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a b s t r a c t

The traditional method of body classification is discrete, using crisp and rather dichotomous classification
methods; there are many shortcomings for ergonomic design of clothing products by this method. This
paper proposes a fuzzy method to classify lower body shapes based on triangular fuzzy numbers. By
using factor analysis and correlation analysis, we found that the height, the waist girth, and the differ-
ence of hip-waist are crucial dimensions to represent lower body shape. We then classified the lower
body shape into three categories according to the difference of hip-to-waist, and finally used the
membership of triangular fuzzy numbers to represent the lower body shapes. Results show that the
fuzzy method of body classification can more accurately represents body information than the traditional
method without increasing the number of body types. Additionally, we established that the mean of the
height, waist girth and hip girth of the young women of northeast China increased by about 0.8 cm,
1.5 cm and 1.4 cm respectively compared with ten years ago.

Relevance to industry: Anthropometric data is the basis of garment pattern design, and body classifi-
cation is a necessary precondition for developing a garment size system. These research achievements
will add value to the pattern design of young women's lower body clothing, the development of new
sizing systems and related industries.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Anthropometric measurement is a prerequisite for ergonomic
design. In order to develop easy-to-use, safe and comfortable
products, many anthropometric surveys have been carried out
recently. For example, for the development of an urination device, a
3D scanner was used to measure females' perineum (Wang et al.,
2015). Obi et al. (2015) and Syuaib (2015) measured farm workers
to develop farm equipment. Castellucci et al. (2015) and Van
Niekerk et al. (2013) optimized school furniture design, and Hsiao
et al. (2015) optimized a fire-apparatus seat and seatbelt design
from anthropometric aspects. Khadem and Islam (2014) collected
anthropometric data of Bangladeshi male population for designing
stitute, Donghua University,
ergonomic products. Zhou et al. (2016) proposed an efficient and
convenient method to structure a digital human model through
anthropometric measurement for the evaluation of the product's
ergonomic performance. Zhuang et al. (2013) researched the head-
and-face shape variations for protective equipment design. Sadeghi
et al. (2015) analyzed the difference in body shapes between Ira-
nian and other regions through anthropometric measurement.

However, the above ergonomics studies rarely involved
anthropometric measurement for the development of clothing
products. Clothing is considered as the second skin of the human
body. Garment design depends entirely on anthropometric data
and body classification is the precondition for the size designation
design. In this aspect, Wu et al. (2015) researched the shape of late
pregnant women for the development of maternity dresses and
other related products. Jee and Yun (2016) classified hand shape
into four types based on hand measurement for products and in-
terfaces design. Y.-C. Lee andWang (2015) used a 3D foot scanner to
collect foot dimension data and then classified foot shape into three
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types for footwear design. Park and Park (2013) classified large
person body shape into four types by factor analysis and cluster
analysis. However, the common disadvantage of these traditional
classification methods is that they are discrete and cannot repre-
sent body shape accurately.

With the development of the apparel industry, and consumers'
increasing requirements on individuality (Roach, 1994) and fitness
(Alexander et al., 2005), clothing manufacturers need precise in-
formation of consumers' body shape to produce well-fitting
clothing. Customers also want to know which body types they
belong to for choosing well-fitting garments. More accurate body
classification yields more size designations, but, too many size
designations puzzle consumers easily (Chun-Yoon and Jasper, 1995)
and bring many problems to clothing manufacturers. Finding an
appropriate classification of body shape, which cannot only help
consumers to identify their body types easily but also help garment
manufacturers to producewell-fitting clothing, is a difficult and key
question in the clothing industry.

In the early days of the ready-to-wear apparel industry,
women's figure types were almost always classified according to
bust circumference (Chun-Yoon and Jasper, 1994), but there is no
scientific explanation for the choice of bust as the gist of body
classification. However, it could stem from experience obtained
from years of practice (Chun-Yoon and Jasper, 1994). In contrast to
this body classification, another method to classify women's body
shape is according to age (Kidwell and Christman, 1974), such as
“Misses”, and “Junior” among others. This method of body classi-
fication has no foundation in science. Age and body dimensions
may be related, but not necessarily tied to each other. “Misses”,
“Junior” etc. no longer refer to age groups as before, but have
evolved to indicate figure types. Then the figure types are further
divided based on height and hip girth (Commerce, 1958), which is
the rudiment of modern body classification methods. International
Standardization Organization (ISO) updated size designation in
2012 (ISO, 2012a), recommending consumers to choose pants ac-
cording to height, waist girth and hip girth. Nevertheless, the cur-
rent ISO standards do not consider the difference of hip-waist (H-
W). In the previous studies, many researchers regarded upper and
lower body as a whole to classify body shape according to height,
bust girth, waist girth, H-W, etc. (Chung et al., 2007; Hsu, 2009;
Simmons, 2003). But rarely have researchers studied lower body
classification specifically. Obviously, the method of whole body
classification is not suitable for lower body classification. Moreover,
the current body classification methods are crisp, and there is
limited research on fuzzy body classification.

In China, women's body forms are classified in four categories
according to the difference of bust-waist (B-W); there are “Y”, “A”,
“B” and “C”. For B-W values,19e24 cm belong to type “Y”, 14e18 cm
belong to type “A”, 9e13 cm belong to type “B”, while 4e8 cm
belong to type “C”. This system only uses height, waist girth and the
body type (Y, A, B, and C) to represent lower body shape. For
example, “160/68 A” means that the person's height is 160 cm,
waist girth is 68 cm and B-W is between 14 cm and 18 cm. However,
the current Chinese body classification method is also crisp. One
important point in our approach is that we combine the continuous
and discrete data representations using fuzzy logic. A continuous
body measurement, is sometimes too sensitive to small changes in
body size (noise), and these small changes can be easily absorbed
and transformed into a fuzzy variable, can be easily transformed
into a fuzzy variable, which can be easily interpreted according to
the real scenario. In this way, the criteria of accuracy, robustness
and interpretability can be taken into account together in the
proposed method. This method is particularly significant for pro-
cessing data far from the standard references. For example, 18 and
19 are two different classes according to the sizing standards.
However, as both of them are quite far from their standards (center
of their classes), if we compute with a classical method based on
the distance between two class centers, their body shapes will be
quite different. In contrast, if we compute using the proposed fuzzy
method, we will obtain similar body shapes, which is closer to the
reality. Furthermore, the latest Chinese official body classification
was issued about eight years ago, including an additional lag of 10
years for data collection and processing time. Research indicates
that the average of body dimensions change significantly every ten
years (Y. S. Lee, 2014). China has the largest population in theworld,
of more than 1.4 billion people. Thus, it would expend significant
time, funds and manpower to launch a national anthropometric
measurement. Young women usually spend more on clothing and
easily accept new fashion styles. In this context, we studied lower
body classification of youngwoman in the Northeast of China based
on continuous anthropometric measurements. As fuzzy logic can
effectively represent both continuous and discrete data according
to the user's needs, we proposed a fuzzy classification method
(FCM) using triangular membership functions.

We propose the FCM on the basis of predecessors' work of crisp
classification methods (CCM). The first objective of this study is to
offer anthropometric data of young women's lower body based on
samples drawn from northeast China. The second objective of this
study is to look for a more accurate representative method of lower
body shape. To do this, we structure the rest of this paper as fol-
lows: In section 2, we briefly introduce the anthropometric mea-
surements; and then use factor analysis and correlation analysis to
process anthropometric data; In section 3 and section 4, we use
FCM and CCM to classify lower body shape, and also discuss the
results; Finally, we present some conclusions and possible further
works in section 5.

2. Method

2.1. Anthropometric measurement

116 young women aged 20e30 years old were randomly
selected from the northeast area of China. Their height ranged
between 145 cm and 180 cm. A 3D body scanner (Vitus Smart),
which has many obvious advantages (Daanen and Ter Haar, 2013;
Daanen and Van de Water, 1998), was used to measure and
extract body dimensions. This 3D body scanner automatically
extracted dozens of body dimensions from each subject. We choose
only 14 body dimensions (See Fig. 1), which are closely related to
lower body shape.

The sample size was calculated according to the formula (1) at
95% confidence interval, for the 5th and 95th percentiles (ISO,
2012b).

N � 1:962 �MAX
�
CVi

2
�.

A2 (1)

Where

N is the minimum quantity of sample size,
CVi is the coefficient of variation of each measuring item,
A is the relatively permissible error.

Considering this study as a common scientific research project,
we set the value of “A” at 1.6%. Finally, we calculated the sample size



Fig. 1. Legend of measurement dimensions.

K. Liu et al. / International Journal of Industrial Ergonomics 55 (2016) 60e6862
“N”, with a target value of at least 100. Considering some invalid
samples and special body types, 116 young women were selected
ultimately.

2.2. Data preprocessing

Actually, data is generally incomplete in the real word, so it is
inappropriate to process data directly without preprocessing (Han
et al., 2011). Test of outliers and descriptive analysis were applied
for subsequent preprocessing the anthropometric data.

2.2.1. Test of outliers
Through the method of 3s-rule (Han et al., 2011), we detected

some outliers, and on validating with the raw data, we established
that they were not measured by mistake but are special di-
mensions. Special body dimensions exist in data and can lead to an
anamorphic analysis results; therefore, we excluded these outliers.
These outliers only accounted for about 8% of the total samples
leaving 106 samples for the subsequent analysis.

2.2.2. Descriptive analysis
Descriptive analysis is a practical approach that is simple, direct

and effective to reflect some data features (Fraenkel et al., 1993).
The mean, which is important to establish intermediate of body
shape, can reflect a central tendency of data. In order to get more
accurate dimensions of the median-body, we select the mean,
median and average of the sum of three means (upper quartile,
lower quartile and mean) as researchable indexes. Compared to the
median body dimensions from the Chinese National Standard
which were collected around 2005, the data in Table 1 indicate that
waist girth, hip girth and height dimensions have increased 0.8 cm,
1.5 cm and 1.4 cm respectively. Together with the Mean, SD and CV
of variables, the result shows that the distribution of H-W is rela-
tively spread out.

2.3. Factor analysis

We explored factor analysis, which is widely applied for data
reduction or structure detection, to process the data. The aims of
the factor analysis were: (1) reducing the number of anthropo-
metric items and (2) detecting structure in the relationships among
anthropometric items.
2.3.1. Kaiser-Meyer-Olkin test and Bartlett's test of sphericity
Kaiser-Meyer-Olkin (KMO) (Cerny and Kaiser, 1977; Dziuban

and Shirkey, 1974; Kaiser, 1970) and Bartlett test (Dziuban and
Shirkey, 1974) were applied to test whether factor analysis was
appropriate for data processing in this research. In Table 2, the KMO
value is about 0.8, indicating that, factor analysis can be meritori-
ously conducted; the significance (sig) value is 0, indicating that the
hypothesis of independence is rejected, thereby providing evidence
that factor analysis may be suited to the data (Dziuban and Shirkey,
1974).

2.3.2. Principal factors extraction and explanation
According to the factor load coefficients of rotated component

matrix in Table 3, we can extract 13 components at most due to the
existence of 13 measure items and rank them according to their
contribution rates. However, most of the low ranked components
are not applicable in the real scenarios and their contribution rates
are very small (see Table 4). Only the highest ranked components
are of interest to us. The procedure of their selection is given as
follows. We first select the highest ranked component, but its
contribution rate is only 54.7% though it is the largest one of all the
components (see Table 4). Therefore, we have to select the second
highest ranked component and combine it with the first one. The
accumulative contribution rate is 79.2% (see Table 4). If the accu-
mulative contribution rate is still low, we continue to add new
components one by one until the accumulative contribution is high
enough for representing the body information. In our study, ac-
cording to this principle, if the threshold for the accumulative
contribution rate set to be 95%, we need to select the first five
components because their accumulative contribution rate (94.8%)
can almost reach this threshold (see Table 4). In general, the more
components we select, the more accurate result we obtain. How-
ever, too many components will increase the complexity and dif-
ficulty in interpretation of results.

The first factor mainly includes height, inside length, waist
height, hip height, abdomen height and knee height. These items
reflect the height of the corresponding parts of the body. Therefore,
we denote it as the “height factor”.

The second factor mainly includes crotch width, waist girth,
abdomen girth, thigh girth, and knee girth. These items reflect the
thickness and circumference of the corresponding parts of lower
body. Actually, thewidth dimensions have a strong correlationwith



Table 1
Descriptive statistics of anthropometric measurements (unit: cm and n ¼ 106).

Variable Min Max Range Mean Median SM SD CV (%)

Height 151.5 173.2 21.7 161.9 160.9 161.4 5.21 3.2
Inside length 64.8 80.7 15.9 71.7 71.2 71.5 3.29 4.6
Waist height 93.4 111.0 17.6 101.2 100.5 100.8 3.97 3.9
Abdomen height 86.2 103.3 17.1 94.5 94.1 94.2 3.80 4.0
Hip height 75.2 91.1 15.9 82.9 82.4 82.7 3.76 4.5
Total crotch length 64.5 93.9 29.4 73.2 72.8 73.1 4.10 5.6
Crotch depth 23.9 36.1 12.2 29.5 29.3 29.3 2.30 7.8
Knee height 39.0 48.1 9.1 43.5 43.3 43.3 2.04 4.7
Crotch width 17.2 22.2 5.0 19.7 19.8 19.7 1.04 5.3
Hip girth 78.0 101.8 23.8 92.2 92.5 92.4 4.75 5.1
Waist girth 58.3 81.3 23.0 69.1 68.8 69.0 4.94 7.1
Abdomen girth 65.0 91.2 26.2 79.2 79.2 79.2 5.35 6.8
Thigh girth 42.4 60.8 18.4 52.9 52.6 52.7 3.75 7.1
Knee girth 31.6 43.9 12.3 37.4 37.3 37.3 2.26 6.0
Difference of hip-waist (H-W) 16.1 29.8 13.7 23.1 23.4 23.3 3.08 13.3

Note: Min stands for minimum; Max stands for maximum; SM stands for average of the sum of three means (upper quartile, lower quartile and mean); SD stands for standard
deviation; CV stands for coefficient variation.

Table 2
KMO and Bartlett test.

KMO Kaiser-Meyer-Olkin measure of sampling adequacy 0.791

Bartlett's test of sphericity Approx. Chi-Square 2290.396
df 78.000
Sig 0.000

Note: df stands for degrees of freedom; Sig stands for minimum significance.

Table 3
Rotated component matrix of anthropometric measurement.

No. Items Component

1 2 3 4 5

1 Height 0.956 0.156 0.116 0.172 0.064
2 Inside length 0.932 0.001 �0.087 �0.123 0.006
3 Waist height 0.944 0.16 0.162 0.178 0.068
4 Hip height 0.951 0.17 0.133 0.126 0.019
5 Abdomen height 0.94 0.166 0.136 0.184 0.07
6 Total crotch length 0.339 0.349 0.095 0.841 0.129
7 Knee height 0.898 0.204 0.044 0.191 0.139
8 Crotch width 0.091 0.941 0.083 �0.07 �0.063
9 Waist girth 0.105 0.892 �0.357 0.152 0.123
10 Abdomen girth 0.238 0.872 �0.086 0.255 0.13
11 Thigh girth 0.159 0.873 0.105 0.216 0.225
12 Knee girth 0.207 0.626 0.046 0.199 0.712
13 Difference of Hip-Waist (H-W) 0.212 0.084 0.964 0.074 0.029

Note: Extraction method is principal component analysis; Rotation method is var-
imax with Kaiser Normalization.

Table 4
Total variance explained.

Component Factor Initial eigenvalues

Total % of Variance Cumulative %

1 Height factor 7.12 54.73 54.73
2 Girth factor 3.18 24.45 79.18
3 Type factor 1.07 8.25 87.43
4 Crotch factor 0.61 4.67 92.10
5 Leg width factor 0.35 2.68 94.78

Note: Extraction method is principal component analysis.
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their corresponding girth dimensions. These items mainly reflect
the girth of the corresponding parts of the body. Therefore, we
denote the second factor as the “girth factor”.

The third factor only includes H-W. This item reflects the
magnitude of the difference of waist girth to hip girth. The shape
between waist and hip depends on H-W. Moreover, this part is
important for bottoms design. Therefore, we denote it as the “type
factor”.

The fourth factor only includes the total length of the crotch.
This item reflects the shape of the seat. Therefore, we denote it as
the “crotch factor”.

The fifth factor only includes the width of the leg. This item
reflects the width of leg. Therefore, we denote it as the “leg width
factor”.

Table 4 indicates that the cumulative contribution of height
factor, girth factor and type factor accounts for 87.43%. The height
factor, girth factor and type factor are three main factors, which
could represent the major information of lower body shape.

Considering these findings, we deduce that height factor, girth
factor and type factor as three main indexes to classify lower body
shape.

2.4. Correlation analysis

The purpose of correlation analysis was to find a representative
item from each principal factor, and then use these items for body
classification.

All results of significance test are zero (Table 5), indicating the
null hypothesis should be rejected. Hence, each principal factor has
correlation with their anthropometric items.

The height factor score has a higher correlation to height than
inside length, waist height, hip height, abdomen height and knee
height (Table 5). Furthermore, of all anthropometric items in the
height factor, height is the most convenient to measure; therefore,
we select height as the first index for body classification.

The girth factor score has a higher correlation to waist girth,
abdomen girth and thigh girth than knee girth and total crotch
length (Table 5). Comparing with waist girth and thigh girth,
abdomen girth is more difficult to measure. Moreover, waist girth
and hip girth are inevitable elements of pattern making instead of
thigh girth. We can easily get hip girth through waist girth plus H-



Table 5
The correlation between principal factors and variables.

Height Inside length Waist height Hip height Abdomen height Knee height

Height factor score Pearson correlation 0.959** 0.921** 0.947** 0.950** 0.944** 0.904**

Sig. (2-tailed) 0.000 0.000 0.000 0.000 0.000 0.000
N 106 106 106 106 106 106

Total crotch length Waist girth Abdomen girth Thigh girth Knee girth

Girth factor score Pearson correlation 0.582** 0.909** 0.914** 0.925** 0.811**

Sig. (2-tailed) 0.000 0.000 0.000 0.000 0.000
N 106 106 106 106 106

The difference of hip-waist (H-W)

Type factor score Pearson correlation 0.941**

Sig. (2-tailed) 0.000
N 106

Note: **. Correlation is significant at the 0.01 level (2-tailed); Sig stands for the result of signification test; N stands for the observation number of variable.
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W. Furthermore, the ease allowance at waist is only between 0 and
2 cm, but this value at hip is at least 4 cm for pants. In other words,
waist girth needs to be more accurately controlled than hip girth;
therefore, based on practical application, we selected waist girth as
the second index for body classification.

There is only one item in the type factor (Table 5); ultimately, H-
W is selected as the third index for body classification.

3. Results

In this section, firstly we used the CCM to classify lower body
into three categories, and then used the FCM to represent lower
body type. Finally, we discuss the advantage of FCM by comparing
with CCM.

3.1. Crisp classification of lower body

In the field of pattern making, body dimensions are divided into
two categories: control dimensions and reference dimensions.
Control dimensions, should have significant correlation with
fitness, but not be highly correlated with each other (Staples and
DeLury, 1949); Reference dimensions, which can be calculated
based on control dimensions, are not necessary for pattern making.
According to Table 1, the dimensions of the median-body are
adopted as follows: height is 161 cm, and waist girth is 69 cm,
which are both control dimensions. In order to use control di-
mensions to calculate reference dimensions and grade garment
pattern expediently, we grouped height and waist girth, and used
the median of each interval to represent all the values. In other
word, 161 stands for not a concrete value but an interval (Table 6).
We divided height into five equal intervals and waist girth into nine
equal intervals, and their grading are 5 cm and 3 cm respectively
(Table 6).

Fig. 2 shows that the distribution of H-W can basically be
divided into three different stages: in steep increasing portion from
15 cm to 21 cm, a linear region from 21 cm to 36 cm, and then a
second steep increasing portion from 26 cm to 30 cm. From Table 7,
we define H-Wwithin [15, 21] is type “C”, within (21, 26] is type “B”,
Table 6
Divisiory intervals of height and waist girth (cm).

Height Median 151 156

Interval 149e153 154e158

Waist girth Median 57 60 63 66

Interval 56e58 59e61 62e64 65e
and within (26, 30] is type “A”. This classification excludes people
whose H-W is over 30 cm or below 15 cmwhich account for about 8
percent of the sample population. Types “C”, “B” and “A” account
for 22.6, 64.2, and 13.2 percent of the population respectively, and
type “B” makes up the vast majority (Table 7).

On the basis of the above analysis, we define the crisp repre-
senting method of lower body type as follows:

L þ Mh/MW þ TYPE (2)

Where

L stands for lower body classification in order to distinguish
upper body classification,
Mh is the median value of the interval which the height belongs
to,
MW is the median value of interval which the waist belongs to,
TYPE is the type of lower body which the people belong to,

For example, if a woman's body dimensions are
height ¼ 162 cm, waist girth ¼ 68 cm and H-W ¼ 22 cm, her lower
body shape is represented as:

L161/69 B

3.2. Fuzzy classification of lower body

After Zadeh proposed fuzzy set theory in 1965 (Zadeh,1965) and
Dubois proposed the concept of triangular fuzzy number in 1980
(Dubois, 1980), this theory has been applied in many fields, such as
quality control (Cheng, 2005), risk analysis (Chen and Chen, 2003),
performance evaluation (Ishibuchi et al., 1999), fuzzy decision (Wan
et al., 2013). Although many scholars research somatotype by CCM
for the development of size systems (Choi and Nam, 2010; Ger�sak,
2013; Zakaria, 2014), there are few studies on fuzzy body classifi-
cation. Therefore, we propose a novel method of body classification
161 166 171

159e163 164e168 169e173

69 72 75 78 81

67 68e70 71e73 74e76 77e79 80e82



Fig. 2. Scatter diagram of H-W.

Table 7
Descriptive statistics of H-W of each lower body type (cm).

Type MIN Max Interval Mean Proportion

A CALV ADOV CALV ADOV CALV ADOV CALV ADOV 13.2%
16.1 15 21 21 [16.1,21] [15,21] 18.7 19

B CALV ADOV CALV ADOV CALV ADOV CALV ADOV 64.2%
21 21 26.1 26 (21,26.1] (21,26] 23.6 24

C CALV ADOV CALV ADOV CALV ADOV CALV ADOV 22.6%
26.1 26 29.8 30 (26.1,29.8] (26,30] 27.9 28

Total CALV ADOV CALV ADOV 100%
[16.1,29.8] [15,30] 23.1 23

Note: CALV stands for calculated value; ADOV stands for adopted value.
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based on the membership function of fuzzy triangular number. Let
us introduce the following definition of fuzzy triangular number
(Dubois, 1980; Van Laarhoven and Pedrycz, 1983):

Definition. We define a triangular fuzzy number M on R (¼
(-∞, þ∞)) with its membership function MS(x):R/ [0, 1] is equal
to:

MS xð Þ ¼

8>>>><
>>>>:

x
m� s

� s
m� s

; x2½s;m�
x

m� u
� u
m� u

; x2½m;u�

0 ; otherwise

(3)

Where

s � m � u, m stands for the possible value of the fuzzy number.
s and u stand for the lower and upper limit values of the fuzzy
number respectively.

Next, we design the lower body shape's membership function
MSC(x), MSC(x) andMSC(x) based on the theory of triangular fuzzy
number and Table 7. Here, it is important to note that s and u in
Formula (3) are not the minimum and maximum of the crisp
classification interval. Instead, the median of the crisp classification
interval is the lower or upper limit value of the fuzzy number.
Moreover, for each body, its total memberships for type A, B and C
must equal to 1. For this reason, we propose the following rules. If
the value of H-W is between 15 and 19, the corresponding body
type completely belongs to type C. If H-W is between 28 and 30, the
body type completely belongs to type A (see Fig. 3). As shown in Fig
3, if the value of H-W is equal to 21, the body type is located on the
boundary between type C and B. If the value of H-W is 26, the body
type is on the boundary between type B and A. For different body
types, their membership degrees on the boundaries should be
equal to 0.5. Therefore, we can adjust the line segments of the
membership functions when H-W is equal to 21 (see Fig. 3). The
membership function MSC(x), MSC(x) and MSC(x) are defined as
follows:

MSC xð Þ ¼

8>>>>>>>><
>>>>>>>>:

1; ð15 � x � 19Þ
23
4

� x
4
; ð19 � x � 21Þ

24
6

� x
6
; ð21 � x � 24Þ

0 ; ð24 � x � 30Þ

(4)

MSB xð Þ ¼

8>>>>>>>>>><
>>>>>>>>>>:

x
4
� 19

4
; ð19 � x � 21Þ

x
6
� 18

6
; ð21 � x � 24Þ

28
4

� x
4
; ð24 � x � 28Þ

0 ; ð15 � x � 19∪28 � x � 30Þ

(5)

MSA xð Þ ¼

8>>><
>>>:

0; ð15 � x � 24Þ
x
4
� 24

4
; ð24 � x � 28Þ

1; ð28 � x � 30Þ

(6)

Where



Fig. 3. Lower body classification base on triangular fuzzy number.
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MSC(x), MSB(x), MSA(x) stand for the membership of type “C”,
“B” and “A” respectively (Fig. 3).
x stands for the value of H-W (Unit: cm).

With the help of Fig. 3, we can easily understand the distribution
of the membership of type “C”, “B” and “A”. Finally, we define the
fuzzy representing method of lower body shape as follows:

L þ Mh/MW þ TYPEmax þ (MSC, MSB, MSA) (7)

Where

L stands for lower body classification in order to distinguish
upper body classification.
Mh is the modal value of the interval which height belongs to.
MW is the modal value of interval which waist belongs to.
TYPEmax stands for the body type which has the biggest mem-
bership of all body types.
MSC, MSB, and MSA stand for the membership of type “C”, “B”
and “A” respectively.

For example, if a woman's body dimensions are
height ¼ 163 cm, waist girth ¼ 73 cm and H-W ¼ 23 cm, according
to Formulas (4e6) and definition (7), her lower body shape is
represented as:

L 161/72 B (0.17, 0.83, 0)

Where, the values in the bracket indicate that the membership
degree of the woman's body type is 0.17 for Type C, 0.83 for Type B
and 0 for Type A.
4. Discussion

4.1. The relationship between lower body and lower clothing

Body shape information has been widely applied in ergonomics
design. Some researchers focused on analysis of specific anthro-
pometric measurement, such as pregnant women (Dumas et al.,
2009; Wu et al., 2014); handicapped (Nowak, 1996), the elderly
(Haitao et al., 2007), male (Khadem and Islam, 2014), female
(Tehard et al., 2002), workers (Barroso, Arezes, da Costa and S�ergio
Miguel, 2005; Del Prado-Lu, 2007), and babies (Yajnik et al., 2003).
However, most of these research studies didn't combine real-world
cases of different industries to analyze the anthropometric data.
Many also lack the link of these analytic results with ergonomics
design for related fields. For this research, body classification is
aimed at improving the fitness of clothing and providing more
accurate information on body shape for the fashion industry;
therefore, it is important to analyze the relationship between lower
body shape and clothing for the lower body.

As shown in Fig. 4, designers divide lower body into three zones:
fit-zone, action-zone, and design-zone (Zhong, 2000). The fit-zone
is where clothing should fit the body well is a crucial part for fitting.
In the action-zone, clothing should provide for appropriate human
body comfort. Also, the ease allowance of the action-zone is closely
related to movement comfort. Stylists design various below-the-
waist apparel according to ideas in the design-zone. From this in-
formation, we know that the fit and comfort of lower clothing
depend on rational fashion and pattern design in the fit-zone and
action-zone. Pattern makers design darts between waist and hip
(fit-zone) for well-fitting clothing, as shown in Fig. 5. The values of
front and back dart depend on the H-W; hence, H-W is a crucial
factor to fit.

Given the above, it is quite reasonable to select H-W as the type
factor for lower body classification in this research.
4.2. Comparing with CCM and FCM

The traditional method of body classification is crisp, and an
either-or way; but it is too absolute. For example, two womenwith
H-W of 25 cm and 27 cm are actually of the same body shape.
However, in the CCM, they are classified differently. Hence, fitting
issues are common with this method, final patterns might fit a few
people. This is the exactly reason why many customers complain
that they are always unable to select form-fitting clothing.

FCM is a better approach to these shortcomings. For example, if
H-Wof twowomen are 25 cm and 27 cm, according to FCM of lower
body (Formula (4e7), their body shape are represented as (0, 0.75,
0.25) and (0, 0.25, 0.75) respectively; however, according to CCM,
their body shape belong to B and A respectively. We propose the
Fitting Ease Allowances (FEA) of lower clothing of the type A and B
are a cm and b cm respectively (Fig. 6 (1) and (2)). Using CCM, the
woman with H-W of 25 cm is more close to type B than type A;
therefore, this woman's fitting ease allowance is b cm according to
the traditional design method (Fig. 6 (3)). However, the woman
with H-W of 27 cm is more close to type A than type B; therefore,
this woman's fitting ease allowance is a cm according to the
traditional design method (Fig. 6 (4)). Actually, neither a cm nor b
cm suits the two women (too loose or too tight). Using our fuzzy



Fig. 4. Functional zones of fashion design.

Fig. 5. Functional zones and darts of pattern design.

Fig. 6. Comparing with CCM and FCM on Clothing fitting.
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method, the two woman's fitting ease allowances are:
0.75aþ0.25b cm and 0.25aþ0.75b cm respectively (Fig. 6 (3) and
(4)). The result indicates that the FCM is more accurate than the
CCM.

In addition, fashion designers design garments according to
empirical knowledge rather than rigorous calculation. This empir-
ical knowledge is too tacit and abstract to be summarized, thus
fuzzy theory could be better andmorewidely applied in the fashion
industry.
5. Conclusions and prospects

According to analyses of anthropometric measurement data of
young women's lower body, we derive three main conclusions:
Firstly, the lower body shape can be well represented by height,
waist girth and H-W; Secondly, FCM of lower body can more
accurately represents body information than CCM without
increasing the number of body types; Finally, the mean of height,
waist girth and hip girth of young woman of northeast China
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increased by about 0.8 cm,1.5 cm and 1.4 cm respectively compared
with ten years ago.

This research proposes a FCM of lower body; certainly, this is
only a small scope of the research in the fashion industry. There is
still much work to be done in the direction of this research.
Moreover, our research was limited to young women's lower body
in the northeast of China; it would certainly be of significance to
further analyze the possibility of applying the result of this study
for the whole body or with children or adult males as the target
population.
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