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Abstract
As the apparel industry has been transforming through digital-driven technologies
in the apparel design process, the need for students to learn spatial visualization skills
specified within a three-dimensional virtual environment is critical. By applying an
apparel spatial visualization test into a virtual environment (ASVT-V), the purpose of
this study is to examine the three-dimensional visualization skills in a virtual prototype
environment of students who are majoring in apparel design and product develop‑
ment at the college level. The dataset was collected from 70 college students and
analyzed by adopting correlation and variance analysis (ANOVA). Results from an
online survey indicate that their ASVT-V scores were positively related to their general
spatial visualization skills measured by a paper folding test. The results also indicate
that students who received higher scores on the ASVT-V performed better in apparel
design-related courses, while there was no influence on their perceived performance
from the number of apparel design-related courses taken. This study provides practical
implications for professionals in apparel design and product development education
in that they can consider ASVT-V scores to understand and enhance domain-specific
spatial visualization skills.
Keywords: Apparel spatial visualization test (ASVT), Spatial ability, Virtual environment,
Paper-folding test, Perceived performance

Introduction
Spatial ability refers to an ability in understanding and reasoning the spatial relations
among objects (Kyllonen et al., 1984), which can be conceptualized with individual capabilities to mentally represent spatial relations in the transformation process of objects
(i.e., spatial visualization) and analyze three-dimensional (3D) objects in a mental rotation process (i.e., mental imagery). Spatial ability has been recognized as requisite for
apparel design related education as the design process consists of many stages that
require a great level of visual processing and spatial ability, such as sketching, draping,
sewing, and evaluating fit (Ahn & Workman, 2012). For example, from beginning stages
of the process, students use their spatial abilities to mentally imagine the drape of a garment on the body before they actually sketch a 2D garment illustration. Once a sketch is
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created, the students translate it into a 2D flat pattern or begin the process of translating
the 2D sketch using a 2D-to-3D draping process to create a garment prototype. Finally,
when the prototype is constructed, the garment is then analyzed for fit on a body form,
which can be done through mental visualization transitioning 2D to 3D garment and
mental rotation of the garment. Because the ability of transition from 2 to 3D objects
is applied to various phases of garment making process, it is a significant ability for students in the apparel design education. With a holistic spatial understanding toward 2D
flat pattern and 3D objects over multiple stages of apparel production, apparel design
education can be done effectively and successfully.
As translation of 2D to 3D objects is critical in the design process, adopting 3D computer-aided design (CAD) software programs have become an important part of the
design education (Papahristou & Bilalis, 2017). Through the use of 3D prototyping software, students can create and visualize their ideas through 3D simulation, which provides practical and realistic ways of understanding the garment making process. Indeed,
previous researchers discussed that adopting 3D virtual technology is positively related
with students’ spatial ability for applying 2D patterns into 3D garment fitting (e.g., Park
et al., 2011; Suh & Cho, 2020). Because the spatial ability requires the use of mental
imagery and spatial ability from a design concept to virtual fitting, the capability to mentally visualize the process plays a critical role within computer-aided design environment (János & Gyula, 2019; Papahristou & Bilalis, 2017). Further, the apparel industry’s
design and product development process continue to transition into a highly automated
and computer-aided industry (Papahristou & Bilalis, 2017). Therefore, the need to examine students’ spatial ability and its relation to domain-specific understanding toward 2D
patterns and 3D objects within virtual environment is critical in apparel design education. Currently, there is only one developed test to measure spatial abilities transiting 2D
patterns to 3D garments that is specific to apparel product development—the Apparel
Spatial Visualization Test (ASVT). ASVT was developed by Workman et al. (1999) and
measures the spatial visualization abilities specific to apparel design within a 2D environment format (i.e., paper test). Although ASVT is specific to the ability to mentally rotate
apparel design and follow the product development process, it does not examine these
spatial visualization or mental imagery skills in a 3D virtual environment. In fact, very
few studies have examined 3D prototyping software as an effective instructional tool in
apparel design and product development education. Park et al., (2011) investigated the
effectiveness of 3D prototyping technology as an instructional tool (i.e., OptiTex™) and
developed 3D simulation instruments for design education. While previous researchers
identified 3D simulation as an effective training method, the role of the students’ special ability in transitioning from 2 to 3D apparel designs within a virtual environment in
explaining the students’ perceived performance has not been identified.
As the embeddedness of 3D virtual prototyping software increases in the apparel fashion industry (Papahristou & Bilalis, 2017), the implementation and development of a 3D
CAD simulation in a spatial visualization test specific to apparel product (i.e., ASVT)
would be beneficial in understanding what factors can improve the students’ virtual
prototyping abilities and how instructors can better prepare students to increase their
performance. Therefore, through the ASVT applied into a virtual environment (ASVTV), this study is to examine the college students’ domain-specific spatial ability through
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its relation to general spatial abilities–spatial visualization and spatial mental imagery.
Another important purpose is to identify the role of domain-specific spatial ability (i.e.,
ASVT-V) in apparel design education through its effects on enhancing their performance in domain-specific courses. Findings from this study contributes to the enhancement of spatial ability related to 3D virtual prototyping in apparel design education. By
adopting 3D simulation technology into apparel design courses that requires domainspecific spatial ability (e.g., apparel design and production, or technical design), professionals in the field of education can provide enhanced learning opportunities to students
majoring in apparel design and product development.

Literature review
Spatial ability

Spatial ability is a complex, multifaceted concept that many researchers have worked to
decode (Kyllonen et al., 1984). Previous researchers have identified the factors that constitute spatial ability (Kyllonen et al., 1984; Sorby, 1999). For example, early researchers characterized spatial ability as a human’s cognitive ability to visually perceive shapes,
positions, and forms when mentally rotated or manipulated (Kyllonen et al., 1984).
Researchers have also described it as an innate ability to visualize that is partially linked
to general intelligence (Sorby, 1999). More recently, spatial ability has been identified
as an individual ability, comprised of multiple skills used to navigate the visual field by
transforming or manipulating 2D or 3D objects (Suh & Cho, 2020).
With its convoluted nature, spatial ability is thought to be a fundamental cognitive skill
for the creative process and execution of design (Williams & Sutton, 2011). Moreover,
researchers suggest the importance of cognitive spatial abilities in Science, Technology, Engineering, Arts, and Mathematics (STEAM)-related professions because of the
need to form nonvisible concepts into visible ideas (Suh & Cho, 2020). STEAM-related
fields specific to product design and creativity use different spatial components—e.g.,
spatial visualization and mental rotation—that are integral to design performance (Suh
& Cho, 2020). Through the improvement of spatial ability skills, important design performance skills such as creativity can be improved in education (Cho, 2017). In a similar
vein, researchers suggested that the lack of spatial ability can result in poor spatial design
performance (Liao, 2017). This indicates that those who lack the ability or experience in
spatial activities or abilities may encounter difficulties in learning or performing spatial
ability-centered tasks.
Spatial ability is a key factor in creative design performance in 2D and 3D design applications (Gitimu & Workman, 2007; Suh & Cho, 2020). Thus, researchers have found a
relationship between spatial abilities and design ability (Suh & Cho, 2020). Numerous
researchers suggest that through training, spatial abilities can be enhanced using assessment tools that challenge spatial activities (Linn & Petersen, 1985). Linn and Petersen
(1985) compared spatial abilities in participants who completed spatial training and participants who had no formal training. Results from this study confirmed the notion that
prior training can enhance spatial abilities (Linn & Petersen, 1985). Another study found
that the level of spatial abilities differs among individuals (Gitimu & Workman, 2007).
These individual differences are integral in understanding spatial ability and its complexity. Differences in abilities consist of how a person evaluates, perceives, understands,
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and solves problems in the spatial environment (Gitimu & Workman, 2007). Moreover,
spatial experiences influence an individual’s ability to process and create during spatial
activities (Khoza & Workman, 2008). Researchers have also identified various spatial
ability tools that can be used to measure the sub-dimensions of spatial ability such as
spatial visualization and mental rotation (Dere & Kalelioglu, 2020; Hoffler, 2010; Lin &
Chen, 2016; Lohman, 1979) .
Sub‑dimensions of spatial ability

Spatial ability encompasses numerous subconstructs that vary in skills and components.
According to Suh and Cho (2020), the concept of spatial ability and its sub-constructs
varies in definition. Other researchers have mainly identified two sub-dimensions that
are closely associated with assessment tools related to 3D objects. These two are an
individual’s ability to mentally visualize the object (i.e., spatial visualization) and rotate
it (i.e., spatial mental imagery) (Dere & Kalelioglu, 2020; Hoffler, 2010; Lin & Chen,
2016; Linn & Petersen, 1985; Lohman, 1979).
Spatial visualization

This skill is considered one of the most important sub-dimensions of spatial abilities.
Possessing this skill is critical to a wide range of design-centered professions and STEAM
education (Williams & Sutton, 2011; Suh & Cho, 2020). This is because spatial visualization skills have an impact on STEAM education achievement and performance (Buckley et al., 2018). Spatial visualization was identified as a process of imaging movement
and transformation of the object, and its visuals according to changes in the objects (i.e.,
twisting or folding the object) (McGee, 1979). During the process of spatial visualization, people process complex spatial information about objects including whether they
are folded and/or transposed (French et al., 1963). Researchers have identified spatial
visualization as a multifaceted ability to mentally manipulate a spatial configuration and
create a representation of the configuration from a new perspective (Suh & Cho, 2020).
Furthermore, researchers have uncovered a relationship between spatial visualization
and obtaining information to understand the development of 3D images (Gobert, 1999).
Pervious researchers suggest spatial visualization acts as a bridge from the conceptualization stage of design to the transformation of design concepts into sketches (Linn
& Petersen, 1985). Spatial visualization abilities have been examined using the Paper
Folding Test (PFT) (French et al., 1963; Olkun, 2003). French et al. (1963) applied the
paper folding process to examine how people imagine the spatial visualization process
involved with folding and unfolding of a piece of paper. Later, the PFT was created by
Ekstrom et al. (1976), where it consists of mentally visualizing the outcome of folding
and unfolding a configuration after a hole has been punched. Researchers created this
test to measure participants’ varying aptitudes of spatial visualization skills. Previous
researchers showed the PFT identifies how people solve problems when presented with
visual information (Burte et al., 2019), where they determined that the PFT does not
assess individual differences in spatial abilities (Burte et al., 2019). Although limitation
of PFT lies on that the measurement is based on the mental process of 2D objects (i.e.,
punching and folding a piece of paper) (e.g., Lin and Chen, 2016), lots of previous studies focusing on apparel design education adopted the PFT to measure students’ spatial
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visualization ability (Ahn and Workman, 2012; Workman and Caldwell, 2007; Workman
and Lee, 2004). This shows that the spatial visualization ability to transpose 2D patterns
into different formation is particularly important for a garment making process (Ahn
and Workman, 2012; Workman and Caldwell, 2007; Workman and Lee, 2004).
Spatial mental imagery

This imagery is the ability to “see with the mind’s eye” when seeing an object or scene
mentally rotated (Wimmer et al., 2015). Compared to spatial visualization focusing on
complex information related to changes of objects’ form (i.e., folding), spatial mental
imagery is identified as an ability to engage rapidly and accurately in analyzing a pair of
stimuli in a mental rotation process (Ekstrom et al., 1976). Lin and Chen (2016) identified the difference between special visualization and spatial mental imagery, and they
mentioned that the focus of the mental imagery is on the individual ability to rotate
objects to manipulate its position and angle within 3D environment. Other researchers found that this skill involves mental manipulation of an object and its relationship
to other parts of the object (Compos, 2009; Pellegrino et al., 1984; Peters et al., 1995).
To measure spatial mental imagery, Campos (2009) developed a test based on the visualization aspect of mental imagery—the Measure of the Ability to Form Spatial Mental
Imagery (MASMI). This test involves the unfolding a cube with different signs on each
side and the participant has to mentally rotate the cube and visualize it together (Campos, 2009). Spatial mental imagery is said to be one of the most often measured with
another sub-dimension of spatial ability—spatial visualization (Hoffler, 2010). In a study
attempting to identify commonalities and differences among sub-dimensions of spatial
ability, Miyake et al. (2001) established a correlation between spatial visualization and
spatial mental imagery. Both require a certain level of spatial memory such as the ability to imagine an object and store the information temporarily for its new arrangement
(Hoffler, 2010; Miyake et al., 2001).
Apparel design spatial ability (ASVT) and applications in a virtual environment (ASVT‑V)

The ASVT developed by Workman et al. (1999) measures spatial visualization ability
in transforming 2D garments into a 3D format. The spatial visualization measured by
ASVT is a domain-specific ability for students majoring in apparel design and product
development (Workman et al., 1999). Previous researchers have analyzed the effects of
educational training on the ASVT scores and identified the relationships of domain-specific spatial ability and general spatial ability (Table 1). Through the development of the
test specific to measuring apparel design spatial abilities, Workman et al., (1999) found
that this test can be implemented as a method of training participants in improving their
spatial abilities. Workman and Lee (2004) examined how culture and training effects an
individual’s spatial performance of tasks by using two different measurements: ASVT
and the PFT. They found that individuals are influenced by the environmental factors
that surround them (e.g., educational training) (Workman & Lee, 2004). They discovered that when students received training in classes, their scores improved on both tests
(Workman & Lee, 2004). Based on this discovery, Khoza & Workman (2008) examined
the effect of an individual’s environmental factors in relation to learning style and spatial performance. For this study, the ASVT was used to examine the relation among
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Develop and critically evaluate instruments to assess estimation
and measurement skills for students in apparel design education

Evaluate the 3D simulation technology as an innovative instruc‑
tional tool in apparel design education

Identify the spatial visualization ability among apparel design
students

Ahn
& Workman (2010)

Park et
al. (2011)

Kamis et al. (2015)

ASVT
Use of strategy questionnaire

3D simulation developed

Estimate of linear measurements of full-scale lines

Various combinations of strategies are effective to answer each ques‑
tion in ASVT

3D simulation technology has a potential as an efficient instructional
tool for improving student’s visualization skills

Training provided in apparel design classes improve students’ spatial
skills

Professionals use spatial visualization skills for 47% of the time at work
and considered these skills very important to their jobs

Examine spatial visualization skills and leisure activities of apparel
industry professionals

Ahn & Workman (2012)

PFT
ASVT

Preferred perceptual learning style is affected by culture, training, and
culture of participants

ASVT
Perceptual modality preference survey

Examine the effects of culture and training on preferred perceptual
learning style
and performance of spatial tasks in apparel design

Gitimu & Workman
(2008)

Khoza
& Workman
(2008)

Examine the effects of indirect training provided by apparel design
and product development courses on spatial visualization skills

Workman & Caldwell
(2007)

Individuals use multiple strategies to accomplish most cognitive tasks

Different individuals use different strategies to solve the same spatial
cognitive task

ASVT

Provide understanding of individual differences in processing of
spatial information

Gitimu &
Workman
(2007)

There is a significant difference in performance on the ASVT between
students with more training and those with less training in apparel
design

ASVT
Use of strategy questionnaire

ASVT
Strategical information processing style

Provide understanding of individual differences in processing of
spatial information

Gitimu et al. (2005)

Students improve significantly on both the PFT and
ASVT as a result of training received in their classes

Identify, categorize, and verify strategies that students use to solve
items on the
ASVT

ASVT
Paper folding test (PFT)

Examine the effects of culture and training on performance of spa‑
tial tasks by using ASVT and PFT to students from two cultures

Workman
& Lee
(2004)

Spatial visualization abilities are related to level of training and the
ASVT scores

Results support the viability of indirect training provided in courses to
improve spatial visualization skills

ASVT
Surface development test

Determine if ASVT is correlated with general spatial visualization
ability and the level of training

Workman
& Zhang
(1999)

The ASVT measures spatial skills specific to apparel design and
product development – not significantly correlate with the differential
aptitude test

Key results

ASVT
PFT

Apparel Spatial visualization test (ASVT)
Differential aptitude test – space relations

Develop a test that measures spatial skills relative to product devel‑
opment and apparel design

Workman et al. (1999)

Measures

Purpose

Author

Table 1 Previous studies: domain-specific spatial ability in apparel design education
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participants’ spatial tasks and learning styles (e.g., visual, auditory, or reading/writing
modes). They found that students in upper-level apparel design courses showed higher
scores on ASVT, and there was a cultural difference on their learning styles (i.e., United
States vs. Swazi students).
When examining training, Workman and Caldwell (2007) found that there was a significant improvement in spatial visualization abilities among students who received
training. This study used a student-led learning process whereby the students were
actively engaged in the learning process of using critical thinking and problem solving (i.e., indirect training). By investigating information processing on apparel-related
spatial performance using the measures of ASVT and the strategical information processing style, Gitimu et al. (2005) found that students’ performance was influenced by
hands-on educational training and not the strategic information process style. Gitimu
and Workman (2007) also indicated that the students’ strategy choices determined their
performance on the ASVT. They found that individual students used difference strategies to solve problems related to spatial tasks (ASVT). Later, Ahn and Workman (2012)
developed a spatial skill measurement (i.e., Estimate of Linear Measurements of FullScale Lines) to examine whether full-scale garments developed from students can be
improved through educational training and estimated through the measurement. They
found that training provided in apparel design classes contributed to spatial skills necessary for them to make full-size garments.
Further, a few researchers identified the role of spatial ability in apparel studies. For
example, Park et al. (2011) conducted an analysis to explore 3D simulation technology as
an effective tool for enhancing participants’ spatial visualization skills. This study examined apparel design and product development college majors with various experience
levels and spatial abilities. Using three different instructional methods (i.e., 3D simulation, conventional lectures, and patternmaking practices), the results showed that students’ abilities to mentally visualize the flat pattern on a body were greatly improved
(Park et al., 2011). Results also indicated the effectiveness of 3D technology as a tool for
improving students’ spatial abilities when combined with traditional lecture and patterning-making practices. They suggest that students’ spatial ability in visualizing flat patterns into rendering processes over virtual body models can be improved by adopting
3D simulation technology. Even though this study did not measure ASVT scores, the
results suggest that apparel-specific spatial ability can be applied to a virtual environment. In addition, 3D simulation technology has been identified as an effective tool for
college students majoring in design programs (Park et al., 2011; Suh & Cho, 2020); however, previously adopted ASVT scores were measured within a 2D format (i.e., a paper
form). As students majoring in apparel design and product development have attended
courses incorporating 3D visualization and/or simulation technologies, the ASVT might
not fully uncover the domain-specific spatial ability for these students. Thus, this study
applies the ASVT in a virtual environment (i.e., ASVT–V) and examines how it performs in measuring domain-specific spatial ability for the discipline of apparel design
and product development.
As discussed above, previous literature in the field of apparel design education
reported a positive relationship between ASVT scores and general senses of special ability (Workman et al., 1999; Workman & Lee, 2004; Park et al., 2011). Regarding a special
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ability in transforming 2D to 3D, previous scholars have suggested that domain-specific
spatial ability, such as spatial visualization from 2 to 3D interior design, is positively
correlated with general spatial ability that consists of mental rotation and spatial visualization (Suh & Cho, 2020). Therefore, we hypothesized that domain-specific ASVT-V
scores for apparel design and product development will be positively related with students’ spatial visualization and mental imagery scores.
H1: General spatial ability—the spatial visualization and mental imagery scores—will
be positively related with ASVT-V scores.
Influence of education on domain‑specific special ability (ASVT‑V) and performance

In this study, we suggest that education in apparel design courses that require spatial
ability positively influences domain-specific spatial ability (i.e., ASVT-V scores), which
eventually increases students’ performance in their courses. Domain-specific spatial
skills are integral in the ability to mentally picture 3D shapes (Martin-Gutiérrez et al.,
2010). These skills are examined in various fields of education, such as interior design,
product design, engineering, and apparel design (Chang, 2014; Martin-Dorta et al.,
2008).
Overall, previous literature indicates that spatial skills are a key factor in creative performance and conceptual design, and they can be developed through education (Chang,
2014; János & Gyula, 2019; Onyancha et al., 2009). For example, Chang (2014) discovered
a positive effect on creativity and spatial comprehension when using CAD software in
a product design course (i.e., designing a chair). Results from this study indicated that
courses utilizing CAD are effective not only for greatly increasing spatial skills but also
for students’ performance in these courses (Chang, 2014). Martín-Dorta et al. (2008)
examined spatial ability specific to the field of engineering where the development of
spatial skills is directly linked to the success of professional work and academic performance (e.g., Martin-Gutiérrez et al., 2010). The researchers developed a remedial course
to improve engineering students’ spatial abilities using 3D CAD modeling (Martín-Dorta
et al., 2008). Results indicated that a remedial course proved effective in students improving and gaining spatial ability skills, which consequently improved their performance in
the course. Continuing to measure engineering students’ spatial skills, János and Gyula
(2019) examined students’ learning and understandings of 3D technology and their spatial capability. The researchers developed a 3D CAD course measuring students’ abilities
at the beginning of the semester and again at the end (János & Gyula, 2019). Similar to
previous studies, results suggested that 3D CAD courses improve the spatial skills of students. Results also suggest that CAD modeling activities bridge a gap for students who
have poor spatial ability skills (Dere & Kalelioglu, 2020; János & Gyula, 2019). In addition,
adopting a Conceive Design Implement and Operate (CDIO) teaching strategy, Haung
and Lin (2017) explored how 3D modeling courses impact the spatial ability skills of college students in non-design related departments. CDIO integrated with 3D modeling
technologies combines both thinking and practice. This study investigated differences
among learners and the improvement of various spatial ability subdimensions by combining both CDIO and 3D modeling technology and materials (Haung & Lin, 2017). In this
study, students were tasked with the challenge of developing a product concept, completing a 3D modeling, and producing a final product (Haung & Lin, 2017). Results indicated
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that 3D modeling technologies integrated with CDIO resulted in students developing and
improving their sub-dimensional skills of spatial ability and performance in the class (i.e.,
learning outcomes; Haung & Lin, 2017). Moreover, spatial ability is a necessary cognitive
ability for apparel design and product development (Workman & Lee, 2004). Previous
scholars supported that taking domain-specific education (e.g., Design CAD classes) is
efficient in improving students’ visualization skills and overall class performance (Park
et al., 2011). Those scholarly efforts indicate that domain-specific education can improve
specific spatial ability required in the field, and consequently increase students’ performance in the course. In the apparel design and product development education, previous research indicated that training led to improvements in spatial visualization ability
(Khoza & Workman, 2008; Workman & Lee, 2004). As ASVT has contributed to the
understanding of how to improve spatial availability and class performance for students
majoring apparel design and product development programs (Gitimu et al., 2005; Linn
& Petersen, 1985; Toomey & Heo, 2019), we suggest that taking domain-specific courses
(i.e., major-related courses) would improve scores from ASVT-V and students’ overall
performance in those courses. Therefore, following hypotheses were suggested.
H2: When students take more apparel design and product development courses, their
ASVT-V scores will increase.
H3: When students have higher ASVT-V scores, they will perceive a greater performance in
apparel design and product development courses.
Effect of domain‑specific special ability on student performance

Lastly, we suggest that when apparel design major students take more domain-specific
courses, they can increase their performance in those courses. Onyancha et al. (2009) suggest that targeted training can be an effective way for improving spatial abilities. For example,
mechanical engineering students who enrolled in an entry-level CAD course were divided
into three groups based on their spatial ability level (e.g., Low group, Intermediate group, and
High group) (Onyancha et al., 2009). Students in the low group received target training, students in the intermediate group (experimental group) were offered training but did not have
to opt in, and students in the high group (control group) did not receive any training (Onyancha et al., 2009). Results from this study indicated that students who received targeted training
enhanced their performance in the class with their improved spatial ability skills, while students with non-training did not improve their performance (Onyancha et al., 2009).
Similar to apparel design and product development, interior design is another field where
spatial ability skills are essential. Interior design involves the use of 2D and 3D drawing formats, including planning, elevation, and physical models (Suh & Cho, 2020). Adopting general spatial ability tests and the domain-specific measurement (i.e., Architecture and Interior
design domain-specific Spatial Ability Test), they examined student proficiency in 2D-to3D visualization. Importantly, they found that the domain-specific education consequently
improved students’ performance in design courses (Suh & Cho, 2020). Therefore, we suggest
that when apparel design major students take more major-related courses, they will perceive a
greater performance in the courses they took. Thus, the following hypothesis is suggested. All
hypotheses are presented in Fig. 1.
H4: When students take more apparel design and product development courses, they
will perceive a greater performance in those courses.
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Fig. 1 Conceptual model (ASVT-V: Apparel Spatial Visualization Test applied to Virtual environment)

Methodology
Stimulus development: applying ASVT into virtual environment (ASVT‑V)

To develop ASVT-V, we adopted the original ASVT and transformed it into virtual
environment. The ASVT developed by Workman et al., (1999) measures spatial abilities
specific to apparel design and product development. It consists of 20 sets of flat pattern pieces that may be constructed into a garment (Workman et al., 1999, Fig. 2). Each
question consists of one flat pattern piece and five garment sketches. The test requires
a participant to determine the correct garment outcome made from a flat pattern piece
(Workman et al., 1999). In the current study, by utilizing CLO 3D, a 3D fashion design
software, we created virtual garment visualizations, and all sets of ASVT questions were
applied to the virtual environment (Fig. 3). ASVT-V questions maintained same patterns
and garments that the original ASVT has. In the ASVT–V format, for each question,
participants can see five videos of 3D garment outcomes, where they can manipulate the
video, by pausing, going forward, or backwards in order to see how the garment appears
in all areas of the body (i.e., front, side, and back) within the virtual environment (Fig. 3).
The inter-rater reliability coefficient (Olson et al., 2003) was conducted by two experienced professionals, and the developed measurement was confirmed its reliability and
consistent when comparing the original ASVT questions (W = 0.90; Kendall’s coefficient
of concordance).
Measurements

To test the participants’ general spatial ability, we adopted PFT (Fig. 4; Ekstrom et al.,
1976; Burton & Fogarty, 2003; Cronbach’s α = 0.85) and MASMI test (Fig. 5; Campos,
2009). The PFT, created by Ekstrom et al. (1976), measures capability of visualizing
outcomes of an unfolded configuration after punching holes on folded layouts (i.e.,
spatial visualization). We adopted the PFT because previous scholars in the field of
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Fig. 2 Example of Apparel Spatial Visualization Test (ASVT). This is one of questions of ASVT. Participants are
required to choose a garment image from multiple options (from A to E) that correspond the pattern pieces
in the left side

Fig. 3 Example of Apparel Spatial Visualization Test applied to Virtual environment (ASVT-V). This is one of
questions of ASVT-V. Participants are required to choose a 3D garment from multiple options (from A to E)
that correspond the same pattern pieces presented in Fig. 2

Fig. 4 Example of spatial visualization test: Paper Folding Test (PFT). This is one of questions of PFT.
Participants are required to choose an image from multiple options (from A to E) that correspond to the
folding pieces in the left side

apparel design education identified its effectiveness as an assessment for complex spatial maneuvers performed mentally among students (Ahn & Workman, 2012; Workman & Caldwell, 2007; Workman & Lee, 2004). In addition, the MASMI test is based
on the visualization aspect of mental imagery (i.e., spatial mental imagery). This test
requires participants to mentally visualize a cube (3D object) being folded together
while by looking at an unfolded cube with different signs on each side (Cronbach’s
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Fig. 5 Example of spatial mental imagery test: Measure of the Ability to form Spatial Mental Imagery
(MASMI). This is one of questions of MASMI. Participants are required to choose a cube image from multiple
options (from A to D) that correspond to the right and left side of the cube

α = 0.93; Campos, 2009). Previous scholars suggested that the MASMI can be an
effective tool to measure virtual visualization processes in the domain-specific field
related to designing and creating 3D objects (Kozhevnikov et al., 2013; Pérez-Fabello
et al., 2018). Further, the survey also included questions about apparel design courses
taken and perceived performance on those courses. Demographics questions were
asked (i.e., current grade level, overall grade, gender, and age).

Data collection procedure

This research utilized the online survey developed from Qualtrics. Data collection was
conducted at the university located in the Midwest region of the United States. Target
participants are college students majoring the apparel design and product development
program in the university. After approval from the Institutional Review Board (i.e., IRB
ID: 260270), participants were recruited online (i.e., email and social media site) and
participated in the study from May 3 to May 17, 2021. They were all college students in
the apparel design and product development discipline at the university. Freshmen students identified that they are interested in majoring the discipline. After deleting incomplete data, responses were collected from a total of 70 participants (Table 2). About 43
participants (61.4%) were female, while 27 (38.6%) identified as male. The ages of the students ranged from 19 to 29 with the majority reporting that they are 19 (n = 31) and 20
(n = 12) years of age. Approximately 44.3% of the participants were first-year students,
15.7% were second-year, 7.1% were third-year, and 32.9% were fourth-year. With regards
to academic backgrounds of participants, approximately 54% of the students’ GPA
ranged from 3.4 to 3.8 on a 4.0 scale. They all took courses related to the major of fashion
design and product development. Courses are ranged from lower-level classes (i.e., providing background knowledge about apparel production and industry) to mid-level or
upper-level classes that incorporated visualization and 3D stylization technologies (i.e.,
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Table 2 Demographic and academic background
Variables

Frequency

Percentage

Gender
Male

27

38.6

Female

43

61.4

Birth year
1995

1

1.4

1998

11

15.7
18.6

1999

13

2000

2

2.9

2001

12

17.1

2002

31

44.3

Grade level
Freshman

31

44.3

Sophomore

11

15.7

Junior

5

7.1

Senior

23

32.9

Number of courses taken
 1*

13

18.6

1,2*

5

7.1

1,2,3*

6

8.6

18

25.7

1,2,3,4*
1,2,3,4,5*,6*

1

1.4

1,2,3,4,5,6,7*

13

18.6

2

2.8

1,2,3,4,5,6,7,8*
Experience
Apparel industry experience

28

40.0

Other

42

60.0

*

1 = CN (Course Number) 1200, Apparel Design and Production; 2 = CN 2280 Apparel Production; 3 = CN 2380 Integrated
Apparel Design and Production I; 4 = CN 2480 Apparel and Textile Presentation; 5 = CN 2580 Digital Textile and Apparel
Applications; 6 = CN 3380 Integrated Apparel Design and Production II; 7 = CN 3400 Technical Design; 8 = CN 4480
Creativity and Problem Solving; 9 = CN 4980 Apparel Production Management. CN 1000–2000 refers to lower-division
courses while CN 3000–4000 refers to upper division courses providing in-depth study related to the major

Photoshop, Illustrator, CAD, 3D simulation video, 3D patterns making, OptiTex, CLO
3D). About 60% of participants mentioned that they took at least one to four courses,
with 40% indicated that they took at least six or more courses.

Results
Correlation results: H1

To test H1, we used Pearson’s r to test for the correlation among the variables (Table 3).
Alpha at 0.01 was used to determine the significance for all statistical analyses. We found
a positive correlation between the scores of the PFT and MASMI test: r (68) = 0.348,
p < 0.01. We also found that there was a positive relationship between the paper folding test and ASVT-V scores: r (68) = 0.735, p < 0.01. However, there was no significant
correlation between the MASTI and ASVT-V scores. Consequently, H1 was partially
accepted.
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Table 3 Correlation among scores of general spatial ability tests and VSTV-V (H1)
1.PFT

2.MASMI

3.VSVT-V

1. Paper Folding Test (PFT)

–

2. Measure of the Ability to Form Spatial
Mental Imagery (MASMI)

.35**

–

3. Apparel spatial visualization test applied
to virtual environment (ASVT-V)

.74**

.19

–

M

7.33

6.51

13.59

SD

2.30

1.92

4.37

PFT scores are out of 10 points (M = 7.33, SD = 2.30); MASMI scores are out of 10 points (M = 6.51 SD = 2.53); ASVT-V scores
are out of 20 points (M = 13.59, SD = 4.03); p** < .01

Table 4 Number of apparel design and product development courses taken: three groups
Variable

Frequency

Percent

SD

Std. error

1–2 classes (lower-level)

18

25.7

4.26

1.00

3–6 classes (mid-level)

25

35.7

2.45

.490

7–9 classes (upper-level)

27

38.6

5.02

.967

Low-level classes includes CN 1200 Apparel Design and Production and CN 2280 Apparel Production; Mid-level classes
additionally includes CN 2380 Integrated Apparel Integrated Apparel Design and Production I, CN 2480 Apparel and Textile
Presentation, CN 2580 Digital Textile and Apparel Applications, CN 3380 Integrated Apparel Design and Production II; Highlevel courses additionally include CN 3400 Technical Design, CN 4480 Creativity and Problem Solving, and CN 4980 Apparel
Production Management

Effects of the number of courses taken on ASVT–V scores: H2

To test H2, we created three groups according to the different numbers of courses taken
by adopting the median split method (Table 4). A median split is used to turn a continuous variable into a categorical one by splitting the variables into equal groups (DeCoster
et al., 2011). Participants in the first group (25.7%) have taken one or two courses. The
second group (35.7%) have taken three to six courses. Participants in the third group
(38.6%) have taken seven to nine courses. Students in the first group (i.e., 1–2 classes)
took courses that have a course number (CN) of 1200 and 2280, which indicates that students in this group only took lower-level courses that provide fundamental knowledge
about apparel design and production. Students in the second group (i.e., 3–6 classes)
took courses that have a course number ranged from 1200 to 3380, which shows that
participants in the second group took up to mid-level courses. Lastly, student in the
third group (i.e., 7–9 classes) took all courses that have a course number ranged from
1200 to 4980, which indicates that students in this group took all ranges of classes to
upper-level courses about apparel design and production. Course number information is
presented in Table 4.
Further, ANOVA analysis was conducted. Results showed the effect of the number of
apparel design and product development course taken on ASVT–V scores was significant: F (2, 69) 6.091, p = 0.004 (Table 5). Further, to test differences in mean score of
ASVT–V scores across three groups, a multiple comparison was conducted (Table 6).
Results show that students who took seven to nine courses perceived significantly
greater ASVT-V scores compared to students who only took lower-level courses (i.e.,
one to two classes) and those who took classes up to the mid-level courses (i.e., three to
six classes). This means that the more courses a participant has taken (i.e., 7–9 courses),
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Table 5 ANOVA results (H2)
Variable

Sum of squares

Between groups

df

Mean square

F

Sig

6.091**

.004

201.43

2

100.72

Within groups

1107.94

67

16.54

Total

1309.38

69

p** < .01

Table 6 Mean difference of ASVT-V scores across three groups (H2)
Three groups

Mean
difference (I-J)

Std. error

(I) Group

(J) Group

1–2 classes
(Lower-level)

3–6 classes
(Mid-level)

− .55

1.26

7–9 classes
(Upper-level)

− 3.78**

1–2 classes
(Lower-level)

3–6 classes
(Mid-level)

7–9 classes
(Upper-level)

Sig

95% CI
Lower

Upper

.900

− 3.56

2.46

1.24

.009

− 6.74

− .81

.55

1.26

.900

− 2.46

3.56

7–9 classes
(Upper-level)

− 3.23*

1.13

.015

− 5.93

− .52

1–2 classes
(Lower-level)

3.78**

1.24

.009

.81

6.74

3–6 classes
(Mid-level)

3.23*

1.13

.015

.52

5.93

p* < .05, p** < .01

the higher ASVT–V results the student achieved compared to students who took one
or two course (β = 3.778, p < 0.01, 95% CI [0.81 6.74]) or three to six courses (β = 3.227,
p < 0.05, 95% CI [0.52 5.93]). Therefore, H2 was accepted.

Table 7 ASVT-V scores: three groups
Variable

Frequency

Percent

Valid percent

Cumulative
percent

Low ASVT-V

24

34.3

34.3

34.3

Mid ASVT-V

19

27.1

27.1

61.4

High ASVT-V

27

38.6

28.6

100.0

Effects of ASVT–V scores on performance in courses: H3

Using a median split, the scores of the ASVT–V were split into three separate groups
(Table 7). The first group (n = 24, 34.3%) scored low on ASVT–V. Participants in the second group (n = 19, 27.1%) had scores in the mid-range. The third group (n = 27, 38.6%)
had high scores on the ASVT–V.
To test H3, an ANOVA analysis was conducted. The results indicated that there was a
significant difference in perceived performance across three groups of ASVT-V scores:
F (2, 36) = 10.411, p = 0.000 (Table 8). To test differences in mean scores of those three
groups, multiple comparison was conducted (Table 9). The results indicate that there is a
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Table 8 ANOVA results (H3)
Variable
Between groups

Sum of squares

df

Mean square

F

Sig

10.41***

.000

94.40

2

47.20

Within groups

163.20

36

4.50

Total

257.69

38

p*** < .001

Table 9 Mean difference of ASVT-V Scores and performance in product development courses (H3)
Three groups
(I) Group
Low ASVT-V
Mid ASVT-V

(J) Group

Std. error

Sig

95% CI
Lower

Mid ASVT-V

.89

1.08

.690

− 2.88**

.73

.001

1.08

.690

− 3.77**

1.08

.004

2.88**

.73

.001

3.78**

1.08

.004

1.13

6.42

df

Mean square

F

Sig

2.22

.123

Low ASVT-V
Low ASVT-V
Mid ASVT-V

− 8.94

− 1.75

Upper

High ASVT-V
High ASVT-V
High ASVT-V

Mean
difference (I-J)

3.54

− 4.67

− 1.10

− 6.42

− 1.13

− 3.45

1.10

1.75

4.67

**

p < .01

Table 10 ANOVA results (H4)
Variable
Between groups

Sum of Squares
28.30

2

14.15

Within groups

229.29

36

6.37

Total

257.69

38

significant difference in the performance across three groups according to their ASVT-V
scores. This indicates that the group with high ASVT scores indicated greater performance in apparel design related courses than the group that had low (β = 2.882, p < 0.01,
95% CI [1.10 4.67]) and mid (β = 3.776, p < 0.01, 95% CI [1.13 6.42]) ASVT scores. Thus,
H3 was accepted.
Effects of the number of courses taken on performance in courses: H4

Similar to H2, to test H4, an ANOVA analysis was conducted. Results showed there
were no significant differences in perceived performance in courses according to the
numbers of courses taken: F (2, 36) = 2.222, p = 0.123 (Table 10). Multiple comparisons revealed that there was not a significant difference along with the ANOVA result
(Table 11). Thus, H4 was rejected.

Discussion
The future of apparel design education continues to change as technology rapidly
reshapes the fashion and apparel industry. As technology continues to infiltrate the
design atmosphere, understanding how spatial ability plays a role in design visualization is important. By applying the ASVT–V using the design software CLO 3D, the
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Table 11 Mean difference of number of courses taken and perceived performance (H4)
Three groups

Mean
difference (I-J)

Std. error

(I) Group

(J) Group

1–2 classes
(Lower-level)

3–6 classes
(Mid-level)

− 2.03

1.89

7–9 classes
(Upper-level)

1.68

1–2 classes
(Lower-level)

3–6 classes
(Mid-level)

7–9 classes
(Upper-level)

Sig

95% CI
Lower

Upper

.535

− 6.64

2.58

.89

.123

− 3.71

.36

2.03

1.89

.535

− 2.58

6.64

7–9 classes
(Upper-level)

.350

1.87

.981

− 4.22

4.92

1–2 classes
(Lower-level)

1.68

.83

.123

− .36

3.71

3–6 classes
(Mid-level)

− .35

1.87

.981

− 4.92

4.22

purpose of this study is to understand the spatial ability of current college students.
By examining the visualization skills and mental imagery in a virtual prototyping, this
research sought to understand the importance of improving domain-specific spatial
ability skills that can be measured by ASVT-V. It also sought to examine how the
spatial ability could influence students’ performances in apparel design and product
development courses.
In this study, results show that the more courses the students took, the higher their
ASVT–V scores. This indicates that students with more knowledge and experience
about creating and developing garments were able to transform 2D patterns (i.e., pattern
blocks) into correct 3D garment outcomes within virtual environment. We found that
when students took more than six courses (i.e., up to upper-level classes), their ASVT-V
scores were greater than those of students who took less courses (i.e., lower-level or midlevel classes). Lower-level courses include Apparel Design Production (CN 1200) and
Apparel Production (CN 2280) that are introductory courses about design techniques,
garment assembly operation, and swan products industry technologies. Mid-level
courses include Integrated Apparel Design and Production I/II (CN 2380, CN 3380),
Apparel and Textile Presentation (CN 2480), and Digital Textile and Apparel Application (CN 2580). Students who took those mid-level classes were introduced 2D-to-3D
design software such as Optitex and CLO 3D, where they learned those software programs but, did not utilize the program for making a garment. Also, another course (CN
2480) is incorporated with image creating and editing software such as Photoshop and
Illustrator. Upper-level courses additionally include Technical Design (CN 3400), Creative and Problem Solving (CN 4980), and Apparel Production Management (CN 4980).
Importantly, students in the Technical Design were involved in project-based learning
by adopting various 3D simulation software such as Optitex, CLO 3D, and Sketch. Other
two classes also provide lab-based experiential learning through projects and exhibitions by creating apparel objects. This shows that when students have more experience in apparel design and product development and 3D simulation technologies (i.e.,
upper-level courses), they have more spatial ability than those students who do have less
experience. Although the relationship between domain-specific courses and visualization ability was identified by earlier researchers (i.e., Workman & Lee, 2004), by applying
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ASVT to virtual environment (i.e., ASVT-V), our results expand the earlier findings into
the current and upcoming fashion industry transformation into digital areas. In addition, we found that ASVT–V scores are significantly related to scores achieved from the
paper folding test (i.e., PFT), while there was no relationship with the mental rotation
test (i.e., MASMI). To be specific, even though paper folding test scores were associated
with spatial metal imagery scores, the spatial mental imagery scores were not related
to the ASVT-V scores. As there was a relationship between ASVT-V and general visualization scores (i.e., PFT scroes), the validation of ASVT-V was maintained. Also, no
correlation between ASVT-V and MASMI might be because that, in our assessment of
ASVT-V, the 3D models were automatically rotated within each video clip. Although
participants could pause the video and adjust the speed of the rotation, this might not
fully explain participants’ mental rotation process that is defined as a core part of mental
imagery ability (Ekstrom et al., 1976). This can result a weak relation between ASVT-V
scores and mental imagery scores in our study’s context.
Lastly, we suggest that the use of 3D simulation technology will become increasingly important in apparel design and product development education and industry.
The successful adoption of 3D simulation technology and students’ performances can
be assessed from ASVT-V. Importantly, we found that the number of apparel design
and product development courses taken did not explain perceived performance, while
ASVT–V scores could explain their performance. Given the finding that ASVT–V scores
can be positively enhanced from apparel design and product development courses taken,
this shows the critical role of ASVT–V scores between the domain-specific education
and student performance. So, when the courses help students to enhance their domainspecific or major-related spatial ability, this eventually increases students’ performance
in their courses. This finding is in line with the previous studies results. Dere and Kalelioglu (2020) investigated the spatial abilities of students using a web-based 3D design
environment. They tried to understand what contributions could increase students’
creative ability of 3D design (Dere & Kalelioglu, 2020). Their results indicated that education (e.g., related courses taken) improved both the students’ ability to mentally visualize and manipulate spatial objects. Although our findings’ direction is similar with the
previous study, our results are meaningful as we apply a domain-specific spatial ability
for students who majored in apparel design and product development, which ultimately
suggests the importance of education within 3D virtual environment in increasing spatial ability and students’ performance in courses.

Conclusion and limitations
We have several implications. First, the study provides critical implications on the
future development of curricula for apparel design and product development courses.
When courses can increase students’ 3D spatial ability related to multi-dimensions
of apparel products by actively adopting 3D simulation tools, students’ performance
will be enhanced. Second, results of this study provide theoretical implication as it
is the first study to apply ASVT into 3D virtual environment (ASVT–V) for examining the role of domain-specific spatial ability in apparel design education research.
While previous researchers examined spatial ability in apparel research using a developed 2D format test (Ahn & Workman, 2012; Gitimu & Caldwell, 2007; Workman
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et al., 1999), there was little research on spatial ability within a virtual environment
in apparel research (e.g., Park et al., 2011). While the ASVT test measures apparel
spatial visualization abilities of individuals in a 2D formatting, it is lacking the ability
to measure apparel spatial ability within a 3D environment. By applying the ASVT
to virtual environment, this study contributes to the current literature focusing on
ASVT. Finally, our results indicate the importance of understanding spatial ability
incorporated with the virtual environment especially for the specific education discipline of apparel design and product development. This will become increasingly
important as the industry seeks individuals with 3D visualization and simulation
experiences.
Although this study developed a research model and designed the survey carefully,
the study has limitation. One of the limitations of this study is its sample size. This
may likely be due to the fact that the survey was sent only to students majoring in
apparel design and product development within one university. Thus, researchers
should continue to aim to reach a larger sample size in the future. For example, future
studies could expand their recruitment to multiple universities to capture a larger
number of apparel design and product development students and broaden the findings of the current study. Further, it is possible that there are other factors influencing
the domain-specific spatial ability and performance of classes. For example, previous
scholars suggested spatial ability can be improved through pattern making courses
(Workman & Caldwell, 2007; Workman et al., 1999). Also, gender and cultural difference can be related with students’ achievement in domain specific spatial ability (Gitimu & Workman, 2007; Workman & Lee, 2004). Thus, in future studies, the potential
relationship needs to be examined by adopting ASVT-V. Importantly, this research
compares the ASVT–V to both the paper folding and mental imagery measurements
(i.e., PFT and MASMI). However, we did not compare it to the scores achieved from
the original ASVT. Even though we maintained the same questions from the original
ASVT questions, future research can compare the original ASVT with the ASVT–
V for increasing the validity and reliability of ASVT–V scores. Lastly, as this study
applied an apparel spatial visualization test to the virtual environment, for future
studies, the test can be used to further understand apparel-related spatial ability in
various educational settings. For example, future scholars can dive deeper into understanding the different levels of spatial ability to identify the benefits of utilizing the
ASVT–V training tools in a course curriculum.
Abbreviations
ASVT	Apparel spatial visualization test:
ASVT-V	Apparel spatial visualization test applied to virtual environment
PFT	Paper folding test
MASMI	Measure of the ability to form spatial mental imagery
3D	Three dimensional
2D	Two dimensional
CAD	Computer-aided design
CDIO	Conceive design implement and operate
STEAM	Science, technology, engineering, arts, and mathematics
ANOVA	Analysis of variance
CN	Course number

Page 19 of 21

Moritz and Youn Fashion and Textiles

(2022) 9:29

Acknowledgements
IRB information
This research was conducted under the approval and supervision of University of Missouri Institutional Review Board
(Approval number: 2020149) regarding ethical issues including consent to participate.
Authors’ contributions
Dr. Youn advised a direction of the study for building a research framework. Anna as a graduate student researcher
developed stimuli for the study. She collected and analyzed a dataset and worked on the first draft. Dr. Youn revised and
rebuild the manuscript. All authors read and approved the final manuscript.
Authors’ information
Song-yi Youn Ph.D. is an Assistant Professor and Anna Moritz is a graduate student in the Department of Textile and
Apparel Management, University of Missouri. Dr. Youn can be reached at syoun@missouri.edu.
Funding
This research did not receive any specific grant funding from public, commercial, or not-for-profit agencies.
Availability of data and materials
Please contact author for data requests.

Declarations
Competing interests
There is no conflict of interest.
Received: 24 October 2021 Accepted: 1 March 2022

References
Ahn, I., & Workman, J. (2010). Spatial Visualization Skills of Apparel Industry Professionals. Journal of Family & Consumer
Sciences, 102(4), 30–37.
Ahn, I., & Workman, J. (2012). The role of experience in performance on spatial tests: Comparison of students and profes‑
sionals. International Journal of Fashion Design, Technology and Education, 5(3), 187–193. https://doi.org/10.1080/
17543266.2012.702792
Buckley, J., Seery, N., & Canty, D. (2018). A heuristic framework of spatial ability: A review and synthesis of spatial factor
literature to support its translation into STEAM education. Educational Psychology Review, 30(3), 947–972. https://doi.
org/10.1007/s10648-018-9432-z
Burte, H., Gardony, A. L., Hutton, A., & Taylor, H. A. (2019). Knowing when to fold’em: Problem attributes and strategy dif‑
ferences in the Paper Folding test. Personality and Individual Differences. https://doi.org/10.1016/j.paid.2018.08.009
Burton, L. J., & Fogarty, G. J. (2003). The factor structure of visual imagery and spatial abilities. Intelligence, 31, 289–318.
https://doi.org/10.1016/S0160-2896(02)00139-3
Campos, A. (2009). Spatial imagery: A new measure of the visualization factor. Imagination, Cognition and Personality, 29, 31–39.
Chang, Y. (2014). 3D-CAD effects on creative design performance of different spatial abilities students. Journal of Computer Assisted Learning, 30(5), 397–407. https://doi.org/10.1111/jcal.12051
Cho, J. Y. (2017). An investigation of design studio performance in relation to creativity, spatial ability, and visual cognitive
style. Thinking Skills and Creativity, 23, 67–78. https://doi.org/10.1016/j.tsc.2016.11.006
DeCoster, J., Gallucci, M., & Iselin, A. M. R. (2011). Best practices for using median splits, artificial categorization, and their
continuous alternatives. Journal of Experimental Psychopathology, 2(2), 197–209. https://doi.org/10.5127/jep.008310
Dere, H. E., & Kalelioglu, F. (2020). The effects of using web-based 3D design environment on spatial visualization and men‑
tal rotation abilities of secondary school students. Informatics in Education. https://doi.org/10.15388/infedu.2020.18
Ekstrom, R. B., French, J. W., & Harman, H. H. (1976). Manual for kit of factor referenced cognitive tests. Educational Testing Service.
French, J. W. (1963). The relationship of problem-solving to the factor composition of tests.ETS Research Bulletin Series,
1963(1),1–42.
Gitimu, P. N., & Workman, J. E. (2007). Influence of strategy choice on spatial performance in apparel design. Clothing and
Textiles Research Journal, 25(2), 171–183. https://doi.org/10.1177/0887302X07299540
Gitimu, P. N., & Workman, J. E. (2008). Identification of strategies used for solving items on the apparel spatial visualization
test. Clothing and Textiles Research Journal, 26(1), 57–65.
Gitimu, P., Workman, J., & Anderson, M. (2005). Influences of training and strategical information processing style on
spatial performance in apparel design. Career and Technical Education Research, 30(3), 147–168.
Gobert, J. (1999). Expertise in the comprehension of architectural plans: Contribution of representation and domain
knowledge. In J. S. Gero & B. Tversky (Eds.), Visual and spatial reasoning (pp. 185–205). University of Sydney.
Höffler, T. N. (2010). Spatial ability: Its influence on learning with visualizations—a Meta Analytic review. Educational
Psychology Review, 22(3), 245–269. https://doi.org/10.1007/s10648-010-9126-7
Huang, T., & Lin, C. (2017). From 3D modeling to 3D printing: Development of a differentiated spatial ability teaching
model. Telematics and Informatics, 34(2), 604–613. https://doi.org/10.1016/j.tele.2016.10.005
János, K., & Gyula, N. K. (2019). The CAD 3D course improves students’ spatial skills in the technology and design educa‑
tion. YBL Journal of Built Environment, 7(1), 26–37. https://doi.org/10.2478/jbe-2019-0002
Kamis, A., Mamat, R. O., Safie, N. S., & Mustapha, R. A. (2015). Spatial visualization ability among apparel design students.
Best: International Journal of Humanities, Arts, Medicine and Sciences, 3, 15–24.

Page 20 of 21

Moritz and Youn Fashion and Textiles

(2022) 9:29

Khoza, L. S., & Workman, J. E. (2008). Effects of culture and training on perceptual learning style and spatial task performance
in apparel design. Clothing and Textiles Research Journal, 27(1), 62–79. https://doi.org/10.1177/0887302x07309635
Kozhevnikov, M., & Blazhenkova, O. (2013). Individual differences in object versus spatial imagery: From neural correlates
to real-world applications. In S. Lacey & R. Lawson (Eds.), Multisensory imagery; Multisensory imagery (pp. 299–318).
Springer Science. https://doi.org/10.1007/978-1-4614-5879-1_16
Kyllonen, P. C., Lohman, D. F., & Snow, R. E. (1984). Effects of aptitudes, strategy training, and task facets on spatial task
performance. Journal of Educational Psychology, 76(1), 130–145. https://doi.org/10.1037/0022-0663.76.1.130
Liao, K. H. (2017). The abilities of understanding spatial relations, spatial orientation, and spatial visualization affect 3D
product design performance: Using carton box design as an example. International Journal of Technology and Design
Education, 27(1), 131–147. https://doi.org/10.1007/s10798-015-9330-3
Lin, C. H., & Chen, C. M. (2016). Developing spatial visualization and mental rotation with a digital puzzle game at primary
school level. Computers in Human Behavior, 57, 23–30. https://doi.org/10.1016/j.chb.2015.12.026
Linn, M. C., & Petersen, A. C. (1985). Emergence and characterization of sex differences in spatial ability: A meta-analysis.
Child Development, 56(6), 1479–1497. https://doi.org/10.2307/1130467
Lohman, D. F. (1979). Spatial ability: Review and re-analysis of the correlational literature. Stanford University Technical
Report No. 8.
Martín-Dorta, N., Saorín, J. L., & Contero, M. (2008). Development of a fast-remedial course to improve the spatial abilities of
engineering students. Journal of Engineering Education, 97(4), 505–513. https://doi.org/10.1002/j.2168-9830.2008.tb00996.x
Martín-Gutiérrez, J., Saorín, J. L., Contero, M., Alcañiz, M., Pérez-López, D. C., & Ortega, M. (2010). Design and validation of
an augmented book for spatial abilities development in engineering students. Computers & Graphics, 34(1), 77–91.
https://doi.org/10.1016/j.cag.2009.11.003
McGee, M. G. (1979). Human spatial abilities: Sources of sex differences. Praeger.
Miyake, A., Friedman, N. P., Rettinger, D. A., Shah, P., & Hegarty, M. (2001). How are visuospatial working memory, executive
functioning, and spatial abilities related? A latent-variable analysis. Journal of Experimental Psychology: General, 130(4),
621–640. https://doi.org/10.1037/0096-3445.130.4.621
Olkun, S. (2003). Making connections improving spatial abilities with engineering drawing activities. International Journal
for Mathematics Teaching and Learning. https://doi.org/10.1501/0003624
Olson, L., Schieve, A. D., Ruit, K. G., & Vari, R. C. (2003). Measuring inter-rater reliability of the sequenced performance
inventory and reflective assessment of learning (SPIRAL). Academy of Medicine, 78(8), 844–850. https://doi.org/10.
1097/00001888-200308000-00021
Onyancha, R. M., Derov, M., & Kinsey, B. L. (2009). Improvements in spatial ability as a result of targeted training and
Computer-Aided Design software use: Analyses of object geometries and rotation types. Journal of Engineering
Education, 98(2), 157–167. https://doi.org/10.1002/j.2168-9830.2009.tb01014.x
Papahristou, E., & Bilalis, N. (2017). Should the fashion industry confront the sustainability challenge with 3D prototyping
technology. International Journal of Sustainable Engineering, 10(4–5), 207–214. https://doi.org/10.1080/19397038.
2017.1348563
Park, J., Kim, D. E., & Sohn, M. H. (2011). 3d simulation technology as an effective instructional tool for enhancing spatial
visualization skills in apparel design. International Journal of Technology and Design Education, 21(4), 505–517. https://
doi.org/10.1007/s10798-010-9127-3
Pellegrino, J. W., Alderton, D. L., & Shute, V. J. (1984). Understanding spatial ability. Educational Psychologist, 19(4), 239–253.
https://doi.org/10.1080/00461528409529300
Pérez-Fabello, M. J., Campos, A., & Felisberti, F. M. (2018). Object-spatial imagery in fine arts, psychology, and engineering.
Thinking Skills and Creativity, 27, 131–138. https://doi.org/10.1016/j.tsc.2017.12.005
Peters, M., Laeng, B., Latham, K., Jackson, M., Zaiyouna, R., & Richardson, C. (1995). A redrawn Vandenberg and Kuse Men‑
tal Rotation Test: Different versions and actors that affect performance. Brain and Cognition, 28(1), 39–58. https://doi.
org/10.1006/brcg.1995.1032
Sorby, S. A. (1999). Developing 3-D spatial visualization skills. Engineering Design Graphics Journal, 63(2), 21–32.
Suh, J., & Young Cho, J. (2020). Linking spatial ability, spatial strategies, and spatial creativity: A step to clarify the fuzzy
relationship between spatial ability and creativity. Thinking Skills and Creativity, 35, Article 100623. https://doi.org/10.
1016/j.tsc.2020.100628
Toomey, N., & Heo, M. (2019). Cognitive ability and cognitive style: Finding a connection through resource use behavior.
Instructional Science, 47(4), 481–498. https://doi.org/10.1007/s11251-019-09491-4
Williams, A. P., & Sutton, K. (2011). Spatial ability and its influence on the design process. Design Principles and Practices: an
International Journal—Annual Review, 5(6), 141–152. https://doi.org/10.18848/1833-1874/cgp/v05i06/38242
Wimmer, M. C., Maras, K. L., Robinson, E. J., Doherty, M. J., & Pugeault, N. (2015). How visuo-spatial mental imagery devel‑
ops: Image generation and maintenance. PLoS ONE, 10(11), Article e0142566. https://doi.org/10.1371/journal.pone.
0142566
Workman, J. E., & Caldwell, L. F. (2007). Effects of training in apparel design and product development on spatial visualiza‑
tion skills. Clothing and Textiles Research Journal, 25(1), 42–57. https://doi.org/10.1177/0887302x06296871
Workman, J. E., & Lee, S.-H. (2004). A cross-cultural comparison of the apparel spatial visualization test and paper folding
test. Clothing and Textiles Research Journal, 22(1–2), 22–30. https://doi.org/10.1177/0887302x0402200104
Workman, J. E., & Zhang, L. (1999). Relationship of general and apparel spatial visualization ability. Clothing and Textiles
Research Journal, 17(4), 169–175. https://doi.org/10.1177/0887302x9901700401
Workman, J. E., Caldwell, L. F., & Kallal, M. J. (1999). Development of a test to measure spatial abilities associated with
apparel design and product development. Clothing and Textiles Research Journal, 17(3), 128–133. https://doi.org/10.
1177/0887302X9901700303.28

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Page 21 of 21

