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ARTICLE INFO ABSTRACT

Keywords: Pressure sensitivity research on the head, face, and neck is critical to develop ways to reduce discomfort caused
Pressure discomfort by pressure in head-related products. The aim of this paper is to provide information for designers to be able to
CT data

reduce the pressure discomfort by studying the relation between pressure sensitivity and soft tissue in the head,
face and neck. We collected pressure discomfort threshold (PDT) and pressure pain threshold (PPT) from 119
landmarks (unilateral) for 36 Chinese subjects. Moreover, soft tissue thickness data on the head, face and neck
regions of 50 Chinese people was obtained through CT scanning while tissue deformation data under the PDT and
PPT states was obtained from literature. The results of the three-elements correlation analysis revealed that soft
tissue thickness is positively correlated with deformation but not an important factor in pressure sensitivity. Our
high-precision pressure sensitivity maps confirm earlier findings of more rough pressure sensitivity studies, while
also revealing additional fine scale sensitivity differences. Finally, based on the findings, a high-precision "rec-

Product design

ommended map” of the optimal stress-bearing area of the head, face and neck was generated.

1. Introduction

In order for wearable products to achieve their basic functions they
need to partially or completely cover the relevant body part and be
seamlessly fitted to it. But excessive pressure during this process can
cause discomfort or even pain (Shah et al., 2017). Therefore, in-
vestigations of the pressure sensitivity of various body parts and the
creation of high-precision pressure maps are critical for reducing the
pressure discomfort of wearable products. Many previous studies have
investigated this area and measured the pressure sensitivity of various
body parts, particularly the PPT (Pressure pain threshold) and PDT
(Pressure discomfort threshold). For instance, the feet (Buso and Shitoot,
2019; Duenas et al., 2021; Weerasinghe et al., 2017; Wiggermann and
Keyserling, 2015; Xiong et al., 2011, 2013), the hands and elbows
(Brigida et al., 2021; Le Johansson et al., 1999; Nasir et al., 2019), the
back and buttock (Vink and Lips, 2017). This paper will concentrate on
the head, face, and neck.

Pressure sensitivity studies, particularly pressure pain thresholds
studies, have been commonly used in the medical field in the past. For
example, the measurement of PPT at a specific position of the cervical
spine (Binderup et al., 2010; Prushansky et al., 2004; Chung et al., 1992;
Ferreira et al., 2020), and at different landmarks of the head and face
(Fredriksson et al., 2000; Alvarez-Méndez et al., 2017; Waller et al.,
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2016), or a comparative study of pressure pain thresholds between
healthy people and patients with a particular type of medical condition,
such as patients with a headache (Castien et al., 2021; Sand et al., 1997;
Baron et al., 2017). But few studies on pressure sensitivity in the head
region include PDT tests. Because of the greater concern with discom-
fort, PPT studies alone are insufficient. In the area of discomfort, Broe-
khuizen et al. (2018) developed a European head pressure sensitivity
map by measuring 19 Europeans head PDT and PPT for helmet design.
Shah et al. (Shah and Luximon, 2021) gathered PDTs and PPTs on the
head regions for 218 Chinese participants and created pressure sensi-
tivity maps, laying the groundwork for designing head-related products
for Chinese users. However, in the above studies, the pressure-sensitivity
maps concentrated on contrasts between large head and facial regions,
such as the higher pressure sensitivity of the face and nose. Moreover,
the head and face structures are complex, as are the types and structures
of head-related products. For example, mask straps and the nose clips of
glasses and goggles involve localized areas of the head and face, and
these small areas are critical for affixing or positioning load-bearing
structures for products. Therefore, to reduce the pressure discomfort
of head-related products, such as in selecting contact and
weight-bearing positions involving small areas, it is essential to have
high-precision pressure sensitivity maps of the head, face, and neck.

In general, the sensation of pressure is due to the soft tissue of the
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Fig. 1. Landmarks displayed on average head and mirrored from left (blue) to
right (red) side. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

corresponding body part being deformed due to the forces generated by
the product such as pressure, tension, friction. Therefore, biomechanical
studies on the soft tissues of the head and face are crucial for pressure
sensitivity, especially regarding studies on soft tissue thickness, since the
thickness of the soft tissue affects the degree of deformation of the soft
tissue. A large number of studies have measured the soft tissue thickness
of the head and face among the existing facial soft tissue measurement
studies. The facial soft tissue thickness data of Brazilian (Tedeschi-Oli-
veira et al., 2009) , Indian (Sahni et al., 2008), Turkish (Bulut et al.,
2014), Chinese (Chen et al., 2011; He et al., 2021), South-Korean (Cha,
2013) and Indonesian (Sarilita et al., 2020) populations, have been
collected and analyzed. However, these studies only measure the
thickness of soft tissue at a limited number of landmarks in the cranio-
facial region. It is difficult to obtain accurate soft tissue thickness data of
the head and face with a limited number of landmarks. Furthermore, the
soft tissue thickness data obtained in the preceding studies are primarily
presented in the form of data tables, which cannot directly display the
thickness of the soft tissue of the head and face, nor can it be effectively
applied to the head and face research related to the design of
head-related products.

Facial soft tissue is typically measured in facial restoration. In fo-
rensics and archaeology, reconstruction of facial soft tissues is essential
for accurate identification (De Greef and Willems, 2005). The needle
depth probing method is used on cadavers in traditional soft tissue
thickness measurement (Chopra et al., 2015). However, limitations of
the corpse and the measurement method can considerably affect the
accuracy of the results. Medical imaging technologies such as magnetic
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resonance imaging (MRI) (Lacko et al., 2015) and CT can effectively
solve this problem.

Furthermore, and more importantly, previous studies in ergonomics
on pressure sensitivity, soft tissue thickness, and soft tissue deformation
are relatively independent. For example, Shah et al. (2022) also
measured the degree of soft tissue deformation of 18 landmarks on the
head and face of Chinese people in PDT and PPT states. However, they
do not report on the relation among the three elements and they did not
report the tissue thickness.

Based on the knowledge gap mentioned above, the aim of this paper
is to provide information for designers to be able to reduce the pressure
discomfort of head-related products by studying the relation between
pressure sensitivity and soft tissue in the head, face and neck. In order to
answer this aim, this paper created high-precision Chinese PDT and PPT
maps, as well as high-precision Chinese soft tissue thickness maps using
CT data. In addition, this study answers the question, "What is the
relation between pressure sensitivity, soft tissue thickness, and soft tis-
sue deformation in the head region?”. Further, a "recommended map” of
the optimal stress-bearing area of the head, face and neck was generated
based on the above conclusions.

2. Methodology

The datasets in this paper are divided into three parts: PDT and PPT
values, soft tissue thickness data, and soft tissue deformation data. In
addition to the soft tissue deformation data from other literature, in this
study we collected new data for the pressure threshold (PDT and PPT)
and soft tissue thickness data. However, this section describes them
separately because the pressure threshold and soft tissue thickness data
were obtained through different experiments.

2.1. Participants

For pressure threshold (PDT and PPT value), subjects were recruited
by posting advertisements in the university. Thirty-six healthy Chinese
(20 males, 16 females) aged 18-30 were selected to participate in the
pressure sensitivity experiment. Subjects with a history of facial frac-
tures, swelling, deformity, image distortion, and pathological asymme-
try, or any other pathology that might affect normal craniofacial
features prior to measurement were barred from participating in the
study. In addition, participants with a chronic or acute physical or
mental health history or taken non-regular medication in two weeks
before the experiment were also excluded. All individuals reported
normal cardiovascular parameters, normal sensations, and healthy skin
on their upper limbs and head/face. Before the experiment, all partici-
pants gave informed consent and required to wear low-necked clothes,
and not to cover the neck and upper parts.

Moreover, in order to collect soft tissue thickness data, based on CT
data collected in a previous study (He et al., 2021), 50 subjects (24 males
and 26 females) were chosen for analysis in this study. All of the par-
ticipants were Han Chinese from China’s Hunan Province. Between the
ages of 18 and 35. Subjects with a history of facial fractures, swelling,
deformity, image distortion, and pathological asymmetry, or any other
pathology that might affect normal craniofacial features prior to mea-
surement were barred from participating in the study. All subjects gave
informed consent.

2.2. Landmarks selection

Since there is no unified standard for selecting craniofacial land-
marks and deciding regional divisions in anatomy (Stephan and Simp-
son, 2008). In order to make the Chinese pressure sensitive map more
accurate than the previous studies, a high density selection of landmarks
is needed which also covers beyond anatomical and morphological
landmarks. Therefore, this study first takes anatomical landmarks as the
basic landmarks (Stephan and Simpson, 2008), connects the anatomical
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Fig. 2. Chinese soft tissue thickness map (unisex).
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Fig. 4. Data collection system.

landmarks, and then distributes lines at equal distances, with each dis- and neck (Fig. 1).
tance node representing a landmark. Finally, 119 high-density land- In addition, in order to ensure the accuracy of the soft tissue thick-
marks (unilateral) were chosen to cover the majority of the head, face, ness map, when calculating the soft tissue thickness, the overall soft
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Fig. 5. 3D scanning posture (left) and the specific posture of applied pres-
sure (right).

tissue thickness of the entire head region was exported based on CT data
rather than selecting a limited number of landmarks (Wenxiu Yang et al.,
2022). Finally, the Chinese soft tissue thickness map with high precision
was created (Fig. 2). However, to facilitate the comparative analysis of
the data and make the visualization of the soft tissue thickness map and
the pressure sensitivity map higher, this study divided the head, face,
and neck into multiple regions.

The current study aimed to develop ways to reduce the pressure

Qe0

PDT_mean_(kPa)
60.13  127.39178.34 229.3 280.25 341.02
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discomfort of head-related products by studying the relation between
pressure sensitivity and soft tissue in the head, face and neck. Therefore,
anatomical structure was used as the major standard for structural di-
vision in this study, while the soft tissue thickness map and pressure
sensitivity map were used as sub-regional division criteria. After divi-
sion, the scalp, face, and neck were further divided into 28 areas (uni-
lateral) (Fig. 3). Based on the structure of the skull, the scalp was divided
along the frontal, parietal, temporal, and occipital bones; the soft tissue
thickness of these parts was also found to be consistent. The neck
structure is complex, having numerous muscles, a vertebral structure in
the back, and the trachea and esophagus in the front. Therefore, the
regional division of the neck was based on the structure of the neck
muscles, and the sub-regional division criteria was based on the soft
tissue thickness map and the pressure sensitivity map. Moreover, the
face exhibited the most intricate structure, with multiple organs. Chopra
et al. (2015)divided the face into multiple regions and measured soft
tissue thickness, but the results revealed multiple adjacent regions with
similar soft tissue thickness that could be merged. As a result, the current
was based on Chopra’s face division method and incorporated several
regions via the soft tissue thickness map and the pressure sensitivity
map. Finally, the head, face, and neck were divided into 28 regions in
this paper (unilateral). From 28 regions, 28 landmarks (unilateral) with
anatomical significance were chosen for data extraction.

2.3. Equipment and procedure

Pressure probes are widely used to measure local PPT and PDT
(Jayaseelan et al., 2021; Spano et al., 2021; Kosek et al., 1993). In this
experiment, an Advanced Force Gauge (AFG) meter (Mecmesin AFG
500N) with a flat tip with diameter of 10 mm was used to apply pressure.
To accurately record the applied pressure, the pressure gauge was linked
to Bitalino’s (Paris et al., 2017) signal box and supporting data collection

Fig. 6. PDT sensitivity map for Chinese (unisex).
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Fig. 7. PPT sensitivity map for Chinese (unisex).
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Table 4
Pressure sensitivity and soft tissue thickness data for female and male.

No. Female Male

Pressure sensitivity Soft tissue Pressure sensitivity ~ Soft tissue

(kPa) thickness (kPa) thickness
(mm) (mm)

PDT PPT Mean PDT PPT Mean

mean mean mean mean
1 190.38 244.9 4.3 235.67 323.81 4.98
2 191.46 258.41 4.04 257.88 359.55 4.53
3 154.39 203.38 5.11 185.91 269.82 5.55
4 126.55 175.1 5.93 151.14 206.72 6.17
5 104.71 146.82 5.12 120.38 163.61 5.94
6 84.65 117.45 2.43 101.67 140.84 2.67
7 54.01 82.55 7.06 67.6 105.41 8.22
8 87.77 128.85 9.61 106.45 154.7 11.28
9 116.11 159.75 8.98 143.79 216.8 9.93
10 116.5 171.46 9.86 155.1 244.9 9.93
11 67.07 96.05 9.19 86.86 133.04 7.75
12 131.72 187.83 8.78 177.31 247.69 10.63
13 244.2 329.36 3.84 279.06 372.13 4.34
14 216.94 291.08 3.52 298.96 382.25 4.05
15 176.37 245.67 5.26 213.69 306.21 5.51
16 151.72 199.87 4.6 204.86 279.06 5.47
17 250.32 3347.64 10.98 309.71 429.54 13.19
18 100 151.21 7.49 146.66 211.78 7.64
19 116.75 154.9 11.22 146.02 223.89 10.54
20 98.66 155.41 17.66 152.71 222.53 18.89
21 90 130.51 20.69 120.78 179.78 22.72
22 110.51 152.42 28.13 144.9 202.15 32.42
23 114.78 167.26 21.99 169.75 234.32 22.76
24 108.41 155.99 6.75 169.27 263.69 7.92
25 121.78 174.08 17.94 161.78 222.93 19.69
26 270.13 364.01 6.38 323.49 471.18 7.07
27 196.43 278.47 21.68 323.81 477.71 29.22
28 201.66 264.39 7.87 220.54 321.34 8.76

software (OpenSignals) to form a data collection system (Fig. 4). Par-
ticipants were then given a button linked to this system. The researchers
applied continuous pressure with a pressure gauge. When participants
felt discomfort or pain, they were required to press buttons, and the time
of initial discomfort and pain force values were recorded into the pro-
gram and used for subsequent calculations.

The experiment process was mainly divided into three stages: First,
the preparation stage. At this stage, basic information such as age,
gender, height, and weight of the subjects was collected through ques-
tionnaires. Following that, subjects were required to wear a hair cap to
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straighten their hair. Female subjects with long hair were requested to
tie it into a bun and fasten it behind their right ear. After initial prepa-
ration, researchers applied circular self-adhesive patches with landmark
numbers to the subjects’ heads, faces, and necks.

The second stage was the 3D scanning stage. Participants who
completed the first stage were asked to sit on a turntable that rotated at a
constant speed to collect 3D data of the head, face, and neck (Fig. 5). The
third stage was the pressure application stage. During this phase, an
experienced researcher visited all landmarks in random order and
increased pressure with a rate between 30 and 40 kPa/s. When the
subjects began to feel discomfort, they were asked to press an electronic
button that recorded the PDT of specific landmarks. After this, the
researcher would continue to apply increasing pressure, and the subjects
were instructed to press the button again when they began to feel pain,
to record the PPT of the landmarks and the stopping of pressure appli-
cation. Each point was measured three times (for both PDT and PPT) per
participant to measure the pressure threshold accurately (Shah and
Luximon, 2021). The Ethics Committee approved this study at the Delft
University of Technology (No.1975).

2.4. Data analysis

For the pressure sensitivity experiment, since the force value
collected by OpenSignals is in volts (V), the signal was requested to be
imported into Matlab for unit conversion. After that, SPSS software Ver.
25.0 (SPSS Inc., Chicago, USA) was used for data analysis. Descriptive
statistics and difference analyses were performed for 119 landmarks
from the PDT and PPT perspectives. The general descriptive statistics are
expressed as the mean and standard deviation. The paired-sample t-test
was adopted to compare the differences, and P < 0.05 was considered
statistically significant. In addition, from 28 regions, 28 landmarks with
anatomical significance were chosen for data extraction, including soft
tissue thickness data and the corresponding pressure discomfort and
pressure pain thresholds. Descriptive statistics were carried out in each
landmark. The general descriptive statistics were expressed as the mean
and the Pearson correlation coefficient was used for correlation analysis.

3. Results

The results of this paper were statistically described and analyzed
from three parts: pressure threshold (PDT and PPT), comparison of
pressure threshold and soft tissue thickness, and comparison among
pressure threshold, soft tissue thickness, and soft tissue deformation.

Firstly, the PDT and PPT values of 119 landmarks for all participants

F_thickness mean_(mm)

1.9 10 15 20 2

-

5 3|0 BF 40 48

Fig. 8. Soft tissue thickness map (female).
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Fig. 9. Soft tissue thickness map (male).
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Fig. 10. PDT map a. Female b. Male.
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Fig. 11. PPT map a. Female b. Male.

under continuous pressure are summarized in Table 1(see appendix).
The participants’ PDT map (Fig. 6) and PPT map (Fig. 7) revealed similar
trends for the head, face, and neck. The pressure value thresholds for the
head were the highest, thus its sensitivity was the lowest, followed by
the neck, and the face had the highest pressure sensitivity.

In the comparison of the gender groups, the PDT of 34.45% (41)
landmarks showed a statistically significant difference (p < 0.05), and
the mean PDT of all 41 landmarks in males was greater than that in
females (appendix Table 2). At the same time, among the PPT of the 119
landmarks, 57.14% (68) showed a statistically significant difference (p
< 0.05), and the mean PDT of all 68 landmarks in males was greater than
that in females (appendix Table 3). In addition, in the comparison of the
head, face, and neck, the PDT map (Fig. 10) and PPT map (Fig. 11) of
men and women also showed similar trends. The pressure value
thresholds for the head are the highest, while its sensitivity was the
lowest, followed by the neck, and the face had the highest pressure
sensitivity.

In addition to difference analysis between genders, this study also
conducted a Pearson correlation coefficient analysis between PDT, PPT,
and BMI to check for a link between obesity and sensitivity (Vink and
Lips, 2017). The results showed that for female subjects, 66.38% (79) of
the landmarks have a (positive) very weak correlation (0.0-0.2) or a
weak correlation (0.2-0.4) between PDT and BMI, and 33.61% (40) of

the landmarks were negatively correlated with BMI. In addition, 33.61%
(40) of the landmarks showed a negative correlation between PPT and
BMI, and the rest of the landmarks showed a statistically weak corre-
lation (0.2-0.4). For male subjects, 36.13% (43) of the landmarks
showed a statistically moderate correlation (0.4-0.6) between PDT and
BMI and three landmarks show a strong correlation (0.6-1.0). In addi-
tion, similar to the trend for PDT, 36.13% (43) of the landmarks of PPT
showed a statistically moderate correlation (0.4-0.6), and four land-
marks showed a strong correlation (0.6-1.0). At the same time, PPT for
three landmarks was negatively correlated with BMI.

In the comparison group of pressure threshold and soft tissue
thickness, the pressure threshold (PDT and PPT) of all 28 landmarks
showed a statistically weak correlation with soft tissue thickness. The
Pearson correlation coefficient between female PDT and female soft
tissue thickness was —0.24 (p > 0.05), and the correlation between PPT
and soft tissue thickness was 0 (p > 0.05). In addition, the Pearson
correlation coefficient between male PDT and male soft tissue thickness
was —0.02 (p > 0.05), and the Pearson correlation coefficient between
PPT and soft tissue thickness was 0 (p > 0.05) (Table 4). Figs. 8 and 9
demonstrate the division of 28 soft tissue thickness regions for men and
women, and Figs. 10 and 11 show the division results of pressure
sensitivity maps for men and women.

In addition to correlation analysis of pressure sensitivity thresholds
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Fig. 12. Average tissue deformation map (unit:mm) a. Discomfort b. Pain
(Shah et al., 2022).

Table 5
Data on pressure sensitivity, soft tissue thickness and soft tissue deformation of
female.

No. Pressure sensitivity Soft tissue thickness Soft tissue

(kPa) (mm) deformation (mm)

PDT PPT Mean PDT PPT

mean mean mean mean
1 184.08 238.54 0 1.42 1.64
2 243.44 334.01 6.95 1.38 1.55
3 250.32 347.64 7.8 1.64 1.83
4 270.13 364.01 6.38 2.22 2.4
5 190.38 244.9 4.3 1.6 1.78
6 191.46 258.41 4.04 0.75 0.84
7 159.17 242.48 7.01 2.4 2.69
8 250.32 347.64 10.98 2 2.51
9 115.29 161.34 21.99 8.12 9.42
10 116.75 154.9 11.22 3.12 3.54
11 104.39 151.4 7.89 4.66 5.18
12 176.37 245.67 5.26 1.23 1.36
13 115.61 161.72 9.67 4.79 6.12
14 154.39 203.38 5.93 1.07 1.18
15 104.71 146.82 5.12 1.34 1.48
16 107.39 143.25 3.69 1.46 1.65
17 87.77 128.85 9.61 4.36 4.89
18 116.11 159.75 8.98 4.22 4.87

and soft tissue thickness data, this study also performed a correlation
analysis among pressure sensitivity, soft tissue thickness, and the degree
of soft tissue deformation under pressure discomfort and pressure pain
conditions. Since the soft tissue deformation data used in this paper
comes from Shah’s paper (Kosek et al., 1993), the author selected 18
landmarks (unilateral) on the head and face, and tissue deformation at
discomfort and pain threshold was measured (Fig. 12). Moreover, the
pressure sensitivity map and soft tissue thickness data generated in this
study include these 18 landmarks, so the correlation analysis among the
three elements was performed based on the 18 landmarks.

The results showed that for female, the correlation coefficient be-
tween PDT and soft tissue thickness was —0.13 (p > 0.05), and the
correlation coefficient between PPT and soft tissue thickness was —0.09

Applied Ergonomics 106 (2023) 103916

Table 6
Data on pressure sensitivity, soft tissue thickness and soft tissue deformation of
male.

No.  Pressure sensitivity Soft tissue thickness Soft tissue deformation

(kPa) (mm) (mm)

PDT PPT Mean PDT PPT

mean mean mean mean
1 233.6 331.61 0 1.35 1.59
2 293.87 396.26 8.76 1.7 1.92
3 309.71 429.54 8.92 2.03 2.23
4 323.49 471.18 7.07 2.18 2.45
5 235.67 323.81 4.98 1.44 1.63
6 257.88 359.55 4.53 0.97 1.1
7 219.35 328.5 7.43 2.51 2.73
8 309.71 429.54 13.19 2.26 2.81
9 167.91 266.48 22.76 8.26 10.14
10 146.02 223.89 10.54 3.15 3.87
11 141.64 219.11 7.73 3.83 4.64
12 213.69 306.21 5.51 1.75 1.96
13 140.45 215.29 11.27 5.77 7.02
14 186.91 269.82 6.17 1.61 1.79
15 120.38 163.61 5.94 1.92 2.16
16 128.58 180.89 3.83 1.37 1.52
17 106.45 154.7 11.28 4.76 5.56
18 143.79 216.8 9.93 4.96 5.79

(p > 0.05). In addition, the correlation coefficient between PDT and PDT
soft tissue deformation degree was —0.51(p < 0.05), and the correlation
coefficient between PPT and PPT soft tissue deformation degree was
—0.47 ((p < 0.05). The correlation coefficient between the degree of soft
tissue deformation and soft tissue thickness in PDT was 0.75 (p < 0.01),
and the correlation coefficient between soft tissue deformation and soft
tissue thickness in PPT was 0.76 (p < 0.01) (Table 5). For male, the
correlation coefficient between PDT and soft tissue thickness was —0.03
(p > 0.05), and the correlation coefficient between PPT and soft tissue
thickness was 0 (p > 0.05). The correlation coefficient between PDT and
PDT soft tissue deformation was —0.46 (p > 0.05), and the correlation
coefficient between PPT and PPT soft tissue deformation was —0.39 (p-
value p > 0.05). The correlation coefficient between PDT soft tissue
deformation and soft tissue thickness was 0.75 (p < 0.01), and the
correlation coefficient between PPT soft tissue deformation and soft
tissue thickness was 0.77 (p < 0.01) (Table 6).

4. Discussion and conclusion

The aim of this paper is to develop ways to reduce the pressure
discomfort of head-related products by studying the relation between
pressure sensitivity and soft tissue in the head, face and neck. Overall,
the innovations of this study are mainly divided into the following:

Firstly, based on the PDT and PPT data for 36 subjects and 119
landmarks for each subject, this study generated high-precision pressure
discomfort and pressure pain maps of the Chinese population’s head,
face, and neck. The results showed that the subjects’ PDT map and PPT
map have similar trends for the head, face, and neck. The head and back
of the neck, which are connected to the occiput, have a distinct
demarcation line from the other areas, and the PPT image was more
prominent. Comparing the studied areas, the pressure value thresholds
for the head were the highest, while its sensitivity was the lowest.
Although the skull structure is relatively simple and the thickness of the
soft tissue overlying the skull is relatively uniform (He et al., 2021), the
pressure sensitivity of the head region is not uniform. The pressure
sensitivity of the forehead has an interesting "M" shape. In particular, the
PPT images of women showed radially sensitive areas of the parietal
bone. There were also several ovals sensitive areas in the parietal and
occipital bones, and the highest PDT and PPT value were experienced at
the lower occipital bone, followed by the neck. Notably, the pressure
sensitivity (PDT and PPT) of the back of the neck where it meets the
occipital bone is significantly lower than in the anterior region. The
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Fig. 13. Recommended map of the optimal pressure-bearing area.

sensitivity of the throat is also particularly high, second only to the tip of
the nose. Finally, the face is the most sensitive to pressure, and its most
sensitive area is the nose, particularly the tip of the nose. However,
many head-related products, such as glasses, use the nose as the primary
load-bearing area. Designers can consider reducing the pressure
discomfort of head-related products in the future by changing the
structure or material of the product to take advantage of this informa-
tion. Also, the mid-nasolabial, lower orbital, and upper cheekbones are
not ideal weight-bearing areas for the head-related product.

Compared with the results of other studies, Shah’s (Shah and Luxi-
mon, 2021) Chinese head and face pressure discomfort and pressure
pain map revealed that the upper part of the parietal bone was the least
sensitive area in both men and women. However, according to the
findings of this study, the lower part of the parietal bone and the oc-
cipital bone are the least sensitive areas. Furthermore, Shah’s findings
revealed that the face and nose are sensitive areas, which this paper’s
finding concurred with generally. In this study, however, the nose,
particularly the tip of the nose, was found to be more sensitive than
other facial areas. One explanation for the divergence in conclusions is
the differing density of landmarks in both studies. In Europe, Broe-
khuizen (Broekhuizen et al., 2018)found that the upper part of the pa-
rietal bone and the occipital bone are very insensitive areas for both men
and women, while the forehead is more sensitive, which this paper’s
finding concurred with generally. This suggests similarities in head
pressure sensitivity between Europeans and Chinese.

In the comparison of the gender groups, women are more sensitive
than men. This conclusion is consistent with other studies on pressure
discomfort threshold and pressure pain threshold measurement (Vink
and Lips, 2017; Binderup et al., 2010; Fredriksson et al., 2000). Gender

differences should be considered in product design so that products can
meet the needs of different groups of people. In addition to difference
analysis between genders, this study also conducted a Pearson correla-
tion coefficient analysis between PDT, PPT, and BMI. The results
revealed no significant correlation between BMI and pressure discomfort
or pressure pain.

Secondly, based on the high-precision Chinese soft tissue thickness
map, anatomical structure map, and pressure sensitivity map, the head,
face, and neck were divided into 28 regions (unilateral), and 28
anatomically corresponding landmarks were chosen for data extraction
and analysis. The results showed that soft tissue thickness was not an
essential factor affecting pressure sensitivity. Pressure sensitivity may be
affected by other factors. The activation of tactile nerves, especially
mechanoreceptors, is humans’ primary cause of pressure perception
(Johansson and Westling, 1984). This paper discusses the results of this
study in terms of tactile innervation density and cortical topography,
also known as the "sensory homunculus." The first is tactile innervation
density. According to a study by Corniani et al. (Corniani and Saal,
2020), the hands and face are the most densely innervated regions across
the whole body, especially the palmar skin of the hands and the perioral
region of the face. In addition, the study noted that the innervation
density was not uniform across the face, with 48 units/cm2 in the
forehead, eyes, and nose, 67 units/cm2 in the central part of the face,
and 84 units/cm?2 in the lower lip, chin, and areas surrounding the ears.
Moreover, concerning cortical topography in the cerebral cortex, pre-
vious studies have demonstrated that the face, particularly the perioral
region, has a high proportion of cortical representations in the sensory
cortex compared with the rest of the body (Kaas et al., 1979; Marshall
et al., 1937). The conclusions of the above studies (high innervation
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density and high cortical representation ratio) have a relatively consis-
tent correspondence with the findings of this study (high
pressure-sensitive areas). However, this does not mean that soft tissue
thickness data is of no value in studies of pressure discomfort. For
example, in the simulation experiments of testing head-related products,
such as finite element stress experiments (Yang et al., 2022; Lei et al.,
2012), the soft tissue thickness data of the human body is an essential
basis for establishing an accurate finite element model.

Thirdly, in addition to correlation analysis of pressure sensitivity
thresholds and soft tissue thickness data, this study also performed a
correlation analysis on pressure sensitivity, soft tissue thickness, and the
degree of soft tissue deformation under pressure discomfort and pressure
pain conditions. The correlation analysis results in this section demon-
strated that soft tissue thickness also tissue deformation were not
essential factors influencing pressure sensitivity, but there is a statisti-
cally significant correlation between soft tissue thickness and the degree
of soft tissue deformation (p < 0.01). The thicker the soft tissue, the
greater the degree of soft tissue deformation, which is not unexpected.
Furthermore, pressure thresholds (PDT and PPT) were moderately
negatively correlated with soft tissue deformation in females(p < 0.05).
However, male pressure thresholds (PDT and PPT) and soft tissue
deformation did not show significant differences, which could be
attributed to the small sample size or data from different groups of
subjects. Moreover, the discomfort is a subjective feeling (Vink and
Hallbeck, 2012) , so subjective pressure discomfort and pain threshold
are essential in studies of pressure discomfort.

Fourth, based on the above conclusions, a "recommended map”
(Fig. 13) of the optimal stress-bearing area of the head, face and neck
based on pressure sensitivity maps for head-related products was
generated. In this figure, pressure sensitivity increases gradually from
the purple area to the red area. Purple areas (1) are the most optimal
weight-bearing part, followed by the dark blue areas (2), light blue areas
(3) are more sensitive than the first two areas, while the orange areas (4)
are more sensitive than the first three areas. The rest of red parts (5) are
very sensitive areas and should not be used as the primary weight-
bearing areas for head-related products.

Appendix

Table 1
PDT and PPT value for 36 participants (Unit: kPa)
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However, this study also has limitations. First, this study’s pressure
discomfort/pain thresholds, soft tissue thickness data, and soft tissue
PDT and PPT deformation data are not from the same set of samples, so
this may influence the correlation analysis. Secondly, this study only
collected data from one age group (18-30 years old). The next stage
could be comparative research between different age groups and even
different ethnic groups. Third, only one pressure gauge size was used in
this paper and pressure sensitivity thresholds may be affected by various
sizes and shapes of pressure probes. Finally, because most head-related
products will cover multiple areas at once, the PDT and PPT values
produced by applying pressure to multiple areas at once may differ from
the PDT and PPT values produced by applying pressure to a single area.
Research on these deficiencies can also help increase understanding of
human body pressure discomfort.

The pressure sensitivity of the head, face, and neck are not the same,
and there are gender differences in pressure sensitivity. Pressure
sensation is caused by soft tissue deformation. However, according to
the findings of this study, pressure sensitivity is not related to soft tissue
thickness but may be related to the degree of soft tissue deformation.
This demonstrates that studying pressure sensitivity solely from the
standpoint of macroscopic morphology is insufficient and that other
aspects, such as the distribution of mechanoreceptors, can be studied in
the future. This type of research can help reduce pressure discomfort in
wearable products.
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Landmark No. PDT Mean PDT SD PPT Mean PPT SD Landmark No. PDT Mean PDT SD PPT Mean PPT SD
1 177.60 57.55 270.74 85.24 40 198.41 82.26 257.78 103.56
2 168.40 49.40 232.91 78.08 41 252.83 118.28 334.08 132.22
3 111.68 34.09 154.28 50.18 42 185.92 80.83 280.71 105.61
4 92.22 40.84 127.85 50.62 43 248.76 115.22 358.07 149.96
5 60.05 23.79 92.71 31.88 44 206.09 83.36 279.90 126.84
6 96.07 36.76 140.34 53.32 45 210.51 82.22 279.97 113.66
7 128.41 45.52 185.10 60.62 46 248.12 103.81 329.16 131.00
8 133.65 54.59 204.10 86.07 47 276.72 129.11 384.04 144.66
9 116.81 46.21 159.98 59.71 48 283.86 126.05 383.23 141.92
10 113.52 57.45 155.20 69.64 49 251.45 113.71 323.64 123.92
11 145.86 55.68 205.98 74.54 50 210.05 89.77 280.71 107.40
12 151.98 79.41 214.44 93.19 51 273.07 126.22 359.62 133.90
13 122.68 64.46 185.24 81.21 52 242.89 104.99 318.15 133.82
14 126.65 57.84 185.53 74.11 53 252.97 129.82 342.43 157.83
15 120.95 43.44 181.49 76.31 54 265.85 132.66 361.68 157.34
16 125.62 65.72 192.50 86.11 55 220.98 81.92 303.36 127.48
17 120.74 64.69 178.13 80.87 56 259.70 123.81 348.37 153.28
18 129.76 46.64 185.56 75.08 57 253.40 118.28 331.60 127.96
19 148.34 80.07 233.33 106.10 58 220.63 85.29 316.31 132.49
20 175.97 89.49 253.01 108.98 59 255.63 129.85 339.07 157.38
21 178.77 83.23 263.38 113.47 60 210.05 83.78 289.70 114.32
22 138.68 62.92 208.07 88.25 61 225.51 99.77 317.20 144.06
23 137.97 74.82 205.73 103.73 62 318.08 154.26 445.61 185.68
24 139.21 63.71 197.06 74.37 63 293.84 136.31 411.64 189.81
25 115.89 52.65 161.75 74.38 64 277.88 134.85 392.18 173.70
26 120.10 65.06 166.45 84.42 65 238.85 102.22 321.94 131.00

(continued on next page)
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Table 1 (continued)

Landmark No. PDT Mean PDT SD PPT Mean PPT SD Landmark No. PDT Mean PDT SD PPT Mean PPT SD
27 139.56 65.03 195.79 78.75 66 274.88 143.69 367.52 166.23
28 128.27 67.14 176.89 82.25 67 303.40 131.68 402.94 159.46
29 113.87 61.76 176.19 83.90 68 288.50 141.00 403.47 159.79
30 130.93 77.77 199.75 109.20 69 267.09 133.34 363.31 174.15
31 138.68 72.60 210.44 110.17 70 231.74 116.87 331.63 156.73
32 156.69 95.12 229.30 124.00 71 262.53 147.65 352.34 178.50
33 180.47 90.17 244.73 109.10 72 259.98 112.66 337.93 142.25
34 171.97 75.74 239.00 91.66 73 220.77 89.18 291.51 122.07
35 167.66 68.05 240.23 98.51 74 271.27 126.22 376.68 158.83
36 160.23 69.29 212.35 84.97 75 297.03 122.17 401.13 150.85
37 175.34 76.20 235.07 102.33 76 328.73 182.83 433.47 200.91
38 192.96 88.99 272.58 110.79 77 256.40 127.37 358.35 170.71
39 232.24 98.51 311.00 133.65 78 268.05 119.59 366.07 155.71
79 289.10 122.94 394.41 159.68 100 207.57 116.63 289.38 138.31
80 268.90 126.43 359.34 162.18 101 185.63 95.02 267.59 124.09
81 326.40 127.69 445.79 174.29 102 223.14 124.63 340.06 165.38
82 315.29 158.45 431.63 184.39 103 170.67 78.08 246.14 113.18
83 241.76 142.05 341.22 184.10 104 133.51 78.88 191.65 104.01
84 228.80 121.88 336.91 173.52 105 109.13 65.19 160.79 87.00
85 246.32 132.74 363.69 181.25 106 102.34 52.69 150.67 80.46
86 247.45 159.65 332.94 185.61 107 97.24 44.46 145.58 64.64
87 227.88 122.54 328.91 174.81 108 103.68 49.70 152.41 69.40
88 253.04 139.43 367.02 194.51 109 85.67 53.11 131.88 84.07
89 241.83 121.27 348.30 168.64 110 91.79 52.53 138.64 63.37
90 176.96 94.50 270.52 130.28 111 80.25 40.50 120.03 68.10
91 160.16 82.35 234.39 106.13 112 81.74 49.08 120.24 67.63
92 147.59 79.11 213.94 106.89 113 135.46 66.63 203.86 97.37
93 125.80 69.26 174.52 88.60 114 75.87 42.01 112.49 57.43
94 122.47 61.69 181.99 89.61 115 69.57 31.98 103.89 52.85
95 177.67 107.10 253.29 118.80 116 321.80 146.99 461.50 179.15
96 113.48 58.32 172.05 87.56 117 335.60 169.65 434.93 194.76
97 142.64 68.45 204.95 95.15 118 262.95 101.80 350.00 144.29
98 157.71 81.23 236.98 107.76 119 283.16 161.13 378.52 185.34
99 181.35 98.04 258.74 122.83

NS: no significant. *p < 0.05, **p < 0.01.

Table 2
PDT for gender difference (Unit: kPa)

Landmark Female Male Gender diff.
No- Mean SD Correlation with BMI Mean SD Correlation with BMI

1 173.31 60.51 0.02 182.96 55.09 0.24 NS

2 154.39 43.31 0.32 185.91 52.25 0.21 P < 0.05
3 104.71 27.66 0.26 120.38 39.95 0.11 NS

4 84.65 35.72 0.26 101.67 45.86 0.11 NS

5 54.01 20.07 -0.22 67.60 26.47 0.00 NS

6 87.77 37.14 -0.22 106.45 34.62 0.21 NS

7 116.11 46.00 -0.07 143.79 41.24 0.35 NS

8 116.50 52.07 —0.05 155.10 51.34 0.33 P < 0.05
9 107.39 40.76 —-0.36 128.58 51.11 0.11 NS

10 99.43 59.44 -0.13 131.13 51.28 0.24 NS

11 130.13 46.43 0.10 165.53 61.33 0.34 P < 0.05
12 131.72 79.07 —0.02 177.31 74.60 0.31 NS

13 98.66 57.85 —-0.01 152.71 61.03 0.39 P < 0.01
14 115.61 65.95 0.00 140.45 43.93 0.30 NS

15 104.39 38.56 -0.10 141.64 41.20 0.36 P <0.01
16 117.39 64.12 —-0.09 135.91 68.31 0.37 NS

17 100.00 61.48 -0.23 146.66 60.73 0.34 P < 0.05
18 116.75 50.53 0.16 146.02 36.52 0.21 NS

19 116.94 58.32 -0.14 187.58 87.72 0.46 P <0.01
20 145.92 72.94 0.02 213.54 96.12 0.43 P < 0.05
21 150.83 63.90 0.14 213.69 93.01 0.35 P < 0.05
22 115.29 57.62 0.00 167.91 58.23 0.14 P < 0.05
23 110.70 58.73 0.10 172.05 80.39 0.15 P < 0.01
24 114.78 43.48 0.00 169.75 72.70 0.34 P < 0.01
25 102.55 44.68 0.02 132.56 58.35 0.39 NS

26 110.45 68.20 0.01 132.17 60.87 0.48 NS

27 121.78 56.88 0.10 161.78 69.45 0.47 NS

28 113.25 55.98 0.11 147.05 76.64 0.40 NS

29 101.66 56.57 -0.14 129.14 66.33 0.23 NS

30 109.30 64.62 —0.04 157.96 86.14 0.31 NS

31 118.41 68.06 0.02 164.01 72.10 0.39 P < 0.05
32 129.68 59.79 —0.05 190.45 119.98 0.42 P < 0.05

(continued on next page)
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Table 2 (continued)

Landmark Female Male Gender diff.
No. Mean SD Correlation with BMI Mean SD Correlation with BMI

33 151.97 70.01 —0.14 216.08 101.63 0.40 P < 0.05
34 139.24 70.96 0.17 212.90 61.56 0.18 P <0.01
35 136.43 57.19 0.34 206.69 61.14 0.29 P < 0.01
36 134.84 57.69 0.21 191.96 71.08 0.13 P < 0.01
37 151.72 78.43 0.17 204.86 63.91 0.13 P < 0.05
38 176.37 89.89 0.25 213.69 86.12 0.17 NS

39 218.28 110.50 0.14 249.68 81.17 0.40 NS

40 176.94 76.62 0.08 225.24 83.49 0.32 NS

41 217.71 109.30 0.10 296.74 117.52 0.26 P < 0.05
42 159.17 81.49 0.07 219.35 68.47 0.50 P < 0.05
43 230.64 136.26 0.09 271.42 80.45 0.20 NS

44 184.08 71.57 0.04 233.60 90.94 —0.06 NS

45 190.38 87.81 0.11 235.67 69.21 0.22 NS

46 212.10 82.92 -0.14 293.15 112.00 0.20 P <0.01
47 250.32 131.26 0.13 309.71 122.41 0.36 NS

48 265.03 129.40 0.08 307.40 121.66 0.40 NS

49 207.07 93.99 —0.02 306.93 114.33 0.28 P < 0.01
50 187.52 94.54 0.12 238.22 77.18 0.15 NS

51 251.66 134.53 0.07 299.84 113.46 0.28 NS

52 205.35 84.20 —0.01 289.81 111.86 0.24 P < 0.01
53 228.85 151.89 0.12 283.12 91.42 0.45 NS

54 243.44 141.74 0.12 293.87 118.78 0.18 NS

55 191.46 70.64 —0.06 257.88 82.00 0.05 P <0.01
56 244.20 144.63 0.16 279.06 92.47 0.34 NS

57 216.94 111.03 0.18 298.96 114.20 0.21 P < 0.05
58 202.87 84.94 0.00 242.83 83.00 0.36 NS

59 224.78 114.50 —0.15 294.19 140.99 0.18 NS

60 201.66 86.98 -0.19 220.54 81.14 0.21 NS

61 203.44 92.39 -0.11 253.11 104.65 0.35 NS

62 282.48 162.39 0.08 362.58 135.36 0.43 NS

63 270.13 135.19 0.06 323.49 136.09 0.40 NS

64 227.39 109.71 0.23 341.00 139.76 0.38 P <0.01
65 211.15 89.33 —0.18 273.49 109.41 0.19 NS

66 257.64 169.16 0.14 296.42 105.06 0.19 NS

67 278.47 141.63 0.07 334.55 114.84 0.16 NS

68 282.68 157.12 0.07 295.78 122.55 0.15 NS

69 259.81 162.27 0.07 276.19 89.29 0.09 NS

70 221.08 132.80 0.02 245.06 95.89 .51% NS

71 235.10 165.44 0.07 296.82 118.06 0.17 NS

72 227.39 108.23 —0.08 300.72 107.67 0.25 P < 0.05
73 204.27 93.93 -0.03 241.40 81.03 0.35 NS

74 248.92 129.48 0.06 299.20 120.16 0.35 NS

75 276.82 138.34 —0.10 322.29 96.74 0.21 NS

76 318.66 215.55 0.14 341.32 137.24 0.29 NS

77 229.43 132.86 0.22 290.13 115.39 0.16 NS

78 242.55 120.40 0.01 299.92 114.27 0.36 NS

79 270.76 125.43 —0.01 312.02 119.71 0.32 NS

80 236.88 112.96 0.11 308.92 134.39 0.30 NS

81 292.80 120.65 0.04 368.39 127.35 .50* NS

82 296.11 184.23 0.18 339.25 120.37 0.42 NS

83 193.06 121.45 0.21 302.63 145.89 .58% P <0.01
84 194.84 110.41 0.03 271.26 125.54 0.45 NS

85 209.55 118.85 0.13 292.28 138.45 0.44 NS

86 210.51 175.98 0.23 293.63 127.08 0.25 NS

87 171.02 87.72 —0.12 298.96 124.86 0.46 P < 0.05
88 196.43 118.03 0.13 323.81 134.55 0.47 P <0.01
89 196.62 111.84 0.10 298.33 111.08 0.41 P < 0.01
90 149.75 87.68 0.00 210.99 94.23 0.45 P <0.01
91 136.05 77.24 0.10 190.29 80.77 0.56* P < 0.05
92 134.33 76.85 0.17 164.17 81.20 0.44 NS

93 110.51 69.73 —0.02 144.90 65.82 0.44 NS

94 111.15 59.20 0.00 136.62 63.69 .54+ NS

95 139.94 97.66 0.03 224.84 102.04 .50* P <0.01
96 93.69 48.15 0.16 138.22 61.85 0.25 P < 0.05
97 135.86 68.28 0.15 151.11 69.94 51% NS

98 137.01 76.23 0.04 183.60 82.16 .60* NS

99 157.45 78.11 —0.04 211.23 113.95 .64%* NS

100 165.22 102.03 0.19 260.51 114.77 0.43 P <0.01
101 164.90 92.59 0.06 211.54 94.43 0.48 NS

102 182.29 102.53 —0.06 274.20 133.86 64** P < 0.05
103 141.66 62.93 -0.16 206.93 81.75 0.43 P <0.01
104 115.48 66.26 —-0.10 156.05 89.33 0.44 NS

105 99.11 74.57 0.24 121.66 50.70 0.34 NS

106 90.19 55.17 -0.03 117.52 46.70 0.47 NS

(continued on next page)
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Table 2 (continued)

Landmark Female Male Gender diff.
No. Mean SD Correlation with BMI Mean SD Correlation with BMI

107 97.07 43.43 0.00 97.45 47.15 .52% NS

108 90.00 45.97 0.03 120.78 50.26 52% NS

109 81.59 54.43 —0.06 90.76 52.71 0.31 NS

110 83.06 50.78 0.11 102.71 54.26 0.48 NS

111 77.90 43.32 -0.21 83.20 37.86 .55% NS

112 76.75 51.61 —0.02 87.98 46.61 .56* NS

113 108.41 58.56 —0.14 169.27 61.81 51* P <0.01
114 67.07 34.10 -0.01 86.86 49.13 .54* NS

115 62.04 30.74 0.02 78.98 31.93 0.44 NS

116 313.44 169.13 0.19 332.25 118.19 0.37 NS

117 309.04 201.02 0.24 368.79 117.73 0.49 NS

118 227.01 93.69 0.03 307.88 95.83 0.26 P <0.01
119 286.94 171.56 0.03 278.42 152.49 0.07 NS

NS: no significant. *p < 0.05, **p < 0.01.

Table 3
PPT for gender difference (Unit: kPa)
Landmark No. Female Male Gender diff.
Mean SD Correlation with BMI Mean SD Correlation with BMI

1 242.80 75.36 0.07 305.65 86.12 —0.06 P < 0.05
2 203.38 64.49 0.28 269.82 79.63 0.07 P <0.01
3 146.82 44.01 0.22 163.61 57.05 0.03 NS

4 117.45 45.13 —0.32 140.84 55.45 0.22 NS

5 82.55 28.79 —0.20 105.41 31.80 0.05 P < 0.05
6 128.85 54.45 —0.09 154.70 49.82 0.37 NS

7 159.75 47.22 —0.04 216.80 61.82 0.27 P < 0.01
8 171.46 70.25 —0.40 244.90 88.53 0.30 P <0.01
9 143.25 48.49 -0.21 180.89 67.10 0.16 P <0.05
10 137.90 73.75 0.20 176.83 59.40 0.24 NS

11 176.50 58.70 0.15 242.83 77.41 0.26 P <0.01
12 187.83 102.13 0.05 247.69 70.19 0.40 P < 0.05
13 155.41 67.84 —0.02 222.53 83.00 0.32 P <0.01
14 161.72 79.57 -0.13 215.29 55.63 0.44 P < 0.05
15 151.40 63.99 -0.17 219.11 75.39 0.47 P <0.01
16 169.11 86.31 —0.23 221.74 78.89 0.47 NS

17 151.21 78.23 0.08 211.78 73.02 0.40 P < 0.05
18 154.90 65.58 0.11 223.89 69.90 0.00 P <0.01
19 191.27 88.15 -0.07 285.91 105.44 0.45 P <0.01
20 208.66 89.58 0.08 308.44 107.92 0.29 P <0.01
21 221.34 102.17 0.18 315.92 107.33 0.39 P <0.01
22 161.34 64.55 0.03 266.48 79.64 0.23 P <0.01
23 162.87 73.95 0.13 259.32 112.54 0.16 P <0.01
24 167.26 44.58 0.06 234.32 87.88 0.32 P <0.01
25 144.33 70.29 0.07 183.52 75.77 0.44 NS

26 152.36 82.01 —0.06 184.08 86.69 0.41 NS

27 174.08 70.73 0.11 222.93 81.98 0.53* NS

28 152.61 64.12 0.18 207.25 93.86 0.38 P < 0.05
29 156.82 76.19 -0.18 200.40 89.14 0.39 NS

30 170.32 98.68 —-0.10 236.54 113.55 0.12 NS

31 173.82 83.63 -0.07 256.21 124.25 0.27 P < 0.05
32 183.95 80.98 -0.07 285.99 146.29 0.41 P < 0.05
33 209.62 79.22 —0.26 288.61 126.98 0.33 P <0.05
34 201.27 76.83 0.06 286.15 88.63 0.08 P < 0.01
35 194.84 83.95 0.21 296.97 86.79 0.12 P <0.01
36 173.95 65.75 0.17 260.35 83.33 0.10 P <0.01
37 199.87 93.29 0.17 279.06 98.46 —0.01 P < 0.01
38 245.67 111.92 0.12 306.21 102.97 0.17 NS

39 296.75 159.52 0.15 328.82 94.03 0.37 NS

40 224.97 84.19 0.07 298.81 113.21 0.16 P < 0.05
41 296.88 136.64 0.14 380.57 113.98 0.36 P < 0.05
42 242.48 107.16 0.24 328.50 84.23 .54* P < 0.05
43 316.88 149.05 0.12 409.55 138.71 0.18 NS

44 238.54 97.33 0.03 331.61 142.85 —0.01 P < 0.05
45 244.90 106.89 0.08 323.81 109.46 0.11 P < 0.05
46 290.25 109.81 —0.06 377.79 142.22 0.15 P <0.05
47 347.64 150.74 0.17 429.54 126.77 0.24 NS

48 358.60 144.11 0.11 414.01 137.38 0.43 NS

49 271.21 96.52 0.02 389.17 125.65 0.35 P <0.01
50 249.75 112.87 0.03 319.43 88.90 0.16 P <0.05
51 330.96 140.69 —0.02 395.46 119.56 0.33 NS

(continued on next page)
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Table 3 (continued)

Landmark No. Female Male Gender diff.
Mean SD Correlation with BMI Mean SD Correlation with BMI

52 267.52 91.22 —0.08 381.45 153.47 0.17 P <0.01
53 310.51 179.08 0.13 382.32 120.21 0.42 NS

54 334.01 171.39 0.05 396.26 135.14 0.23 NS

55 258.41 110.27 0.04 359.55 128.27 0.08 P < 0.05
56 329.36 175.71 0.18 372.13 120.96 0.33 NS

57 291.08 128.31 0.13 382.25 111.46 0.41 P < 0.05
58 285.80 115.97 —0.07 354.46 145.36 0.39 NS

59 293.18 139.32 —0.02 396.42 163.98 0.27 P < 0.05
60 264.39 116.47 —0.03 321.34 106.73 0.26 NS

61 267.64 120.89 —0.02 379.14 150.15 0.32 P < 0.05
62 376.62 173.70 0.01 531.85 167.19 .55% P < 0.05
63 364.01 162.04 0.10 471.18 209.77 0.40 NS

64 322.17 137.63 0.22 479.70 178.05 0.38 P < 0.01
65 284.71 106.90 -0.09 368.47 146.31 0.21 P < 0.05
66 341.27 188.99 0.12 400.32 131.02 0.26 NS

67 352.42 153.28 0.03 466.08 148.04 0.22 P < 0.05
68 375.16 170.41 0.03 438.85 142.79 0.27 NS

69 346.75 211.63 0.07 384.00 114.94 0.11 NS

70 293.57 168.88 0.04 379.22 129.77 0.35 NS

71 299.62 178.06 0.02 418.23 160.77 0.09 P < 0.05
72 300.19 142.70 0.04 385.11 130.96 0.25 NS

73 257.13 98.17 0.01 334.47 137.90 0.33 P < 0.05
74 331.02 152.96 0.04 433.76 151.57 0.35 P < 0.05
75 362.99 149.89 —0.14 448.81 142.40 0.18 NS

76 412.36 236.13 0.10 459.87 149.07 0.36 NS

77 331.02 189.20 0.24 392.52 142.89 0.18 NS

78 333.50 151.83 0.04 406.77 155.53 0.29 NS

79 354.97 167.00 0.05 443.71 139.66 0.42 NS

80 300.13 136.44 0.18 433.36 165.15 0.30 P < 0.05
81 391.40 147.10 0.02 513.77 186.01 0.39 P < 0.05
82 380.13 203.00 0.21 496.02 138.47 .52% P < 0.05
83 282.36 139.42 0.09 414.81 209.92 53* P < 0.05
84 282.68 150.56 0.16 404.70 180.89 0.41 P < 0.05
85 311.21 158.70 —0.01 429.30 191.02 .50* P < 0.05
86 278.66 189.34 0.20 400.80 161.68 0.21 P < 0.05
87 237.83 117.25 —0.06 442.75 170.30 0.46 P <0.01
88 278.47 153.69 0.09 477.71 186.64 .50 P < 0.01
89 295.61 167.26 0.07 414.17 150.31 0.40 P < 0.05
90 231.08 111.98 —0.09 319.82 138.04 .53* P < 0.05
91 209.75 110.73 0.17 265.21 94.50 49* NS

92 187.01 109.03 0.24 247.61 97.09 .53* NS

93 152.42 86.04 0.08 202.15 86.47 0.42 NS

94 164.65 88.76 0.03 203.66 88.64 .52 NS

95 207.71 108.39 0.08 310.27 108.69 .58* P <0.01
96 134.46 58.71 0.12 219.03 96.37 0.41 P <0.01
97 189.55 93.00 0.16 224.20 97.26 0.46 NS

98 202.74 98.59 —0.04 279.78 106.14 63%* P < 0.05
99 230.19 91.46 -0.03 294.43 148.88 .57* NS

100 237.83 129.31 0.19 353.82 124.42 0.44 P < 0.05
101 234.27 122.96 0.05 309.24 115.97 .55% NS

102 280.96 143.45 —0.09 413.93 165.15 .65%* P < 0.05
103 193.95 81.64 -0.13 311.39 115.23 0.23 P < 0.01
104 165.41 97.37 —0.07 224.44 105.68 0.43 NS

105 139.30 98.66 0.17 187.66 62.82 0.33 NS

106 132.23 83.77 0.05 173.73 72.07 0.48 NS

107 138.73 60.47 —0.06 154.14 70.54 .51% NS

108 130.51 66.77 —0.01 179.78 64.44 .62 P < 0.05
109 121.53 76.44 -0.23 144.82 93.65 0.28 NS

110 123.06 56.83 0.12 158.12 67.47 0.44 NS

111 108.66 51.61 —0.12 134.24 84.02 0.38 NS

112 106.18 58.67 —0.05 137.82 75.62 .68%* NS

113 155.99 66.24 —0.08 263.69 98.44 0.29 P <0.01
114 96.05 42.69 —0.22 133.04 67.65 .59% P < 0.05
115 90.19 46.97 0.16 121.02 56.20 0.46 NS

116 437.32 190.44 0.13 491.72 164.90 .50% NS

117 394.33 223.21 0.22 485.67 143.01 0.47 NS

118 301.40 137.83 0.12 410.75 132.02 0.29 P < 0.05
119 379.17 185.01 0.02 377.71 191.81 0.09 NS
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