegia, activities of daily living can be more independent, for 

example, as eating, dressing or bed and wheelchair transfers (The National Academies, 

2005). In  paraplegia, three levels of conditions  include the area of control for  the 

thoracic cord section (T1 to T12) as in the chest, abdominal muscles; hips and legs in 

the lumbar (L1 to L5); and sacral (S1 to S4) spinal cord levels , which control bowel, 

bladder, groin, buttocks, and legs. Based on the condition, the level of paraplegia 

movement falls between throwing with holding and movement of the trunk. 

Herrmann, Kirchberger, Sorensen, and Cieza (2011) identified the differences 

in the functions of people with quadriplegia and paraplegia based on the International 

Classification for Functioning, Disability, and Health (ICF). Their results indicated 

that people with quadriplegia had a significantly higher risk of body function 

problems compared to people with paraplegia, including for example, pressure sores, 

thermoregulatory functions like cooling sweat reaction, mobility of joint functions, 

and blood pressure function even though both individuals with paraplegia and 

quadriplegia will have impaired sensation. In addition, the interconnection of the 

hand and arm use relates to upper movement in people with quadriplegia and has 

been shown to have a higher risk due to the higher lesions from motor loss. Even 
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though researchers have indicated there are differences in body functions and self-

care for people with quadriplegia and paraplegia, there is no significant difference in 

their interpersonal interactions with their communities and social lives (Herrmann et 

al., 2011).  

 

Medical issues for paraplegia and quadriplegia. 

Due to poor blood circulation, pressure sores can frequently occur. In addition, 

since people with quadriplegia and paraplegia use wheelchairs, they can feel upper 

pain through overuse or “weight-bearing activities” which can produce shoulder pain 

and soft tissue disorders. Especially, people with quadriplegia reported more 

significant shoulder pain experienced than wheelchair users with paraplegia (Cutis, 

Lanza & Vitolo, 1999).  Their pressure sores caused skin infection because of their 

loss of sensation in the limbs. Pressure sores might often occur with people with 

quadriplegia because of a lower physical condition and   pulmonary problems where 

people with quadriplegia rest in bed (Verschueren et al., 2011). Especially, most 

pressure sores were located on the sacrum. Their lower physical condition might be 

related to their body mass and muscle size. Quadriplegics also lack a muscle pump 

and thus experience limited venous return and cardiac output. Those abnormal blood 

flow systems lead to disturbances in the regulation of blood flow to active muscles 

(Morgulec, et al., 2005). In addition, their lower physical condition is associated with 

obesity. Although people with quadriplegia and paraplegia still appetites, they have 

no function of the lower limbs to burn the calories (Winnick, 2011). 
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Medical issues for wheelchair athletes. 

Dec et al. (2000) indicated that T-6 and above spinal cord injury athletes have 

a medical issue, and wheelchair athletes especially reported that pressure sores can 

present due to prolonged sitting and positioning of the knees higher than the hips. Dec, 

et al. (2000) suggested that wheelchair athletes should be provided appropriate 

cushioning and wear absorbent fabrics to reduce skin moisture and relieve pressure 

sores (Dec, et al., 2000). In hyperthermia, even though tetraplegics men had spinal 

cord lesions at C5 to C 7, they had no major concerns when they exercised in neutral 

environmental conditions since their skin temperatures showed little change and no 

sweating occurred during exercise (Gass & Gwinn, 1992). Thus, the risk of 

hyperthermia in a hot environment was demonstrated for wheelchair athletes in many 

studies. Armstrong et al. (1995) investigated heat strain of wheelchair athletes using 

an ice-packet vest during upper-body exercise in a hot-humid environment. Even 

though the cooling vest was not proven to reduce body temperatures and physiologic 

strain, the researchers learned that wheelchair athletes required a greater cooling 

system than just a vest because the skin contact with cooling vest was also cooled. 

These researchers suggested that other researchers design devices that offered 

increased cooling capacities per unit of mass (Armstrong et al., 1995). 

 Hopman, Oeseburg, and Binkhorst (1993) explored the physiological 

phenomena of people with paraplegia having a spinal cord lesion between T2 and 

T12 during upper body exercise in a hot and humid environment. The findings 

indicated that people with paraplegia was observed hardly  sweating due to lacking 
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the mechanisms below the lesion for heat loss, thus increasing their risk for 

hyperthermia (Hopman et al., 1993).  

 Croft, Dybrus, Lenton, and Goosey-Tolfrey (2010) examined the differences 

between the physiological demands of wheelchair basketball and wheelchair tennis. 

No significant differences in heart rate between the two wheelchair sports were found 

even though during actual play in tennis, the average heart rate, VO2 peak and 

average VO2 were less than when playing basketball (Croft et al., 2010). 

 

Physical movement disabilities for wheelchair athletes. 

The unique movements of upper-body of wheelchair athletes produce more 

enhanced strain, compared to lower body exercise (Bergeron et al., 1995). Indeed, 

68% of wheelchair athletes have reported some type of upper-extremity pain 

(Yildirim, Comert, & Ozengin, 2010). Especially, shoulder injury or pain occurs from 

overuse, lack of lumbo-pelvic postural control, poor shoulder flexibility, and 

repetitive overhead arm positioning, were seen at between 30% and 52% (Yidirim et 

al., 2010). Many researchers stated that a dysfunctional sitting posture adversely 

affected the glenohumeral joint. Seelen and Vuurman (1991) suggested that dynamic 

trunk control can allow a more stable postural position for performing functional 

tasks using only the upper extremities. 

Although different movement patterns are required when wheelchair athletes 

participate in their sports, Dec et al. (2000) suggested a treatment protocol using a 

stretching program could prevent injuries when these activities were performed. To 

concentrate on the shoulder complex, an overhead stretch, a elbow- flexed overhead 

javascript:__doLinkPostBack('','ss%7E%7EAR%20%22Yildirim%2C%20Necmiye%20Un%22%7C%7Csl%7E%7Erl','');
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stretch, a shoulder extension stretch and a mid-back stretch were suggested (Dec et al., 

2000). 

 

Clothing for People with Physical Disabilities 

Conceptual issues when developing clothing for people with disabilities.  

When studying clothing for people with physical disabilities, many 

researchers have attempted various approaches. Lamb (1993) suggested that the 

social psychological aspects of clothing for people with disabilities should not be 

overlooked. Even though the relative appearance for people with physical disabilities 

in society is seen through perceivers, stimulus persons, and context in the social 

psychological approach, it was important to develop clothing using multiple 

considerations including social desirability, protection, comfort, and consumer 

satisfaction (Lamb, 1993). Lamb (2001) identified the societal issues to research for 

people with disability by clothing and textiles scholars. These included barriers, 

access, equal opportunity, images, and identity. Researcher stated that specialized 

clothing lines could be designed to satisfy consumers with disabilities and resolve the 

barriers issue. The concept of accessibility led to how people with disabilities use 

their clothing in different social settings, for example, athlete uniforms or clothes for 

special occasions. In addition, the researcher suggested scholars should consider 

equal opportunity to limit the sources of desired garments.  Images and identity based 

on appearance also should be considered to understand the social view of people with 

disabilities (Lamb, 2001). Especially, Lamb (1991) suggested it was important to 
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consider both the physical condition and the dress-related elements when designing 

garments for people with disabilities. 

 The research by Freeman, Kaiser, and Wingate (1985) was conducted to 

determine a social-cognitive framework of clothing for people with disability. The 

framework was presented using the cognitive approach, in which stimuli was 

perceiver judgments, and a symbolic interactionist approach, based on personal and 

social meanings related of people with disabilities. In these findings, the positive 

instrumental comments included comfort for the wearer, allowance for freedom of 

movement, and the benefits of self-help features. The negative instrumental 

comments related to pressure sores from clothing construction and concerns related to 

image on the expressive side (Freeman et al., 1985).  

 Wingate, Kaiser, and Freeman (1986) identified the perceptions of functional 

clothing by people with physical disabilities through a self-administered 

questionnaire. In the research, the social-cognitive framework and symbolic self-

completion theory emphasized self-definition and symbolic perceptions. The results 

indicated a need for a , “style only” condition  which  only the view of the clothing 

style were more likely than salient feature conditions related to having  functional 

clothing. However, salient featured detailed views included fashionability, 

attractiveness, and comfort factors, which were accepted for functional features 

without appearing different, sufficient innovations, and generic purpose of garments 

(Wingate et al., 1986).  

Feather (1991) defined clothing for special needs as clothing that  “ reduces or 

eliminates the barrier to an individual‟s social, functional, or economic functioning 
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resulting from a permanent physical, mental, and/or visual condition that might 

otherwise be stigmatizing and set them apart form the majority of the population” 

(p.118). The researcher proposed a conceptual framework for clothing for special 

needs addressing three dimensions: The personal, one‟s ability, and clothing. In the 

personal dimensions, age, cultural values, economic status, independence, and self-

worth were considered. Age attribute was included for mature individuals who sought 

physical comfort in clothing. In the gender attribute, attitudes toward clothing 

between males and females were reported as having greater perceived risk when they 

evaluated clothing. Abilities dimensions included physical ability, visual ability, and 

mental ability. Physical ability related to clothing in terms of putting on clothing and 

closing with fasteners and depended on individuals‟ relative level of mobility. The 

researcher, also suggested clothing selection processes as clothing attributes, options, 

acquisition, acquired product, and internalized acceptance of clothing/self. Clothing 

attributes encompassed appearance, and physical and psychological comfort.  Ready-

to-wear clothing options dimensions was more selected because people with 

disabilities wanted to reduce the stigma associated with disability and increase their 

self-worth. In the final step when selecting clothing, the researcher argued for 

clothing acceptance, such as having garments designed to meet comfort, or self-help 

where less self-help was received when modifications were not as visible   (Feather, 

1991).   
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Clothing for people with physical disabilities. 

Kidd (2006) identifies design criteria for young women with special needs. 

The study examined the organization of the design process when creating design 

criteria through interviews with a focus group. Then the fitting process was 

considered to achieve personal attractiveness and self-confidence for clothing for 

young women with special needs, especially, visibility through the creation of an 

illusion of symmetry to achieve good fit (Kidd, 2006). 

Carroll and Kincade (2007) identified needs and preferences of clothing for 

working women with disabilities, and evaluated the prototype based on that 

information. Working women with disabilities reported that they preferred well fitting 

and comfortable clothes for ease of movement, but they wanted clothing with 

aesthetic appeal as well. The prototype developed, based on these needs, included 

design features such as “a loose, non-contoured silhouette; a full lining; no defined 

waistline area; a front opening with diagonal keyhole buttonholes and large-sized 

buttons; a round neckline with no collar; a raglan sleeve; large, deep pockets; 

removable shoulder pads; and a washable light weight fabric in a solid color” (p.311). 

To evaluate the prototype, wearer-testing was performed for these “apparel nine 

dimensions”: Uses style that is easy to don and doff; uses easy-to-manage fastenings; 

adds features that allow for movement; uses fabric with situational appropriateness; 

ensures coverage in needed areas; provides styling that is comfortable and 

appropriately sized; ensures quality, durable construction; adapts features specified by 

user; and designed apparel has visual appeal.  
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Guralnik, Leveille, Hirsch, Ferrucci and Fried (1997) reported that women 

with disabilities frequently conducted social activities, such as face-to-face contacts 

or leaving the home. In addition, a sizable percentage of this population did leave 

their homes more than once a day (41%) for social contact. In addition, older women 

with disabilities were interested in fashionable clothing, which could be a source of 

the wearer‟s well-being and self-esteem during their social activities (Joung & Miller, 

2002; Phipps, 1977). 

Phipps (1977) developed clothing for those older women with disabilities who 

lived in a nursing home. The subjects of the study wanted a comfort aspect for their 

clothing, such as a “soft fabric”, and clothing that was easy to don and doff as a 

functional aspect. Functional features were based on needs and contributed to 

developing the clothing for handicapped elderly women, such as a one-piece dress 

with full-length raglan sleeves, an elasticized waist, large patch pockets, a long front 

zipper opening, and length falling below the knees (Phipps, 1977). 

De Klerk and Ampousah (2002) indicated that women with disabilities had 

major problems with the garment fit and the style of available fashionable clothing, 

and so, these garments needed extensive alterations. It was concluded that people 

with disabilities often have difficulty finding fashionable clothing that suits their 

particular disability (De Klerk & Ampousah, 2002). 

 

Clothing for Wheelchair Users. 

In the traditional retail environment, people with physical impairments have 

been limited in their choice of clothing since consumers with diverse physical 
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impairments do not fit the typical sizes (Thoren, 1996). Thoren (1996) was the first to 

find   a need of clothing for wheelchair users with paraplegic and quadriplegic 

disabilities. Wheelchair users who are paraplegic reported problems with comfort and 

fit below the waist for their clothing, whereas quadriplegic wheelchair users indicated 

that changing clothes was the greatest problem for their clothing (Thoren, 1996). In 

terms of the textile fabric aspect of clothing needs, Nessley and Kings (1980) 

explored assisting paraplegia and quadriplegia with their clothing and textile needs. 

And found that their fabrics needed wettability, air permeability, and they wanted 

lightweight and insulative materials for comfort. The researchers also identified that a 

smooth surface fabric was desirable for clothing intended for paraplegia and 

quadriplegia (Nessley & King, 1980). 

 Murali, Kane, and Staples (2001) explored the needs of clothing for women 

using wheelchairs using several criteria: Physical performance, expressive criteria, 

and physical appearance for aesthetic reasons. Physical performance was defined as 

the physical aspect of the product, and it consisted of four attributes, namely, fabric, 

care, garment, and convenience. Fabric needs were reported as softness and quality 

that restricted snags. Care attributes was explained as easy washing, and garment 

attributes related to fit and comfort. Convenience needs were discussed as ease of 

donning and doffing and proper allowance for bodily functions. Expressive criteria 

included “looks good” as “to how the dress looked on the participant” and also 

appropriate for people with disabilities. Physical appearance criteria related to 

aesthetic aspect consisted of such attributes as style, color, and fabric (Murali et al., 

2001).  
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Chang, Zhao, Guo, Wang, and Gu (2009) used certain theoretical perspectives 

to develop apparel for people with disabilities for their research, i.e., functional 

factors, such as physical aspects and beautification as psychological requirements for 

clothing for people with limb disabilities. Researchers selected the coat as motor 

vehicle to identify functional and preferential design, and formal dress to assess 

beautification design aspect. Then, the study developed an all- weather coat for motor 

vehicle users with lower limb disability to suggest solutions for clothing structure 

design for independent and convenient donning and doffing, an equalizing 

opportunity from other  clothing for variation, and physical and psychological 

comfort and stability (Chang et al., 2009).  

 Greenless, Buscombe, Holder, and Rimmer (2005) examined the effect of 

tennis players‟ body language and their sportswear. The results indicated that clothing 

and body language were correlated effectively by tennis players and supported 

nonverbal communication as body language and sportswear being influenced by 

sporting interactions (Greenless et al., 2005). 

  

Wheelchair sportswear.  

People with disabilities who have a paraplegic or spinal cord injury, train 

using upper-extremity exercise, such as tennis, to improve their cardiovascular fitness 

(Roy, Menear, Schimid, Hunter & Malone, 2006). Accordingly, wheelchair tennis is 

used for rehabilitation and also as a competitive sport. However, wheelchair tennis 

requires a high level of aerobic fitness since movement during wheelchair tennis can 

be both intermittent and multidirectional (Roy et. al., 2006). The background of such 
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aerobic activity is placed in hot and humid climates that affect comfort, an issue 

constantly raised in functional clothing design to identify the needs of wearers. 

During wheelchair tennis play, wearing head and neck cooling garments reduced the 

feelings of thermal discomfort (Goosey et. al., 2008) and improved performance. 

Kratz et al. (1997) explored the difference between adapted clothing and non-adapted 

clothing for wheelchair users that affected physical activity and comfort during 

exercise. In physical activity, wheelchair users who were sailing reported that less 

effort was experienced with the adapted clothing when visiting the toilet and moving 

between their wheelchair and their boat. In terms of comfort, the wheelchair users 

reported a significant difference in comfort when wearing adapted clothes compared 

to non- adapted clothing (Kratz et al., 1997). In addition, wheelchair users reported 

that poorly fitting trousers can lead to lower self-esteem and skin infection (Clark, 

2010). 

 

A Clothing System to Deliver Comfort  

Researches about the comfort have typically addressed material testing, 

clothing system, or psychological comfort (Paoletti, 1991). Paoletti (1991) suggested 

that comfort definition should be provided in any interdisciplinary work because a 

broader foundation should be the theoretical base. For example, when the relative 

comfort with specific fibers might be examined in the physical and behavioral 

sciences area, history discipline might examine the use of certain specific fibers in 

clothing (Paoletti, 1991).  
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Comfort. 

In order to develop wheelchair tennis clothing, comfort needs to be considered 

as the most important factor as seen in various literature review. Accordingly, the 

Clothing Comfort Model (Branson & Sweeney, 1991) should be considered to 

determine that design criterion from the comfort perspective. The Clothing Comfort 

Model (CCM) includes comfort attributes of the physical and social-psychological 

dimensions, and then each dimension should include three components: people, 

clothing, and the environment. The comfort attributes for the physical dimension are:  

1. People attributes : Sex, age, race, weight, height, physical condition, 

activity, and the exposed surface area; 

2. Clothing attributes : Fabric characteristics, fiber content, yarn, fabric 

structure, finishes, color, fabric/clothing system, heat transfer properties, 

moisture/vapor transfer properties, air permeability, clothing system, fit,  

and design;  

3. Environment attributes: Air temperature, radiant temperature, wind 

velocity, ambient, vapor, and pressure. 

Comfort attributes of another dimension are: 

1. People attributes: State of being, self concept, personality, body 

image/cathexis, values, attitudes, interests, awareness, religious beliefs, 

and political beliefs; 

2. Clothing attributes: Fabric/clothing system, aesthetics, style, fashionability, 

appropriateness, design, texture, body emphasis/de-emphasis;  
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3. Environment attributes: Occasion/situation of wear, significant other, 

reference group, social norms, cultural patterns, historical precedence, and 

geographic locale. 

Since comfort is defined as "a state of satisfaction indicating physiological, social 

psychological and physical balance among a person, his/her clothing, and his/her 

environment" (Branson & Sweeney, 1991; as cited in Chattaraman & Rudd, 2006, 

p.50), comfort attributes should be approached using multiple dimensions.  

 

The comfort aspect of clothing. 

Morris, Chadwick, Prato, and Bernauer (1985) evaluated clothing comfort 

through their operational definition of comfort as the physical properties of the fabric 

for fit and tactile sensations. Lai (2002) constructed a model for predicting the degree 

of comfort through material properties and a subjective evaluation of comfort. To 

assess the subjective evaluation of comfort, the researcher established to analyze 

movements in which walking, running, jumping, standing, sitting, lying, climbing 

upstairs, and walking downstairs when wearing the judged garment based on physical 

dimensions. The researcher indicated that the conducted model A and model B with 

several parameters of the scaled ranks of comfort predicted the degree of comfort (Lai, 

2002).  

Cho (2006) addressed aspects of comfort to assess the satisfaction evaluation 

of the patient garment and then proposed prototypes based on the end user‟s needs. 

To measure the needs of patients and evaluate wearer trial evaluations, questionnaires 
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were conducted for Clothing Comfort (Branson & Sweeney, 1991). The questionnaire 

included three categories: 

1. Functional comfort: Accommodation to activities, easy reach of fasteners, 

and ease of donning/doffing; 

2. Physiological comfort: Sensorial comfort, thermal comfort, fit and fabric 

weight; and 

3. Psychological comfort: Aesthetic/expressive satisfaction, suitability for 

daily life in a hospital, and privacy and dignity. 

In the proposed two types of prototypes, prototype A was more comfortable in 

terms of functional aspects than were the traditional hospital garments. Prototype A 

included 5 features: A front opening; enclosed raglan sleeves; a triangular-shaped, 

free-float area in the front; and a back-slit overlap. Prototype B offered higher 

psychological comfort than the traditional hospital garments. Prototype B included 4 

features: Cap sleeves; a front-slit overlap; openings on the upper chest area; and an 

opening from the armpit to the hem on the right side (Cho, 2006). 

Black and Cloud (2008) found that thermal discomfort restricted wearer 

movement and fit issues affected garment comfort when they were identifying user 

needs.  Bye and Hakala (2005) indicated that female sailors reported dissatisfaction 

with outwear fabric, saying it was heavy, rough, and non-breathable and did not meet 

the functional needs of female sailors‟ clothing.  

Walde-Armstrong, Branson, and Fair (1996) examined the relationship 

between comfort variables and athletic performance for an athletic girdle that 

included a prototype girdle and a currently used girdle. Each athletic girdle was 
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analyzed for the comfort variables of snug, loose, heavy, lightweight, stiff, cold, 

clammy, rough, scratchy, and so forth. Also, the comfort variables of garment were 

evaluated through each performance, including calories burned, floors climbed, and 

miles climbed, .The result of the study indicated that the prototype girdle was more 

efficient in terms of comfort variables than the currently used girdle was. Bye and 

Hakala (2005) developed a prototype of female sailing clothing and assessed it, and 

learned that the toileting access was comfort efficient. 

Even though the research on the psychological dimension of comfort 

attributes has been very limited, Chattaraman and Rudd (2006) attempted to examine 

the relationship between body image/cathexis and styling. The body image/cathexis 

are one of the attributes of social-psychological people comfort, and the styling is 

under the social-psychological clothing comfort. The first result for that relationship 

indicated that there was a negative correlation between body image and clothing style 

attributes. The relationship between body cathexis and aesthetic styling attributes was 

identified. Since lower body satisfaction was represented, greater body coverage was 

preferred in clothing. The third result of the relationship showed that the larger body 

size was represented, and thus, greater body coverage was preferred as a positive 

correlation (Chattaraman& Rudd, 2006). 

Mitchka, Black, Heitmeyer, and Cloud (2009) assessed the needs of female 

dancewear based on satisfaction with dancewear by women who attended 

universities‟ dance classes. In the result, the needs of fashion factor were related to 

the comfort factor even though these researchers did not define that specific comfort 

dimension (Mitchka et al., 2009). 
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Laing and Ingham (1985) evaluated a heat protective clothing system through 

the physical and psychological determinants of comfort. Physical determinants 

included comfort in relation to fabric contact with the skin, comfort influenced by 

level of work related to a garment system, and the affects dependent on different body 

locations. Evaluation of comfort with psychological dimensions was a subjective 

measurement, including the affects with the sensation by its physiological basis. The 

findings indicated that thermal sensation showed significant differences for the 

various regions on the body, and visual assessment of garment fit and size variable 

was identified as the one of the essential comfort evaluations (Ling & Ingham, 1985). 

Ho, Yu, Lao, Chow, Chung and Li (2008) evaluated garments for the aspect 

of comfort that included thermo physiological comfort, sensory/tactile comfort, and 

comfort during movement. Thermophysiological comfort was indicated for 

permeability and thickness in fiber content and breathability of material, and soft, 

smooth, and breathable were indicated for tactile comfort. The researchers also 

investigated the significant correlation between comfort during movement and 

garment design factors for fabric stretch ability and a cutting pattern as a simple style 

(Ho et al., 2008).  

Barker and Black (2009) investigated the needs of police officer clothing 

based on clothing comfort theory. Researchers for this study attempted to address 

more of the attributes from a physical dimension of clothing system, fit, and 

properties, than the social-psychological dimension such as significant other. The 

findings showed that the ballistic vest fit and properties included acceptable, bulky, 

sturdy, and easy to put on characteristics, which significantly correlated to clothing 
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comfort. Even though many researchers indicated psychological comfort could 

improve the physical performance for wearers, previous researches stated that 

physical dimension had a more efficient correlation to comfort than did the 

psychological dimension (Barker & Black, 2009).  

In order to develop clothing based on comfort, fitness is a crucial factor in 

functional clothing (Taya, Shibuya, & Nakajima, 1995). Ancutiene and Sinkeviciute 

(2011) stated that garment fit based on body measurements and garment construction 

played a vital role for clothing comfort. 

 

Comfort aspects for wheelchair sportswear.  

Dec, Sparrow, and Mckeag (2000) indicated that exercise capacity is limited 

through venous blood pooling caused by the impairment of autonomic neural control. 

During exercise, wheelchair athletes need to use an abdominal binder to minimize 

venous blood pooling. Especially, researchers have suggested wearing positive 

pressure garments, such as stockings (Dec, et al., 2000). 

Pearce, Kidgell, Grikepelis, and Carson (2009) confirmed that sports 

compression garments increased during competition performance. The researchers 

also indicated that compression garments are used to assist motor functioning for 

people with cerebral palsy (Pearce et al., 2009). 

 For sportswear, physiological aspect is an essential perspective for the effective 

performance of athletes (Hassan, Qashqary, Hassan, Shady, & Alansary, 2012). To 

improve thermal comfort, i.e., the sensations of hot, cold, or dampness in clothes, the 

human body sweats during exercise to run efficiently. Researchers explored the 
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thermal properties to measure thermal comfort through thermal conductivity, which 

indicates the ability of a fabric to conduct heat, thermal absorptivity that indicates the 

warm-cool feeling of fabrics, and thermal resistance that indicates the effectiveness of 

fabric insulation. Therefore, researchers sought improved thermal comfort through 

the influence of sportswear fabric properties on the physiological responses because a 

wearer‟s heat loss can occur dramatically through vaporization moisture within the 

clothing. The finding indicated that 100% polyester provided the best physiological 

responses (Hassan et al., 2012). However, because wheelchair athletes with spinal 

cord injury have an impaired thermoregulatory capacity (Bhambhani, 2002), 

researchers should consider heat exhaustion and heat stroke during wheelchair 

athletic exercise when designers developed their sportswear. 

 

Pattern Design 

Pattern making. 

The three major garment pattern making techniques are drafting, draping, and 

flat pattern making (Mullet, 1991). In traditional garment design, flat pattern 

techniques are designed two-dimensionally using a block pattern, whereas draping 

methods utilize three dimensionality with a flat fabric modeled into a garment (Kim 

& Park, 2007). Armstrong (2010, p. 70) identified two types of flat pattern- making 

methods: 

 Slash method – Relocate darts, slash to open the pattern for more 

fabric, or slash to overlap for a closer fit 
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 Pivotal/transfer method – Original pattern is pivoted and traced in 

sections until a new pattern shape is completed without slashing. 

Draping is “a unique method for creating designs without the aid of a pattern 

or measurement” (Armstrong, 2013, p.21). In addition, draping methods rely on 

fabric to create design using the designer‟s skill in three-dimensional form 

(Armstrong, 2013). 

Pattern drafting methods utilize body measurements are taken from personal 

fit measurements to develop a block pattern (Armstrong, 2010). Aldrich (2002, pp. 10 

& 12) identified three drafting methods:  

 The divisional (proportional) method 

 The direct measurement method 

 The combination (sectional) method. 

The divisional method (also regarded as the proportional method) uses the 

proportions of body measurements to develop standardized patterns, such as using the 

breast or chest circumference measurement to develop a bodice pattern (Bray, 1985). 

The direct measurement method uses the direct measurement of various parts of the 

body (Campbell, 2010). Armstrong (2010) discussed how to create basic patterns for 

drafting by using body size, such as bust depth, shoulder length, etc as the direct 

measurement. According to Campbell (2010), the combination method or the 

sectional principle method “is founded on divisions of a scale produced from shoulder 

and over shoulder measurements, supported by the chest/breast measure which is 

used only to define the size of the garment” (Campbell, 2010, p.21). 
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Pattern making for dynamic performance. 

For a dynamic posture, Wang, Mok, Li, and Kwok (2011) suggested dynamic 

block pattern design using the static data of body movement, such as bending forward 

at 90 of waist movement. According to Wanget al. (2011), 3D body scanning is not 

suitable for measuring anthropometric data during dynamic posture due to ambiguous 

scanning data. Therefore, they measured both static state and dynamic posture and 

then calculated the difference between these two body measurements to provide 

optimal wearing ease in the fit block patterns. In the shirt dynamic block pattern, for 

example, armhole girth was required to be increased by 10.62(%) for the area of 

armhole depth (Wang et al., 2011).  

Watkins (2008) suggested that pattern design for sportswear needs to be 

related to movement to enhance the individual performance with greater comfort. 

Also, the author suggested a   relationship block pattern for the torso using the pattern 

by Shoben and Ward (1980) (see Figure 2.1). 

 

Figure 2.1. Torso block pattern;  Source: Shoben and Ward (1980, p.39) 
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According to Watkins (2008), fit is the aspect that is correlated between the 

pattern geometry, the fabric parameters, and the body. The author offered various fit 

definitions (see Appendix A). In order to design a pattern to enhance movement, the 

fit factor needs to be considered since the looser the fit is, the greater the body fit can 

be accommodated in the garment with a conventional pattern. However, for those 

garments constructed with stretch fabric, the pattern design needs to consider the fit 

related to body contour and the fabric stretch parameters, including fabric tension and 

garment pressure as crucial areas. Since the shoulder angle, the bust and the armhole 

are the paramount areas to address to design a bodice pattern, fit in the bodice for a 

dynamic posture is dependent on pattern drafting using stretch characteristics 

(Watkins, 2008).  

 

Fit pattern design.  

Watkins (2008) explains the fit pattern design by using the stretch of fabric for 

the dynamic posture. In conventional pattern design, since the armhole shape and the 

crown height affect the degree of freedom of arm movement, fabric strain occurs 

when the arm is raised. The author suggested that the cling fit (see Appendix A. Fit 

Definitions) of a stretch tennis shirt is a prime example to apply to a shirt sleeve to 

develop the sleeve pattern for a stretch fabric. Allowing movement easily in a stretch 

pattern is achieved by increasing the width of the sleeve. Then the crown height and 

the underarm can narrow without rearrangement of the fabric after such movement 

(Figure 2.2). 
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Figure 2.2. Sleeve pattern in a stretch pattern (Watkins, 2008)     

 

 

3D Virtual Garment Design in CAD for Implementation 

The history of CAD. 

Current research is going on into 3-dimensional garment design on the 

computer based system.  The early CAD system for clothing and textiles has rapidly 

replaced a traditional drafting board (Xu &Hinduja, 2009) since CAD software 

allows storing and retrieving data. As the CAD program for the apparel industry has 

been developed for efficient patternmaking, grading, and making, automated CAD 

programs have also been adapted for customized production (Ashdown & Dunne, 

2006).  

Due to the need for maximized productions and minimized cost and time in 

the clothing textile industry, the CAD modules are supporting the current CAD 
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companies, e.g., Lectra Fashion PLM, OptiTex, Gerber Technology, PAD System, 

Koppermann Tex-Design, Browzwear, Digital Fashion Ltd, Futura CAD of FK group 

(Fontana, Carubelli, Rizzi, & Cugini, 2005).  

 With the increase in mass customization, according to Istook (2002), CAD 

system allows an automatic alteration pattern based on digitalized body measurement 

data to get a custom fit garment. In order to get the desired fit of a garment, Istook 

suggested that pattern makers be aware of  process of the CAD system via Step 11: 

determination of critical alteration points; development of numbering and naming 

points; development of alteration rules; verification of alteration rules through testing; 

determination of critical location for graded size; obtainment of physical 

measurements of the fit; size code table; pattern with alteration rules; marker order; 

and cutting the custom marker. These steps were proposed to meet the needs of 

customized production for fit and to allow mass customization (Istook, 2002).  

 

3D to 2D. 

CAD companies (e.g. OptiTex, Lectra) have applied the 3D system to 2D 

pattern making using a flattening process (Campbell, 2010). To create 2D garment 

pattern from 3D data, according to Campbell (2010), surface flattening methods, such 

as geometric and physical methods are used. To place a pattern onto a 2D surface 

flattening, many researchers have devised various methods including wire frame 

modeling and meshes of facets with quadrilateral or triangular shapes for the creation 

of 2D patterns (Campbell, 2010). Even though the wire frame modeling is ineffective 
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to create patterns in the current industry (Aldrich, 2008), 3D techniques have evolved 

using various methods.  

Huang (2011) established the systematic flattened 3D garment and 2D block 

patterns. To create a fit 3D garment, body features were identified through a 

triangulation algorithm with 3D body scan data being the first phase. In the second 

phase, clothing-related structure lines were defined to establish a body features 

wireframe. Then, a 3D garment including wearing eases was flattened onto the 2D 

block patterns. In the evaluation stage, a fit assessment was conducted to understand 

the difference gaps between bodice and clothing (Huang, 2011).    

To generate a 2D garment pattern from 3D geometric modeling, Kim and Park 

(2007) proposed having a fit and fashion zone of a garment first. The fit zone 

obtained from the body surface was constructed using the quadrilateral gird structure. 

Then, to change the shape and size of the fit zone, fit parameters that included bust 

girth and neck girth were used. For the various designs of a garment model, especially 

a curvy silhouette, a fashion zone was proposed using shape parameters as the 

number of folds and amplitude of each fold. Fit pattern generation was accomplished 

though defined edges between two nodes of each mesh (see Figure 2.3).  
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Figure 2.3. A Flattening Pattern (Kim & Kang, 2007, p.14). A 2D garment 

pattern was generated from 3D geometric. 

 

The 3D CAD system in clothing and textile industry became interested in 

pattern making and garment visualization. Virtual garment simulation is designed 

first in the 3D form created from the sophisticated 3D body scan data, and then 

garment 3D images are flattened to produce 2D patterns (Power, Apeagyei, & 

Jefferson, 2011). According to Power et al. (2011), textile parameters are essential for 

a virtual garment simulation system since different textile properties affect the 

simulated drape for bending and stretching. The researchers demonstrated that the 

woven structure produced more discomfort during wear than the knitted structure 

based on the 3D virtual garment pressure simulation. 

Liu and Jang (2013) provided 3D CAD functional characteristics as a 

reference (see Table 2.1).  
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Table 2.1. System Module Configuration  

Source: Adapted from Liu and Jang (2013)  

  CAD Programs 

Items 

OptiTex V-Stitcher DC-Suite 

2D Pattern 

Linkage with 

OptiTex PDS 

Linkage with 

Gerber pattern CAD 

Pattern Tab 

Garment 

Garment generation 

in pattern window 

Garment generation 

in pattern window 

Garment tab 

3D simulation 

3D Runway 

designer 

V-stitcher Simulation tab 

Body 

Generation 

Body measurement 

input 

Body measurement 

input 

Body measurement 

input 

Textile  V-styler  

Rendering   Rendering tab 

3D to 2D pattern  

2D flattening 

3D digitizer 

  

Web 

Communication 

 V-Viewer  

 

The current CAD systems support the testing of textile stress to improve the 

quality of apparel production using virtual apparel simulation, e.g., OptiTex 

Runaway
TM

 by OptiTex, V-Stitcher
TM

 by Browzwear, and DressingSym
TM 

by Digital 

Fashion Ltd (Fontana et al., 2005).   
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Surface flattening.  

The flattening of parametric 3D surfaces leads to not-developable surfaces and 

developable surfaces. A developable surface is defined as “unfolded without 

deformations or cuts, thinking of sphere” (Bennis, Vézien, &Iglésias, 1991, p.237), 

while non-developable surfaces reflect   techniques that “cannot be flattened without 

cutting or overlapping” (Campbell, 2010). Also, a developable surface is obtained 

“between two curves on the complex surface and approximates the complex surface” 

(Yunchu, & Weiyuan, 2007, p.336). The surface flattening methods are: 

 Geometrical flattening: e  Flattened 3D surfaces are changed into 

2D pattern with geometrical constraint conditions, such as 

arbitrary curved surfaces, or the contour segments of a garment 

 Physical flattening: These facets as triangular or rectangular grids 

are processed to reduce the distortion in the 2D plane (Yunchu, & 

Weiyuan, 2007) 

Yunchu and Zhang (2007) provided the prototype garment pattern from a 3D 

virtual dummy by analyzing surfaced zones. The bodice‟s surface included ten zones: 

Five zones on the front including the chest part and the rest of the back part. Then, the 

geometrical flattening methods were used to conduct a 2D pattern via the flattening of 

each unit surface of the 3D with major structure lines.  

 

The 3D body scan and fit issue.  

Dissatisfaction with ready-to-wear fit is one of the reasons for developing new 

technology for custom fitted clothing in the apparel industry. To solve the fit problem, 
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many researchers have considered anthropometrics using 3D body scanner to 

implement method within the computerized system.   

Ashdown and Dunne (2006) explored the fit preference through a custom 

jacket designed using automated patternmaking and 3D body scan data. For jacket 

production, body measurement locations using a 3D body scan were chest 

circumference, hip circumference, shoulder length, sleeve length, torso length from 

neck to hip level, head height from neck to top of head, and wrist circumference. 

These data were applied to obtain the appropriate pattern size in the computer 

software program, FitNet. Researchers compared the fit of the prototype custom 

jacket to that of the ready-to-wear jackets, and stated that the majority of participants 

preferred the fit of the prototype custom jacket even though the wrist elastic had fit 

issues on the jacket (Ashdown & Dunne, 2006).     

As the apparel industry is moving toward a new manufacturing system of 

mass customization, the body scanning system is being developed to satisfy the needs 

of customers as well as minimize costs (Xu, Huang, Yu & Chen, 2002). Xu et al. 

(2002) developed the new system, which was rapidly provided to create a digitalized 

body form for apparel design. The surface data from a 3D model is sent a 2D CAD 

system for pattern alteration. In addition, the system using multi-line triangulation 

and geometry techniques generates the virtual garment on the customized body form 

for a precise fit. 

When approaching the fitting requirements of pants, Petrova and Ashdown 

(2008) analyzed 3D body scanning technology using garment ease value. Since 

garment ease identifies the difference between wearing and the body, adjustable pants 
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based on the original ready-to wear pattern were used to test a garment. The 

measurements through 3D body scanning were made to measure pants and body and 

the differences of pant-body percent were suggested to decrease as increasing size for 

fit by subjects‟ shape and sizes.   

Salleh et al, (2012) developed a system to design a compression garment to 

improve athletes‟ performances using their 3D body data. In order to develop 

compression garment modeling, the 3D cylinder was initiated, and t exerted pressure 

was applied to those factors related to the ratio between the circumference of the 3D 

body layers and the 3D cylinder. Thus, the researchers obtained a compression 

garment using 3D body scan data in the developed system and a mathematical model 

through the different pressure for each of the body layers (Salleh, et al., 2012). 

Even though the academic research in clothing area has vigorously used 3D 

body scanning technology to solve fit problems, the procedure of test for 

implementation was needed to gain consumers‟ satisfaction with clothing fit 

(Apeagyei, 2010). The researcher assessed the application of 3D body scanning 

technology in the CAD system for clothing provisions for fit, and found that scanning 

technology has many advantages in that respect, including generating size charts and 

fit testing for clothing. Also, the scanned data allows one to create avatars features, 

which allows assessment of adequate fit on avatars on the screen (Apeagyei, 2010). 
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Chapter 3. Methodology 

 

The purpose of the present study was to develop a male wheelchair user‟s 

tennis garment pattern using the 3D virtual garment in a CAD program. The focus of 

the garment pattern was on the comfort aspect related to garment strain. This study 

was conducted within the design process, which incorporated both apparel and 

mechanical engineering design process. This chapter explains how the design process 

was used to guide the study. In addition, in order to achieve the objectives of this 

study, data were collected and analyzed at each stage of the full design process. 

 

The following objectives were established to follow the precise design process 

for the developing of a garment suitable for male wheelchair tennis players. 

Objective 1. Determine the types of movements for the arms and torso 

of a male wheelchair tennis player as observed in a YouTube training 

video; 

Objective 2. Determine the clothing system that is needed based on 

garment strain observed in the movements of male wheelchair tennis 

players as seen in the training video; 

Objective 3. Create 3D avatars with determined body postures using 

the transferred body scanned data from a 3D body scanner in a CAD 

program; 

Objective 4. Develop a new tennis shirt pattern design which will 

indicate improved comfort on the 3D avatars; and 
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Objective 5. Determine the effectiveness of the prototype for a tennis 

shirt through a 3D virtual garment in the CAD program. 

In this chapter, each stage in the design process is depicted and explained to 

correspond with each objective of the study.  

 

Concept of the Design Process 

Through trans-disciplinary analysis, researchers can consider many facets of 

functional clothing and advance the study of functional clothing. In addition, different 

points of view can lead to developing better knowledge about design research (Bye, 

2010). In this study, the engineering design process is utilized as the design process. 

The engineering design process is a problem-solving process, composed of learning, 

exploring, analyzing, and implementing (Otto & Wood, 2001). Since engineering 

design is the application of scientific knowledge to solve the technical problems of 

function based design (Nix, Sherrett & Stone, 2011), the engineering design method 

can be a powerful tool to demonstrate a useful perspective in functional clothing 

design. This study applied the engineering design process that has three stages: 1) 

understand the opportunity, 2) develop the design concept, and 3) implement that 

concept (Otto & Wood, 2001).  

During the first stage, where understanding of the opportunity takes place, the 

wheelchair tennis players‟ needs in garment comfort were assessed. In order to 

understand their movements during play, body movement analysis was described in 

this stage. In the second stage, to generate the design concept through the application 

of the function based design, the morphological analysis was fulfilled to offer 
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potential solutions of the bodice pattern design problems. For the third stage, the 

developed virtual prototypes were described and evaluated on the 3D avatars. The 

three stage design process used in this study is showed in Figure 3.1.  

 

Figure 3.1. Three stages design process that develops wheelchair tennis garment 

 based on  the application of the function based design 
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The First Stage of the Design Process- Understand the Opportunity 

To achieve the clothing attributes related to the comfort aspect and develop a 

prototype for wheelchair tennis players, a customer needs analysis was performed 

using the model for Clothing for Special Needs (MCSN) (see Figure 3.2) (Feather, 

1991) and the Clothing Comfort Model (CCM) (see Figure 3.3) (Branson & Sweeney, 

1991). The MCSN and CCM were explained in Chapter 2. In this study, the MCSN 

and CCM were combined to assess garment attribute for comfort for the wheelchair 

tennis players. 

  

 

Figure 3.2. Model for Clothing for Special Needs (MCSN) (Feather, 1991) 

 

In the MCSN, the researcher should recognize the different clothing needs 

depend on the varying degree of ability of people with special needs for clothing. The 

degree of ability for people with special needs is also related to personal 

characteristics and ability. MCSN in the clothing dimension shows the desirability, 
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appropriateness, or the perceived quality of clothing for people with special needs as 

the clothing selection process. One of the selection processes is clothing attributes, 

and these include appearance, conformity, fashion, physical comfort, and 

psychological comfort. For this study, the clothing attributes process was used to 

identify the comfort factors for people with disabilities.  

Since the concept of clothing comfort rest within a complex phenomenon, this 

study applied CCM. CCM depicts the clothing attributes for each physical and social 

psychological dimension (see Figure 3.3). Since this study is based on the premise 

that the body movements and comfort associated with using wheelchairs should be 

considered for a successful garment,  Activity for the person attributes in the Physical 

dimension and Fit for the clothing attributes in the Physical dimension were 

considered for this study. 
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Figure 3.3. Clothing Comfort Model (CCM) (Branson & Sweeney, 1991) 
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The concept, which is to integrate CCM into MCSN, determines the physical nature 

of personal characteristics to assess clothing comfort needs for wheelchair tennis 

players. This suggested comfort concept is shown as Figure 3.4. To qualify as the 

outcome of this study, this stage was processed in the pilot study.  

 

Figure 3.4. Proposed garment comfort concept for people with physical disability 

 

In this proposed garment comfort concept, people with disabilities‟ 

characteristics and the degree of physical disability were associated with their 

clothing attributes. Since the clothing attitude for each gender has their own different 

aspect (Feather, 1991), male wheelchair tennis players are focused on for this study. 

Feather (1991) asserted that the degree of physical disability affects the selection of 

clothing, for example, caring for clothing depends on mobility. As this study‟s intent 

is to develop clothing for wheelchair tennis players, the ability to move the arms and 

torso are focused instead of the movement of the lower torso and the legs. Feather‟s 

clothing attributes (1991) include appearance, conformity, fashion, physical comfort, 

and psychological comfort. As the fit issue is also intimately related to clothing 
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comfort in Feather‟s clothing attributes (Kidd, 2006; Thoren, 1996), fit attribute is 

concentrated on to develop the prototype.  

 

Body movement analysis. 

Objective 1 was achieved in this section.  

Objective 1: Determine the types of movements for the arms and torso 

of a male wheelchair tennis player as observed from YouTube training 

video. 

 

In order to determine which body movement to specifically focused on during 

observation, overall body movements involved in wheelchair tennis play were 

analyzed. To determine the types of movement of male wheelchair tennis players, 

manipulative task (Hutzler, 1986) in wheelchair tennis was analyzed. According to 

the Hutzler‟s taxonomy (1986), movement tasks of wheelchair users include:  

(a) manipulative task consisting of arm and trunk movements using the 

wheelchair as a sitting platform; 

(b) wheeling which brings the wheelchair user from one place to another in 

the shortest and most efficient way; 

(c) steering which changes the course of movement with the wheelchair by 

means of asymmetric propulsion as well as trunk rotations; and 

(d) rocking the wheelchair through balancing on its main wheels in order to 

cope with uneven surfaces. (Hutzler, 1992, p.37) 
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Based on the Hutzler‟s taxonomy (1986), this study was focused on manipulative 

tasks consisting of arm and trunk movements using the wheelchair as a sitting 

platform. Thus, observation of arm and trunk movement was achieved along with the 

detection of garment strain.  

For the present study, the observation of body movements was based on the 

Watkins‟s method (1984). Through training films, observations were made to 

determine strains on garments or fabric stretching occurring during movement 

(Watkins, 1984). To analyze body movement, processes were to: 

1. Select the appropriate wheelchair tennis training video: Using YouTube, 

two videos were selected. One is to observe the chair movement, 

forehand, and backhand position using keyword as “wheelchair 

tennis training”. The other is for serve position through keyword 

“wheelchair tennis training serve”. The criteria for selecting 

appropriate training videos were selected within top 3 of the 

YouTube search, and were 2 to 10 minutes of length. In addition, to 

watch effectively, videos were considered individual training 

instead of match play games;  

2. Observe the training video: Researcher team observed the location of 

strain on player‟s garment during arm or trunk movement in each 

tennis skill. Since the purpose of functional clothing is to enhance 

performance, movements to reach the ball were analyzed. That 

means the body movements of the posture to prepare to stroke the 
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ball, including the grip of the racket and positioning of the 

wheelchair, were not considered; and  

3. Code body movement types: whenever garment strain occurred due to 

arms or trunk movement to reach the ball, body movement types 

were coded in each tennis skill. During the video, pause and play 

were repeated to capture the image of body movement type. 

However, the movement that was already captured was not 

considered again. 

 

Validity and reliability. For effective observation, face validity was 

established: the categories of body movement related to garment strain were agreed 

through the researcher team who had research backgrounds in apparel design and 

body movement analysis. Through several meetings, the researcher team modified the 

operational definitions and eliminated the categories until the final categories were 

determined. 

 For consistency, the same training video was observed by both researchers. To 

estimate reliability between the researchers, inter-observer agreement was used based 

on the following formula: 

IOA =  agreements /(agreements + disagreements) 

The reliability of coefficient was estimated 0.86 as the moderately high is range 

from .80 to .89 (Cosbey, Damhorst, & Farrell-Beck, 2002). The results of the 

observations for the analysis of body movement related to garment strain were shown 

in Table 3.1. 
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Table 3.1. Analyzed Body Movements Related to Garment Strain 

 

 

Categories 

(Tennis skill)/ Units 

Operational definition body movement related to 

garment strain 

Body movement Garment strain 

1.Forehand For this position, the racket swings from a low to 

high position with an extended arm and the shoulder 

is rotated away 

 

 1-1. Forehand 

low ball: racket 

with extended 

arm at the low 

position 

To make contact with the 

ball, racket is pulled back 

and swung to meet the ball 

The front trunk with 

the diagonal wrinkles 

 

1-2. Forehand 

swing: arm 

follow though 

high swing 

The dominant shoulder is 

rotated away the net 

The sleeve (arm) with 

horizontal wrinkles, 

the diagonal wrinkles 

of the front trunk and 

scapular  

2. Backhand This is backhand shot. Players shift weight toward the 

ball 

 

2-1. Backhand 

swing: racket 

back high or low 

Racket is back to reach the 

ball toward non-dominant 

arm  

The sleeve with 

horizontal wrinkles and 

back trunk with 

horizontal wrinkles 

 

2-2. Backhand 

extension: follow 

through high 

 

The extended elbow to 

follow though high in the 

air 

The vertical wrinkles 

on the shoulder and the 

front trunk with 

diagonal wrinkles  
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(Continued Table 3.1) 

 

Objective1. In order to determine body movements and corresponding 

garment strain during wheelchair tennis play, YouTube training films were used, and 

7 movements were determined to be related to arms and torso movements, including 

following the arms through a high swing and forward propulsion.  

3. Serve From tossing the ball to contact the ball with moving 

up the racket 

 

3-1. Serve toss: 

toss to serve 

Toss the ball and the racket 

moves up toward back 

fence depending on 

shoulder level  

The vertical wrinkles 

on the shoulder, the 

front trunk and sleeve 

with diagonal wrinkles 

 

3-2. Serve follow 

through: contact 

the ball and 

follow through 

Contact the ball with full 

extension, then arm follow 

down around the opposite 

side of body 

The horizontal 

wrinkles on the front 

trunk and sleeve 

4. Push Chair Move to a ball, to react to get the ball, and to hit the 

ball 

 

4-1. Propulsion 

wheelchair: 

forward 

propulsion 

Move towards ball and 

hand is placed on the push 

rim. Hands and elbows 

forward and down with 

trunk flexion forward 

The horizontal 

wrinkles on the front 

trunk  
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The Second Stage of the Design Process- Develop the Design Concept 

This stage determines the clothing system based on the identified physical 

comfort needs for relief of strain on the clothing. Objective 2 was accomplished in 

this section.  

Objective 2: Determine the clothing system that is needed based on 

garment strain as observed in the movements of a male wheelchair 

tennis player as seen in the observed video. 

 

To determine the clothing system, effective design concepts were generated 

using the interdisciplinary methods. To meet the requirements of creative design and 

the expectations of fashion in the targeted area, a multi-faceted approach was required. 

In this section, a t-shirt clothing system was considered through applying pattern-

making design, and generating pattern design concepts by applying Mechanical 

Engineering Design techniques (e.g. a morphological analysis). 

“The underlying goal of concept generation is to develop as many ideas as possible 

(Otto & Wood, 2001, p.414)”. Shah (1998) classified the concept generation methods 

into two categories to develop the product, namely, an undirected and a directed 

search (Otto & Wood, 2001). Direct methods develop concepts step-by-step by 

applying the physical principles to solve the problem. The directed search includes 

classifying schemes and implementing the Theory of Inventive Problem Solving 

(TIPS or TRIZ) as its systematic searches (Otto & Wood, 2001). Information 

gathering and brainstorming techniques used as undirected methods are inserted into 

the “Intuitive” methods instead of using a logical method. Information gathering 
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obtains design ideas, using various sources like benchmarking or published literature, 

etc. Also, brainstorming as one of the intuitive methods requires a more 

comprehensive search to solve the problem. The morphological analysis, categorized 

in the “Intuitive” methods, is to visualize new connections and features in a product 

and to promote creative ideas. In addition, morphological analysis is “an effective 

technique for conceptual generation of products, process and systems (Otto & Wood, 

2001, P.454 )”. In this regard, morphological analysis was used for this study. 

 

Morphological chart analysis. 

Morphological analysis was introduced by Zwicky (1948) for the generation 

of design concepts using engineering design principles. To develop a product design, 

a morphological chart offers potential solutions for each function. Function is the 

parameters that influence the construction of a physical device (Huang & Mak, 1999) 

which is pattern design in this study. A morphological chart addresses each function 

and selects solutions. Solutions is to solve design problems to improve physical 

device. The steps of this procedure are following (Otto & Wood, 2001; p.454-455): 

1. Consider each product function in the functional model and each model 

of the product architecture; 

2. List the function or module as rows of a matrix; 

3. In the first column of the matrix, enter the current solution to the function 

or module, if a product exists; 

4. Apply the concept generation methods (as above) and record the 

concepts in the columns of the matrix for each function; 
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5. Map the range of solutions per each function to a classification scheme, 

such as an energy domain. Judge whether the solutions are too 

focused or cover a breadth of issues. If the solutions are too focused, 

carry out further sessions of intuitive and directed concept 

generation; and 

6. When a good breadth of ideas and technologies are realized in the 

morphological matrix, combine these ideas into diverse concept 

variants that seek to satisfy the entire product specification (Otto & 

Wood, 2001; p.454-455). 

Otto and Wood (2001) suggested the morphological matrix to show the 

combination of functions and solutions to create multiple divergent alternative 

designs as many as (see Table 3.2). 

Table 3.2. General Morphological Matrix (Otto & Wood, 2001, p.459) 

Solution 

Function 

1 2 3 …  n 

1       

2       

3       

…       

m       
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Based on this procedure by Otto and Wood (2001), in this study, 

morphological analysis was applied to represent potential solutions for each function 

of the tennis shirt garment system, and these steps are: 

Step 1. Analyze each function of the tennis shirt pattern; 

Step 2. Evaluate and implement potential solutions‟ applying intuitive and 

directed (e.g. review of literature) searches per each function; and 

Step 3. List each function in the matrix rows and record potential solutions 

in the matrix columns. 

 

Step 1: Analysis of functions of a tennis shirt. To analyze the functions of a 

tennis shirt pattern design, bodice pattern was considered. Also, to explore possible 

pattern-making solutions for the development of a tennis shirt pattern for comfort, the 

concept of Watkins (2007) was used. Watkins (2007) stated that the relationship 

between the shoulder angle, the bust and the armhole is crucial in the dynamic 

posture. To construct a bodice pattern, the bust size, the shoulder angle as the 

measure of shoulder height, and the armhole as the shape at the armscye are 

necessary functions to establish pattern drafting. In addition, each function needs to 

be analyzed for how it performs without garment strain. For sportswear, the pattern 

must be reduced in length and width from conventional patterns (Armstrong, 2010). 

In addition, Armstrong (2010) states that the bodice side seams should be reduced by 

¼  inch due to the stretch factor, and the armhole should be raised ½  inch to reduce 

armhole depth. The solution of each analyzed function is given below: 
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1. Bodice bust, is important to determine the bodice pattern when skin is 

stretched or extended. Using dartless stretchy knit, tolerance of the 

bust area is considered since the clothing needs to accommodate 

both expansion and contraction for body movement. 

2. Bodice shoulder angle is the horizontal section determined by taking the 

angle of the shoulder point and neck point. Since the shoulder angle 

significantly affects garment fit and comfort, shoulder elevation 

also needs to be considered. 

3. Bodice armhole is the depth and armscye needed to accommodate the 

range of movement of the arm. The shape of an armscye to bodice 

intersections needs to be determined, and the depth of the armhole 

must be correlated with the bust area on the bodice pattern. 

4. Sleeve crown determined „the shape of an arm hanging in a relaxed 

position‟ (Watkins, 2008, p.111).  The shape of the crown affects 

the arm movement. To move the arm freely, the depth of the crown 

and the width of the sleeve need to be considered for the shirt 

pattern.  

 

 Based on the above functional analysis of the bodice pattern, an initial 

morphological matrix was presented to fill each row with a bodice pattern function 

and to identify the source of solutions that satisfy the function in the first column (see 

Table 3.3). This initial matrix is the first step to carry out potential solutions for each 

function. 



 

57 

 

Table 3.3. The Initial Morphological matrix  

Function of the Bodice Patten The source of solutions that satisfies the 

function 

Bodice bust  

      Body expansion and contraction Tolerance of the bodice area 

Bodice shoulder angle  

     Fit comfort of a garment by shoulder 

     seam placement 

Shoulder elevation 

Bodice armhole  

     Range of movement by the arm The depth of the armhole  

Sleeve crown  

     Arm to abduct The shape of the crown 

 

Step 2: Evaluate and implement solutions.  To provide the potential solutions 

for each function, analysis of literature review of pattern development using 3D body 

scan data was performed. The methods for these possible solutions for pattern making 

are the surface zone methods, wearing ease development, and adjustment lines 

development that include horizontal, vertical, and arc lines. According to Yunchu and 

Weiyuan (2007), surface zones are subdivided the body surface by the corresponding 

feature lines and points. The surface zones methods were created to generate 2D 

pattern cutting via a 3D wireframe with defined structural lines defined for each zone 

(Yunchu & Weiyuan, 2007). Kim and Park (2007) suggested that the quadrilateral 

gird structure method was used to create each zone. In order to use the surface zones 

in this study, the upper bodice surface that relates to the geometrical zone needs to be 

defined. Based on the literature review (Yunchu & Weiyuan, 2007; Kim & Park, 



 

58 

 

2007, Zhang & Zhao, 2013), the bodice bust zone, shoulder angle, and armhole zone 

were defined as follows: 

 Surface zone chest: The geometrical zone with a line from neck front 

point-perpendicular point with a horizontal point at the armhole to 

bust line and with an intersection line 

 Surface zone back: The part above the extended bust line is defined as 

the surface zone back between the line with the outmost point at the 

armhole curve-perpendicular to the center back and the line which 

crosses the point perpendicular to the center back line   

 Surface zone shoulder: The above zone of the surface chest and back 

which crosses the shoulder at each neck point 

 Surface zone under armhole: The zone between the surface zone 

under the chest and back with the vertical line 

The adjustment lines for pattern development utilize the bust line, the across back, 

and biceps as the pattern design lines. In this study, the adjustment lines utilized the 

structural lines of the 2D block pattern to construct a tennis shirt block with jersey. 

Ardrich (2011) developed the jersey tennis shirt block pattern using the CAD 

program (see Figure 3.5). The adjustment lines, also called the structural lines, were 

developed horizontally to adjust the pattern.  

The one of possible solutions was presented as the wearing ease in this study. Wang 

et al. (2011) defined that wearing ease allows wearers‟ movements and comfort to 

improve by providing sufficient space between body and garment. In this study, 
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wearing ease was managed at the grade points of the pattern, such as the shoulder 

point and the under-armhole point to provide ease by using the change of length.  

 

Figure 3.5. Tennis shirt jersey pattern blocks (Ardrich, 2011) 

 

Step 3: List solutions per each function. To create pattern design concept 

variants, the columns were created to list the potential solutions as the logical 

grouping. The given potential solutions were considered to meet the garment comfort 

aspect for each function. For potential pattern making solutions, the possible overall 

solution is: 

m1 * m2* …. mn (mn : the possibilities of n
th

 function solutions) 

(Otto & Wood, 2001) 

For this study, the pattern making solutions approached each function of the pattern. 

Table 3.4 represents the solutions domains for each function (see Table 3.4). 
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Table 3.4. Morphological Matrix with the Functions and Possible Solutions of Bodice 

Pattern 

     Solutions                            

Name of 

Function 

Surface Zones Structural 

Lines 

by changing the 

pieces 

Wearing Eases 

by changing the 

length of line 

Bodice bust 

Chest                Back 

SurfaceZone     Surface 

Zone 

                      

Chest structural 

line 

Chest width point 

Bodice 

shoulder 

angle 

 

 
Shoulder Surface zone  

 
Shoulder 

structural line 

 
Shoulder point 

Bodice 

armhole 

 

 

 

 

Armhole Surface Zone  

 
Armhole 

structural line 

 
Armhole point 

Sleeve crown 

  
Sleeve surface zone 

 

 
Crown width 

line 

 
Crown point 
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Objective 2. To determine the clothing system based on the generated design 

concept, garment strains were considered during movements since the analyzed body 

movements related to garment strains were applied to improve the comfort for a 

wheelchair tennis shirt. Through the analysis of the data, the trunk with wrinkle, and 

the shoulder and sleeves with angular directions were determined as the clothing 

system to use to develop the pattern design for each movement. In addition, each 

tennis shirt pattern was considered to reduce strain through solutions and develop the 

tennis shirt pattern in Chapter 4. 

 

The Third Stage of the Design Process- Implement the Concept 

 To develop the tennis shirt pattern , a 2D block pattern was first constructed 

using the CAD program (OptiTex
TM

). Using 3D simulation, the accepted pattern 

function‟s solutions are reflected to develop the overall pattern in the morphological 

matrix. In the CAD system, the pattern development was constructed based on each 

solution. In addition, effective solutions were determined for each types of movement 

based on the 3D avatar. In the third stage, objective 3 to 5 are addressed.  

Objective 3. Create 3D avatars with determined body postures using the  

translated body scanned data from a 3D body scanner in a CAD program. 

Objective 4. Develop a new tennis shirt pattern design that will provide  

improved fit on the 3D avatars; and 

Objective 5. Determine the effectiveness of the prototype for a tennis shirt 

 through 3D virtual garment in the CAD program. 
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Since this study‟s goal is to develop a tennis shirt pattern on the 3D avatar in 

the CAD program, 3D avatars with the analyzed movements need to be created. CAD 

program, “OtiTex Ltd.” is used for this study and supports the 3D avatar with a 

standing position with stretched arms, and it can be made with folding arms. However, 

the 3D avatar is limited for some specific postures, such as overhead arms and 

shoulder movement at a wide angle. For this reason, the 3D body scanner, produced 

by “3DMD”, was used to scan the body postures. Then, that scanned data were 

translated into the OtiTex program to make a new avatar. The result of Objective 3 

was demonstrated in Chapter 4 in the result section. 

For Objective 4, 3D draping was used in the CAD program. Since OtiTex 

Suite
TM

 provides a virtual garment on the avatar with 3D stitching, designers are able 

to assess fit of a tennis shirt on the 3D avatars (see Figure 3.6).   

 

 

   

 

 

 

 

 

Figure 3.6. A 3D virtual garment seen through the 2D pattern (OptiTex, 2013) 

 

Objective 4 of this study is explained later in the result sections in Chapter 4. 
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 For Objective 5, each effective pattern was developed based on each 3D avatar 

with analyzed body postures. Tennis shirt patterns focus on impediment of the strain 

on the virtual garment during body movements. Then, the virtual prototype was 

evaluated through “Tension map”, provided by OptiTex Suit
TM

. A tension map 

represents the range of colors as the scope of the values, which means that the values 

show tension or the stretch found in the garment (Optitex.com). In the next chapter, 

the results of Objective 5 were documented. 
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Chapter 4. Results 
 

The objectives of this study were five-fold: 1) determine the types of 

movement of the arms and torso of a male wheelchair tennis player as observed on 

YouTube training video; 2) determine the clothing system that is needed based on 

garment strain as observed in the movements of a male wheelchair tennis players as 

seen in the observed video; 3) create 3D avatars with these determined body 

movements in a CAD program using a 3D body scanner; 4) develop an effective 

tennis shirt pattern design that will provide improved comfort through the exploration 

of strain factor on 3D avatars in the CAD program; and 5) determine the effectiveness 

of the prototype for a tennis shirt through a 3D virtual garment in the CAD program. 

 This study followed the three stage of design process, and this chapter explains 

the third stage of design process, i.e. implement the concept, and fulfill objectives 3, 4, 

and 5.  Objectives 1 and 2 were addressed in Chapter 3.  

 

Developing Basic Shirt Block from 3 D Scan of Subject  

This study followed the three stage of design process. For the first stage, 

objective 1 was achieved to understand wheelchair tennis players‟ needs in garment 

comfort. To generate design concepts in the second stage of the design process, 

morphological analysis was used to generate solutions, which fulfilled objective 2. 

Each analyzed function of the pattern design in the second stage showed the various 

potential solutions (see Chapter 3).  In this study, the methods used for the possible 

solutions for pattern development were structural lines analysis and wearing eases 

analysis. To obtain the effective pattern-making design, the basic pattern was 
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constructed using the CAD program (Optitex
TM

) in the third stage which is to develop 

the virtual prototype. 

 The basic pattern was drafted using the Aldrich‟s block pattern (2011). To 

construct the tennis shirt block pattern, a subject who could play wheelchair-tennis 

was recruited and the necessary body measurements were taken after capturing the 

surface of the body using a 3D body scanner in order to develop the pattern (Figure 

4.1). Refer Appendix B for the subjective information. 

The instruction for drafting the tennis shirt blocks are displayed in Table 4.1 and 

Figure 4.2 below. 

 

 

Figure 4.1. Body measurement through the 3D body scanner 
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Figure 4.2. The tennis shirt pattern block (Aldrich, 2011, p.25) 

 

Table 4.1. Tennis Shirt Draft (Aldrich, 2011, p.24) 

Draft Formula result Formula description 

0-1 46.1 Back neck to waist plus 1cm; square across 

0-2 64.1 Finished length; square across (-15cm) 

0-3 28.7 Scye depth plus 1cm 

0-4 14.35 1/2 measurement 0-3; square across 

0-5 3.59 1/4 measurement 0-4; square across 

0-6 7.7 1/5 neck size minus 3/8; square up 

6-7 1.5 1.5cm draw in back neck curve 

3-8 23.7 Half back plus 2cm; square up to 9 and 10 

10-11 0.75 0.75cm; join 7-11 

 3-12 32.6 
1/4 chest plus 2.5cm; square down to 13; Draw in 

armhole curve from 11 through 9-12 

0-14 6.7 

1/5 neck size minus 2cm; draw in front neck; Back 

and front sections are the same shape except for the 

neck curves 

                (cm) 
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3D Body Postures in the CAD Program 

 For this study,  Optitex 
TM 

software was used to develop the wheelchair tennis 

shirt pattern. The goal was to create a pattern that improves garment comfort through 

releasing the garment strain during movements of wheelchair tennis players. For that, 

this study needed to create 3D avatars with movements to assess garment strain. In 

this study, a 3D body scanner, called a 3DMD, was used to scan for the tennis body 

movements determined in chapter 3. Objective 3 of this study was then accomplished 

in the following. 

Objective 3: Create 3D avatars with determined body postures using the  

transferred body scanned data from a 3D body scanner in a CAD program

  

Seven body movements were translated into the Optitex software program to 

produce 3D avatars. The translated body scan data produced some unexpected holes 

on the 3D body surface. Holes are areas where the scan could not be completed and 

the area is left blank. In order to achieve accurate 3D draping on the body, these 

surfaces needed to be reconstructed to fill the holes. Since the holes needed to be 

filled, the free trial version of Meshlab was used to reconstruct the surfaces (see Table 

4.2) in order to reconstruct the surfaces, the Poisson method was used following the 

Reconstruction menu (see Appendix B).  
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Table 4.2. The Surface Showing the Reconstruction of the 3D Body Scan Data 

Postures Surface with unexpected holes Surface with reconstruction 

Forehand 

low ball 

posture 

  

Forehand 

swing 

posture 

  

Backhand 

swing 

posture 

  

Backhand 

extension 

posture 
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(Continued Table 4.2) 

Serve toss 

posture 

  

Serve 

follow 

through 

posture 

  

Propulsion 

Wheelchair 

posture 

  

 

Therefore, in order to create the 3D avatars with movements, a 3D body 

scanner was used to scan the individual body movements based on analysis of the 

seven body movements of wheelchair tennis player. Before the scanned data were 

transferred into the CAD program, 3D body surfaces were reconstructed, as each 

body scan produced unexpected holes on the surface of the 3D body. For this study, 

since the 3D virtual garment needed to be draped on the 3D avatar, these unexpected 

holes are to be filled for accuracy. To fill these holes, the surface on the 3D body was 
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reconstructed, using a free trial version software program. The qualified 3D avatars 

with appropriate movements were thus obtained. 

 

3D Draping on the 3D body  

 The drafted pattern was used to drape the virtual garments in the CAD program 

(see Figure 4.3). For the 3D stitching, since jersey fabric showed to be the preference 

for tennis garment design(Chae, Black, & Heitmeyer, 2006), the fabric type provided 

from the CAD program was selected with single knit jersey. 

 

 

Figure 4.3. 3D draping using the basic pattern. 

 

Since the subject was sitting in a wheelchair for the body scan, the portion below the 

waist of the drafted pattern was not shown (see Figure 4.4). The patterns that covered 

the area under the abdomen needed to be cut since the research objective was to 

consider comfort in upper trunk  movements. Also, as this research was looking at 

strain factor of the garment in order to improve comfort during shoulder and arm 
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movement, the pattern needed to be constructed above the waist line (see Figure 4.5). 

According to Veblen (2012), the waist needs to be measured on the smallest part of 

the torso. The waist line is identified on the 3D body as being 102.12cm, and thus the 

pattern block could be cut along this waist line (see Appendix B ). 

 

Figure 4.4. The issue of the wheelchair backrest 

 

 

Figure 4.5. The adjusted pattern with cutting to align the pattern with the waist 
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Development of Tennis Shirt Pattern 

Objective 4: Develop an effective Tennis shirt pattern design that will provide  

improved comfort through the exploration of strain factor on 3D avatars in a  

CAD program; 

 

 This objective was achieved through the following steps: 

Step 1: The virtual basic garment was draped on each of the selected movement 

and recorded the garment strain in the tension map; 

Step 2: From the tension map data, the first tennis shirt pattern was altered to 

reduce the strain and was compared with the original drape; 

Step 3: The second altered pattern was developed to reduce other major garment 

strain and it was compared with the first pattern and the original pattern. 

 

Step 1: Examining the garment strain for each movement. 

To develop these patterns for movement comfort, this research considered the 

strain factor and its influence on the virtual garment. Optitex 
TM 

provides a tension 

map, which is a colored map that can depict amount of tension between the cloth and 

the model (“3D Tension map”, 2011). The tension or strain value provided from the 

tension map is expressed in measurement of gf/cm
2
. Gf/cm

2
 indicates the unit of 

pressure exerted on the fabric sample. It is the unit of measurement to show how 

much pressure is exerted on the surface area of the fabric (De Jong, Snaith, & Michie, 

1986). The range of colors corresponds to the strain, so red and blue always appear in 

every tension map. However, the value these colors represent differs based on the 
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different strain value. For example, if the strain value is low, then the strain 

represented by the red color is not very high compared to the strain represented by the 

same red color on a high strain value map. Based on this premise, the original pattern 

was first draped on the virtual garment; then the strain was identified as the reference 

(see Figure 4.6). The strain value indicated 1.68 gf/cm
2 

while the garment with the 

original pattern was viewed for the standard posture.  

 

Figure 4.6. The strain on the standard posture 

 

In the next step for developing the tennis shirt pattern design, the virtual garment with 

the original pattern was draped for each movement. In this step, the stain areas of the 

pattern design were identified using the tension map. The development of the pattern 

design was accomplished through releasing garment strain for each movement. Table 

4.3 shows the strain on the specific zone for each movement and specifies the 

possible pattern problems related to that strain. 
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 Table 4.3. Movements and Problems Related to Garment Strain 

Postures 3D draping  Strain on the virtual garment Possible Problem 

Forehand 

low ball 

  

2.20gf/cm
2
major 

strain around 

shoulder surface due 

to the other side of 

the arm movement 

Forehand 

swing 

  

2.84gf/cm
2
major 

strain around the 

shoulder and 

shoulder blade of the 

dominant movement 

surface due to 

contraction of the 

bodice bust   
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 (Continued Table 4.3)

Postures 3D draping  Strain on the virtual garment Possible Problem 

Backhand 

swing 

  

3.88gf/cm
2
 major 

strain around 

shoulder blade 

surface due to the 

extension of the 

shoulder blade and 

the contraction of the 

bodice bust 

Backhand 

extension 

 
 

1.71gf/cm
2
 major 

strain around the 

shoulder surface due 

to the extended arm 

movement 
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(Continued Table 4.3) 

Postures 3D draping  Strain on the virtual garment Possible Problem 

Serve toss 

  

2.06gf/cm
2
 major 

strain around neck 

surface and shoulder 

blade due to 

shoulder movement 

Serve 

follow 

through 

  

2.86gf/cm
2
 major 

strain around the 

shoulder blade and 

bottom of the sleeve  

due to extension of 

the shoulder blade 

and contraction of 

the bust zone 
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(Continued Table 4.3) 

Postures 3D draping  Strain on the virtual garment Possible Problem 

Propulsion 

wheelchair 

  

1.69gf/cm
2
 major 

strain around neck 

surface due to the 

trunk of the body 

leaning forward and 

the accompanying 

shoulder movement   
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In order to release the strain with different movements, this study used the 

morphological matrix solution analyzed in Chapter 3. Based on the 3D draping with 

each movement shown on the tension map, the individual garment strain on the 

specific surface zone was determined. Then, the pattern was developed first based on 

the standard posture as a reference. The developed patterns were applied to each 

movement for 3D draping. These patterns were developed through applying either or 

both the structural line and/or wearing ease. In all of the movements, the majority of 

garment strain appeared on the shoulder surface and around the neck as the bodice 

shoulder angle function. The majority of other strain found was on the shoulder blade 

as the bodice bust function during movements in the forehand swing, backhand 

swing, serve toss, and serve follow through postures (see Table 4.3). To release the 

tension on the specific zones of the body, the patterns were altered in two ways, 

namely, the shoulder surface zone which is the first altered pattern and the back 

surface zone which is the second altered pattern. 

 

Step 2: The first altered pattern to reduce strain on the shoulder surface 

zone. 

Based on the identified strain and the pattern problems, the first pattern was 

developed to release the tension on the shoulder surface zones (Table 4.4). Since the 

strain was located along the shoulder seamline, the shoulder structural line needed to 

spread in a parallel way (Armstrong, 1987). In addition, the shoulder point was 

changed to expand the shoulder length due to the major strain shown at the 

surrounding shoulder point (Veblen, 2012).
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Table 4.4. Solving the Problem of the Bodice Shoulder Angle Function 

     Solutions    

Functions 

Surface Zones Structural Lines Wearing eases 

Bodice 

Shoulder 

Angle 

function 

 

 

 

 

 Shoulder Surface zone 

  

 

 For this reason, shoulder structure line was extended 1.5cm to expand the zone of the 

front shoulder line. Then, shoulder points were employed to increase the shoulder line 

0.5cm. The developed first pattern was then applied for each posture and the strain 

was measured. The standard posture as the reference in the first pattern was used to 

measure the strain (see Figure 4.7).Since the measured highest strain of the standard 

position was 1.57gf/cm
2
 after modifying the patterns, the strain on the original pattern 

was thus reduced from 1.68 gf/cm
2
 to 1.57 gf/cm

2
. Based on these modified patterns, 

each movement posture was draped to measure the strain individually.   
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Figure 4.7. Pattern modification on the shoulder front and back 

 

In the forehand low ball movement, for example, the majority of the tension is 

distributed around the left shoulder zone. The modified structural line of the shoulder 

and shoulder seamline for the pattern was draped on the forehand low ball posture, 

and the tension indicated 1.80gf/cm
2
. The difference in the tension of the original 

pattern is 0.4gf/cm
2
, and strain was reduced when compared to the original pattern 

from 2.20 to 1.80. The comparative strain between the garments made with the 

original pattern and the first modified pattern were shown in the Table 4.5. In this 

table, all the different measured strain on the garments with the modified patterns 

were shown for each movement. The first altered pattern reduced the garment strain 

for all of the movements when compared to the original pattern. This pattern 

significantly reduced strain during both forehand movements more so than the others‟ 

strain (see Table 4.15). 
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Table 4.5. Comparison of the strain for the original and first modified pattern  

Forehand low ball posture 

Different strain for the original and modified patterns: 0.4 gf/cm
2
 

The original pattern 2.20 gf/cm
2
 The shoulder modified pattern 1.80 /cm

2
 

Forehand swing posture 

Different strain for the original and modified patterns: 0.54 gf/cm
2
 

The original pattern 2.84 gf/cm
2
 The shoulder modified pattern 

2.30 gf/cm
2
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(Continued Table 4.5)

Backhand swing posture 

Different strain for the original and modified patterns: 0.23 gf/cm
2
 

The original pattern 3.88 gf/cm
2
 The shoulder modified pattern 

3.65gf/cm
2
 

Backhand extension posture 

Different strain for the original and modified patterns: 0.02 gf/cm
2
 

The original pattern 1.71 gf/cm
2
 The shoulder modified pattern 

1.69 gf/cm
2
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(Continued Table 4.5)

Serve toss posture 

Different strain for the original and modified patterns: 0.3 gf/cm
2
 

The original pattern 2.06 gf/cm
2
 The shoulder modified pattern  

1.76 gf/cm
2
 

Serve follow through posture 

Different strain for the original and modified patterns: 0.18 gf/cm
2
 

The original pattern 2.86 gf/cm
2
 The shoulder modified pattern  

2.68 gf/cm
2
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(Continued Table 4.5)

Wheelchair propulsion posture 

Different strain for the original and modified patterns: 0.11 gf/cm
2
 

The original pattern 1.69 gf/cm
2
 The shoulder modified pattern 

1.58 gf/cm
2
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Step 3: The second altered pattern to reduce strain on the bodice back 

surface zone. 

 Based on the tension map for the reference pattern, the maximized strain was 

found on the back surface zone of the shoulder blade during the movements for 

forehand swing, backhand swing and serve follow through postures. To release this 

strain, the chest structural line of the back and the point of the back were modified 

(Table 4.6). The second pattern development was constructed based on the first 

pattern development to further improve comfort for the entire motion of movement 

during tennis play.  

 

Table 4.6. Solving the problem of the bodice bust pattern function 

   Solutions                              

Functions 

Surface Zones Structural Lines Wearing Ease 

Bodice Bust 

Chest 

Surface Zone  

 

Back 

SurfaceZone  
Chest structural 

line 

Chest width 

point 

 

To improve the comfort of the shoulder blade zone, the pattern design was modified 

using Anne Kernaleguen techniques (1978), which states that the reference line across 

the shoulders on the back should change to improve comfort when using the back 
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muscle. In addition, to release the strain across the shoulder of the upper back, the 

center back was changed with a curved line going to the outside being 1.5 cm. Thus, 

based on the literature, the chest structural line of the back was spread 1cm at the 

armhole and the chest width point of the back was moved 1.5cm outside (see Figure 

4.8). 

 

Figure 4.8. The second modified pattern for the shoulder blade bust zone 

 

The procedure for constructing this second pattern is shown in the appendix B. In 

order to drape using the second pattern, the back bodice now had a new stitching line 

in the center of back. 

The developed second pattern was first draped on the standard posture; Figure 4.9 

shows the strain on the tension map. The different strain in the changed pattern is also 

shown in Table 4.7. In this posture, the strain value has only increased slightly at 0.02 
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rather than a release. It seems that the seamline of the center back might indeed affect 

the strain of the bodice bust zone on the garment. 

 

Figure 4.9. Strain on the second pattern in the standard position 

Table 4.7.  Comparison of the standard posture for the first and second patterns  

Standard posture 

Different strain for the first and second modified patterns: 0.02 gf/cm
2
 

The first pattern 1.57 gf/cm
2
 The second pattern 1.59 gf/cm

2
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Draping for the forehand low ball movement. In this movement, when 

compared to the first pattern , the strain distribution did not change much while strain 

was reduced a little from 1.80 gf/cm
2
 to 1.75 gf/cm

2
. The different strain with the 

original pattern is 0.45, whereas the difference from the first pattern is only 0.05. It 

seems that the second pattern had a modified shoulder blade zone as the bodice bust 

zone, and the shoulder blade bust zone was not affected much during this movement. 

Thus, the distribution of strain did not vary much when comparing the first pattern for 

the back view (see Table 4.8). 

 

Figure 4.10. Strain in the Forehand low ball posture 
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Table 4.8. Comparison of the strain for the first and second patterns in the back view 

Forehand low ball posture 

The difference in strain between modified patterns: 0.05 gf/cm
2
 

The first pattern 1.80 gf/cm
2
 The second pattern 1.75 gf/cm

2
 

 

Draping for the forehand swing movement. In the identification of pattern 

problem steps, it was determined that the shoulder blade zone has major strain during 

the forehand swing posture. To improve the comfort of the shoulder blade, the second 

pattern was especially considered. In this movement, the draped garment strain was 

measured, and it was found that the strain value decreased to 2.11 gf/cm
2
(see Figure 

4.11). Also, the comfort of the shoulder blade zone increased since the strain to the 

shoulder blade released than with the first pattern (see Table 4.9). Instead of major 

strain on the dominant moving shoulder blade, the major strain now appears on the 

other shoulder. The value of a different strain from the first pattern was0.19.Thus, 

since the second pattern was developed to release the shoulder blade zone based on 

the first pattern, the strain for this movement decreased more than the strain for the 
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Forehand low ball posture which does not put as much strain on the shoulder blade 

zone.  

 

 

Figure 4.11. Strain for the second pattern on the Forehand swing posture 

 

Table 4.9. Comparison of the first pattern and second pattern for the Forehand swing 

posture 

 

Forehand swing posture 

The difference in strain between modified patterns: 0.19 gf/cm
2
 

The first pattern 2.30 gf/cm
2
 The second pattern 2.11 gf/cm

2
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Draping for the backhand swing movement. The strain of the Backhand 

swing movement also decreased for the second pattern to the 2.95 gf/cm
2
. The strain 

for second pattern decreased from the original pattern to 0.93 while the released 

comfort from the first pattern was 0.7. That means that the different strain values for 

this movement for these patterns was distinguished to be larger range value than for 

other movements. This finding indicates that Backhand swing posture has the most 

influence on the shoulder blade movement. Table 4.10 shows that the strain on the 

shoulder blade improved noticeably with the second pattern when compared to the 

first pattern. The major strain in this movement slightly changed on the biceps, as the 

strain on the garment with the first pattern distributed and thus decreased.  

Table 4.10. Comparison the first pattern and second pattern for the Backhand swing 

posture 

Backhand swing posture 

The difference in strain between modified patterns: 0.7 gf/cm
2
 

The first pattern 3.65 gf/cm
2
 The second pattern 2.95 gf/cm

2
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Draping for the backhand extension movement. In the Backhand extension 

movement, 3D draping was executed using the second pattern. The strain value 

indicated1.66gf/cm
2
. In this movement, the strain on the garment with the second 

pattern slightly decreased from the first pattern, and the changed strain degree was 

0.03 (see Table 4.11). This finding indicated that the garment did not place as much 

strain on the shoulder blade zone in this movement because the second pattern 

considers shoulder blade comfort. The reason for the tiny decrease in strain in the 

second pattern when compared to the first pattern suggests that the extended arm 

movement does not have much influence on the formation of strain on the shoulder 

blade. The major strain, then, is distributed on the sleeve due to the extension of the 

arm movement. Based on a comparison of the strain in the standard movement at 1.68 

gf/cm
2
 and the strain on the garment in this movement at 1.66 gf/cm

2
, it appears that 

garment strain did not affect performance of this movement. 

Table 4.11. Comparison of the First and Second Patterns for the Backhand Extension 

Posture 

Backhand extension posture 

The difference in strain between modified patterns: 0.03 gf/cm
2
 

The first pattern at 1.69 gf/cm
2
 The second pattern at 1.66 gf/cm

2
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Draping for the serve toss movement. The second pattern was draped on the 

virtual garment for a serve toss movement. The strain showed as1.66gf/cm
2
. The 

compared strains for the first and second patterns are shown in Table 4.12. In this 

movement, the major strain appears at the neck and shoulder blade zone with the 

original pattern. After draping with the first pattern, that strain was reduced from 2.06 

to 1.76, and the measured next strain on the second pattern was 1.66 which indicates a 

reduced strain value when compared to the strain for the first pattern. These results 

explain that the serve toss movement seems to affect the shoulder blade, and the 

second pattern is more effective in reducing that strain than the first pattern. 

 

Table 4.12. Comparison of the First and Second Patterns for the Serve Toss Posture 

Serve toss posture 

The difference in strain between modified patterns: 0.10 gf/cm
2
 

The first pattern at 1.76 gf/cm
2
 The second pattern at 1.66 gf/cm

2
 

 

 

 



 

94 

 

Draping for the serve follow through movement. In the serve follow through 

posture movement, the strain showed as less than the first pattern at 2.56gf/cm
2
. The 

second pattern was applied to reduce the strain when compared to the first pattern, 

and the change of the strain on shoulder blade was similar to the changing strain 

value for the Serve toss posture. These results explain that the expansion of arm 

movement can be affected by clothing pressure on the shoulder blade zone. Since the 

second pattern was developed to improve the comfort around the shoulder blade, 

draping on the back of the 3D body was smoother than the first pattern, and the strain 

on the shoulder blade zone released when compared to the first pattern (see Table 

4.13). 

 

Table 4.13. Comparison of the First and Second Patterns for the Serve follow 

Through Posture 

Serve follow through posture 

The difference in strain between modified patterns: 0.12 gf/cm
2
 

The first pattern at 2.68 gf/cm
2
 The second pattern at 2.56 gf/cm

2
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Draping for the propulsion wheelchair movement. The second pattern was 

draped on the Propulsion wheelchair movement, and the strain value showed 1.60 

gf/cm
2
. Tension on the clothing had the smallest value for this movement when 

compared to the other movements. In addition, the strain on the first and the second 

patterns during this movement was smaller than the strain for the original pattern in 

the standard posture. The difference in strain value on the original pattern for this 

movement and the standard posture is only 0.01. Therefore, garment strain had no 

significant impact on the performance of this particular movement. The major amount 

of the original strain was distributed on one of the biceps in the first pattern (see 

Table 4.4), while the strain with the second pattern was allocated to both biceps to 

reduce the total strain value (Table 4.14). 

 

Table 4.14. Comparison of the First and Second Patterns for the Propulsion 

Wheelchair Posture 

Propulsion wheelchair posture 

The difference in strain between modified patterns: 0.05 gf/cm
2
 

The first pattern at 1.58 gf/cm
2
 The second pattern at 1.60 gf/cm

2
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Table 4.15. Effect of the Changed Strain on Different Movements (gf / cm
2
) 

Body Movement 
Original 

Pattern 

Pattern 1: 

 

Shoulder 

modification 

Change 

Pattern 2: 

Shoulder and 

under armhole 

modification 

Change from 

Original pattern 

 

Change with 

Pattern 1 

Reference: 

Standard posture 
1.68 1.57 

 -0.11 

(↓6.5%) 
1.59 

-0.09 

(↓5.3%) 

+0.02 

(↑1.3%) 

Forehand low ball 2.20 1.80 
-0.4 

(↓18.2%) 
1.75 

-0.45 

(↓20.5%) 

-0.05 

(↓2.8%) 

Forehand swing 2.84 2.30 
-0.54 

(↓19.0%) 
2.11 

-0.73 

(↓25.7%) 

-0.19 

(↓8.3%) 

Backhand swing 3.88 3.65 
-0.23 

(↓5.9%) 
2.95 

-0.93 

(↓23.9%) 

-0.7 

(↓19.2%) 

Backhand 

extension 
1.71 1.69 

-0.02 

(↓1.2%) 
1.66 

-0.05 

(↓2.9%) 

-0.03 

(↓1.7%) 

Serve toss 2.06 1.76 
-0.3 

(↓14.6%) 
1.66 

-0.4 

(↓19.4%) 

-0.1 

(↓5.7%) 

Serve follow 

through 
2.86 2.68 

-0.18 

(↓6.2%) 
2.56 

-0.3 

(↓10.5%) 

-0.12 

(↓4.5%) 

Propulsion 

wheelchair 
1.69 1.58 

-0.11 

(↓6.5%) 
1.60 

-0.09 

(↓5.3%) 

+0.02 

(↑1.3%) 

*Decrease in change signifies decrease in strains, which also means increase in comfort  
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Objective 5. Determine the effectiveness of the prototype for a tennis shirt 

 through a 3D virtual garment in the CAD program. 

 

Table 4.15 shows all of the strains on the garments for each movement and 

also the change in the magnitude of that strain. In order to develop the patterns so 

they improve comfort during movements, specific pattern problems were identified 

through examining the strain of those movements on the garment (see Table 4.4) 

based on an analysis of patterns in Chapter 3. For this study, solving such pattern 

problems were explored by focusing on the bodice shoulder angle function and the 

bodice bust function. For the first pattern, the bodice shoulder angle function was 

considered so as to reduce strain for the comfort in shoulder surface zone during the 

movements. Then, based on this developed first pattern, the second pattern was 

constructed to reduce strain on the shoulder blade for the bodice bust function. In the 

first pattern, forehand movements, including forehand low movement and forehand 

swing movement, were relatively influenced by garment strain on the shoulder zone.  

During draping with the second pattern for each movement, the strain 

relatively decreased for four movements, including forehand swing, backhand swing, 

serve toss, and serve follow through. When compared to the first pattern, especially 

for the backhand swing posture, strain was released by a large degree. For both the 

backhand extension and propulsion wheelchair postures, the second pattern did not 

improve the comfort as much by releasing strain. Based on these results, this study 

determined that the altered patterns that focused on bodice shoulder and bust 
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functions being effectively applied can reduce garment strain during the analyzed 

wheelchair tennis movements.    
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Chapter 5. Discussion and Conclusion 

  

 In the present study, a virtual prototype tennis shirt for wheelchair tennis 

players was developed in a 3D CAD system based on the analyzed body movements 

to improve comfort during play.  In order to achieve this purpose, the following five 

objectives were accomplished.  

 Objective 1 of this study was to determine the range of movement for the arms 

and torso of a male wheelchair tennis player. This was achieved using observations 

from YouTube training videos. Then, seven body movements related to garment 

strain during play were analyzed. The analyzed movements consisted of forehand low 

ball movement, forehand swing movement, backhand swing movement, backhand 

extension movement, serve toss movement, serve follow through movement, and push 

chair movement. Those movements showed the various directions of wrinkles on the 

shoulder and trunk area. For this study, all the movements were then applied with the 

goal of releasing strain to improve comfort. 

 Objective 2 of the study was to determine of a clothing system to develop the 

pattern based on the garment strain as observed in each movement. This objective 

was also successfully achieved. The necessary parameters to develop the tennis shirt 

patterns were deconstructed and each was named as a function in the morphological 

matrix. Each function was named thusly: bodice bust function to determine the bust 

size, bodice shoulder angle function for the shoulder angle‟ determination, bodice 

armhole function related to the range of movement of the arm, and sleeve crown 

function - affected by the arm movement, and taken into account when drafting the 
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pattern. In the morphological matrix, each function had the potential pattern making 

solutions, including the surface zone methods, structural lines development, and 

wearing eases development.  

For this study, surface zones were calculated to explain the bodice subdivided 

zones, i.e. chest surface zone, back surface zone, shoulder surface zone, armhole 

surface zone, and sleeve surface zone, which are related to the functions in order to 

assess the problems of the pattern. Yunchu and Weiyuan (2007) divided 3D bodice 

surfaces into several zones by the feature‟s lines and points, based on the Bunka‟s 

garment prototype, in order to flatten the garments into 2D patterns. This was then 

followed by the development of the flattened 2D patterns that apply to each surface of 

the 3D avatars.  

Structural lines involved in pattern development were also proposed to solve 

the problems for pattern making in this study. Petrova and Ashdown (2008) used 

structural lines to construct adjustable test pants. Through the process of expanding or 

overlapping the sliced pieces along the structural lines, the sizes of the test pants were 

examined to achieve the appropriate fit. As a result, they suggested sizing based on 

the differences in measurements between the pant and body to create a size system 

and assist pattern making (Petrova & Ashdown, 2008).  The present study identified 

the pattern in the bodice along the structural lines, i.e. chest width line, shoulder angle 

line, chest girth line, and crown width line, to determine each function in the bodice 

pattern.   

The last pattern making solution is the wearing ease method. In each function, 

this method was employed to provide the defined the amount of “ease” to further 
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improve wearers‟ comfort and mobility by managing the grade points of the pattern. 

In the study by Wang et al. (2011), wearing eases were applied to design dynamic 

block patterns. The wearing ease values developed by Wang et al. (2011) were 

determined by defining both horizontal structural lines, including chest girth line, and 

vertical structural lines, such as the center front line. However, the changed amounts 

incorporating both those lines affected all areas of the block pattern. In the present 

study, wearing eases were defined only to affect the length of lines by the managing 

the grade points, i.e. chest width point, shoulder point, armhole point, and crown 

point, without the pieces spreading or overlapping.  

Other possible solutions were suggested to develop the pattern for the 

wheelchair tennis shirt through segmentalized pattern making to determine each 

function of the pattern. Thus, the clothing system can be explained through the 

analyzed functions and their solutions to develop pattern.  

 For the established third objective, this study used a 3D body scanner to create 

3D avatars with determined body movements. The study by Petrova and Ashdown 

(2008) used a 3D body scanner to measure the body to examine the fit of pants. 

However, they only created a standing position without any variation in posture for 

the 3D body scan data. Since the present study was to develop a pattern to improve 

comfort during movement, 3D body scan data with different postures were captured. 

Petroval and Ashdown (2008) also manually restored missing data, such as the crotch 

area, by using saddle like shaped patches. In this study, unlike their method, holes 

from the missing data, such as the under armhole, were reconstructed by using the 

commercially available software, MeshLab v 1.1.0, to achieve virtual draping. Thus, 
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qualified 3D avatars with appropriate movements based on the analysis of body 

movements were developed for the 3D draping in a CAD program. 

 Objective 4 of this study was to develop a new tennis shirt pattern on 3D 

avatars through improve comfort for each movement. In order to develop the patterns, 

this research considered the strain factor in the tension map by a CAD program, 

which can depict the amount of tension between the cloth and the body. In order to 

release the garment strain that results in discomfort during movement, a pattern was 

developed based on the morphological matrix solution established in Objective 2. The 

reference strain values were the one on the virtual garment with the original pattern 

(Aldrich‟s pattern) on each 3D avatar with postures including forehand low ball, and 

forehand swing, etc.  

Through 3D draping with each movement, the dominant garment strain was 

found to occur in both the shoulder surface zone and the back surface zone. In order 

to solve this problem with the pattern on the shoulder surface zone, an initial first 

pattern was developed to release the strain through expanding the shoulder structure 

line and increasing the shoulder points based on Veblen‟s pattern modification (2012).  

The first modified pattern released the strain in all tested movements. Since the strain 

was decreased significantly in both forehand movements on the shoulder surface zone, 

the first pattern can be effectively applied to the bodice shoulder angle function.    

A second pattern was developed in order to release the other major strain, 

which occurs on the back surface zone during the movements for forehand swing, 

backhand swing, and serve follow through postures. This second pattern development 

was constructed based on the first pattern development to further improve comfort for 
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the entire set of motions during tennis play. For the second pattern, the chest 

structural line of the back was used to expand the upper back in the pattern. Also, the 

chest width point of the back was moved 1.5cm outside, based on Kernaleguen 

(1978)‟s proposed amount to modify pattern for the bodice back for wheelchair users. 

The result of the second pattern was shown that the strain relatively decreased with 

forehand swing, backhand swing, serve toss, and serve follow through postures. 

However, when compared to the first pattern, the second pattern did not influence 

movements, such as backhand extension posture related to the extended arm to same 

extent because the second pattern considered the shoulder blade comfort. Therefore 

the dominant strain was distributed to the sleeves. Thus, the second pattern improved 

comfort for the back of bodice bust function by releasing strain around the shoulder 

blade.  

Objective 5 was to determine the effective virtual prototype. The present study 

suggests that the virtual prototype of the modified patterns, which focused on bodice 

shoulder angle function and bodice bust function, can be effectively applied and 

could improve during the wheelchair tennis movements. The necessary amount of 

information to modify pattern in the 3D virtual garments is limited due to lack of 

measurement reference in the 3D avatars (Song & Ashdown, 2010). However, the 

present study determined the amount of alteration to a pattern necessary for release of 

strain, based on literature related to wheelchair users‟ movements. In addition, in 

order to improve comfort by releasing strain in the pattern development, the present 

study used the strain factor, which was demonstrated with the virtual garment of the 

3D avatars with postures. 
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As the conclusion, the first pattern was developed to release the strain on the 

shoulder surface zone, for all movements when compared to the reference pattern. In 

this first modified pattern, the strain for forehand movements, including forehand low 

ball and forehand swing postures, were effectively decreased more than other 

movements, with the decreased strain being 18.2% and 19.0%, respectively. The 

lowest observed difference in strain, when compared to the original pattern, was only 

a decrease of 1.2 % in the backhand extension movement. The reason for the minimal 

reduction in strain in the backhand extension movement appears to be because the 

changed pattern in the shoulder area did not influence the release on strain 

significantly because of wrinkles on the shoulder when extending the arm. However, 

since this modified shoulder pattern demonstrated a reduced strain in each movement, 

the pattern with the extended shoulder needs to be considered for comfort during 

movements during pattern development. 

Another majority strain on the shoulder blade area was considered in the 

second pattern. The largest percent difference in strain between the first pattern and 

the second pattern was 19.2% decrease in the backhand swing movement, and the 

smallest percent was 1.3% increase when the improved pattern was compared to the 

first pattern in the propulsion wheelchair movement. With regard to the released 

strain in the backhand swing posture, the improved pattern was modified in the 

shoulder blade area to extend farther during shoulder blade movement. However, the 

strain in the propulsion wheelchair movement increased a small amount compared to 

the first pattern. In the second pattern, the different strain value between the standard 

posture and propulsion wheelchair movement was only 0.6%, and this result was 
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present even in the original pattern. Thus, the garment strain did not significantly 

change in this propulsion wheelchair movement even when compared to the original 

pattern. However, it is necessary to note that the improved pattern still showed a 

larger decrease in strain for the garment with all movements compared to the original 

pattern. Based on the results of this study, it should be also noted that the shoulder 

and the shoulder blade areas are important during development of patterns, in terms 

of decreasing strain for comfort during movements. Also, for the wheelchair users 

during play, the movements affecting the shoulder blade, such as back swing posture 

and serve toss posture, are more effective for reducing strain. This finding implies 

that, since both patterns are effective methods to use to reduce the strain on the bodice 

and shoulder zone during wheelchair tennis movements, comfort when performing 

these particular movements can further improve. For the athletic apparel industry, 

these findings can be used to commercialize production to improvement of the 

comfort of garments for wheelchair tennis players during play. 

 

Scholarly Implications 

 This study introduced the concept of garment comfort to the development of 

virtual prototypes for wheelchair tennis players. In this concept, personal 

characteristics and the degree of physical disability of people with disabilities were 

associated with their fit and body movement in the physical dimension of the comfort 

model. Branson and Sweeney‟ comfort model (1991) was to assess comfort through 

the multi dimensions which are physical and psychological, each consisting of people, 

clothing and environment attributes. The present study applied the Branson and 

Sweeney‟ model to assess garment attributes in the physical dimension of comfort. 
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However, Branson and Sweeney‟s model does not propose the degree of physical 

disability. In the present study, since the degree of physical disability needs to be 

determined prior to assessing garment comfort for wheelchair users‟ satisfaction, this 

study determined the ability to move the arms and torso for wheelchair tennis players. 

Then, in order to improve comfort, garment strain was used to assess fit based on the 

analyzed body movements. Thus, researchers who examine garment comfort under 

the physical dimensions for people with disabilities can employ this proposed comfort 

model, which can explain the relationship between the degree of physical disability 

and comfort attributes. 

   The present study used a morphological matrix to generate the design concept 

to solve the problems involved in pattern development. In this matrix, a basic tennis 

shirt pattern was deconstructed by each function as the necessary components to 

establish pattern drafting. Chen and Lai (2010) used the morphological analysis to 

seek design ideas for the western apparel in the Renaissance era. The western apparel 

was decoded into each style in the column, and all possible design solutions were 

demonstrated in each design attributes on the row in the morphological matrix. The 

researchers asserted that this morphological matrix was suitable to increase possible 

design ideas than traditional design creation methods such as brainstorming. In the 

present study, in order to create various concepts for pattern development, each 

function needed potential pattern development solutions. In addition, structural lines 

and wearing ease for each analyzed surface zone was determined as the possible 

solutions in each function of the bodice pattern. Therefore, in order to create various 
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design concepts, including pattern development, the concept of functions can be 

novel approach to gather creative ideas or to solve the problems of design.      

 

Practical Implications 

In order to develop the tennis shirt for a wheelchair tennis player, this study 

proposed two patterns to reduce strain in each movement, for the player‟s comfort. 

This study suggested a deconstructed pattern to assess the problem of the pattern in 

the morphological matrix which has possible pattern making solutions.  

This study showed the different garment strains from each movement, 

compared to the standard position. For the pattern development, all movements that 

the athlete is likely to engage in need to be considered for the players‟ comfort. When 

researchers develop patterns, especially for sportswear, movements need to be 

analyzed since each play has different movements. For example, in badminton, the 

groin and a part of the knee are involved in most of the movements (Masaaki, 2010). 

In addition, Masaaki (2010) stated that playing traditional tennis requires vigorous 

twisting of the upper body, whereas the present study of wheelchair tennis showed 

that movements of the shoulder area cause the dominant strain, which relates to the 

spaces between the cloth and the body.      

In the present study, the pattern development was achieved through 3D 

draping on the 3D avatars with postures in a CAD program. 3D body scan data with 

postures were captured for this study, but the data set was incomplete. This study was 

able to reconstruct the missing data through a free-trial software program, but even so, 
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scanning technology is needed to fill in the missing data, such as that from under the 

arm.  

This study suggested reduction of the garment strain value in order to develop 

the pattern. Prior research has concluded that garment strain greatly affects the 

wearer‟s overall comfort (Hong, Dongsheng, Qufu, & Ruru, 2011). To evaluate the 

patterns for comfort during movements, Choi and Ashdown (2002) used the 

subjective opinions of the participants. Also, in order to assess the prototype garment 

fit through 3D scans, Song and Ashdown (2010) used the determination of judges. 

However, as a 3D CAD system enables the assessment of tension in the relationship 

between the clothing and the body, the pattern development in the 3D CAD uses 

strain values to increase comfort with more objectivity. Even though the strain value 

provided from the CAD program needs further examination, the findings of this study, 

which showed the different strain values of each movement, can utilize research 

related to the improvement of comfort for specific movements, such as development 

of athletes‟ sportswear to be worn while recovering from injuries. 

In this study, the propulsion wheelchair movement was not affected much 

more by garment strain when compared to other wheelchair tennis movements. Thus, 

the apparel industry needs to provide differently-made clothing for wheelchair users 

and wheelchair tennis players, for their satisfaction in comfort. Also, for purpose of 

commercialization, the industry can emphasize ease of movements in the shoulder 

area during play.      

3D CAD technologies in the apparel industries are used vigorously for the 

mass customization in the competitive environment. When designers evaluate a 
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garment fit for wheelchair players on the 3D avatars through a 3D body scanner, the 

adaptive 3D avatars, such as demonstrations of the sitting or propulsion wheelchair 

postures, need to be imported into the CAD program. A virtual-try-on garment with 

the adaptive 3D avatars would have great commercial value.  

 

Future Research 

This study examined virtual garments to improve comfort for the movements 

through reduced garment strain. Based on the findings of this study, further research 

should explore whether the improved comfort of garments effectively enhance the 

wearer‟s specific performance. For example, since the present study indicated that 

garment strain was effectively reduced in forehand and backhand swing postures, a 

dynamometer should be used to compare the measurements of swing power both with 

and without wearing the wheelchair tennis garment.  

For this study, the virtual garment was constructed by the developed pattern 

corresponding to each surface zone on the 3D avatar. The next step for research in 

this area should be to see how different types of fabric behave on different surface 

zones of the 3D avatar during body movements. Thus, future research can determine 

what types of fabric are best appropriate for specific surface zones to reduce garment 

strain. This can be done by using 3D virtual garments as different types of fabric, and 

applying them on specific surface zones of the 3D avatar. In addition, the CAD 

program would be used to examine how garment strain change when different virtual 

garment is draped on the 3D avatar. This ultimately allows examining which fabric 

would be best suited for specific body surface zones. Every process during this 
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research would be performed virtually through CAD program and 3D avatar to reduce 

cost and to save time.  

Future research should include analysis of how fabric behaves on specific zones on 

the body, and how garments with more comfort can lead to enhancement in 

performance.   
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Appendix A. Definitions 
 

 

Fit Definitions (Source: Watkins, 2008, p.107) 

Proximal fit: body-contouring garments constructed in a stretch knit fabric 

Form fit: describes garments that have few wrinkles and no stretch other than tare 

stretch (a minimal amount) in specific areas, to allow the fabric to smoothly contour 

the body 

Cling fit: includes fashion garments where the stretch fabric clings to the body curves 

does not significantly compress or alter the body contour 

Action fit: describes most stretch sportswear and exercise garments where the 

retracting stretch effectively grips the body contour 

Power fit: refers either to the garment as a whole or to specific areas where the force 

exerted by the stretch holds and compresses the flesh, changing the body form shape 
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Appendix B. 3D Technique 

i) In order to fill the unexpected holes on the surface 

1. Select : Filters> Reconstruction> Poisson 

2. Insert the optimized numbers 

 

3. The surface reconstructed 
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ii) Cutting pattern along with the waist line for the basic pattern 

1. Identify the waist line: 102.12cm 

 

2. In order to cut the pattern, measure the center front above the waist 

line 

 

3. Then, cut the pattern 15cm based on the measurement of the center front.  
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iii) Building of the second pattern  

Function key Functions 

Build &Cut > Cut Piece Cut a shoulder blade in the back bodice  

Rotation In order to open the upper shoulder blade zone 

(1.5cm) 

Contour > Arc In order to contour smoothly at the armhole 

Build & Cut > Cut piece In order to adjust a sleeve crown to armhole back 

bodice, cut crown  

Rotation (3.5cm) 

Contour > Arc Contour smoothly at the crown of sleeve 

  

 

iv) 3D stitching 

In order to stitch center back, 3D properties of stitches need to be changed 

to have “Flipped” and “Symmetric”.  

 

v)   Subjective information: A male tennis player with paraplegia who can 

control the thoracic cord section (T1 to T12). 



 

 

 

 


