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Abstract

Knowledge gaps exist on association between law enforcement officer (LEO) anthropometric
characteristics and perceived body armour fit, armour discomfort, and armour-caused pain. This
study assessed the correlation and identified influential torso dimensions for armour sizing

and design applications. Nine-hundreds and seventy-four LEOs across the U.S. participated in

a national study on LEO armour use and body dimensions. Perceived ratings of armour fit,
armour discomfort, and body pain were found moderately correlated with each other. In addition,
armour fit ratings were associated with certain torso anthropometric characteristics, such as chest
circumference, chest breadth, chest depth, waist circumference, waist breadth (sitting), waist front
length (sitting), body weight, and body mass index. LEOs who reported armour poor fit, armour
discomfort, and armour-caused pain had a larger mean of body dimensions than the “armor good
fit” group. More women than men had poor fit, discomfort, and body pain in the use of body
armour.

Practitioner summary:

The identified influential body measurements can be used as the “drivers” for multivariate
analyses to develop an improved armour sizing system to further LEO protection. The study

also suggests consideration of gender specific armour sizing systems to accommodate differences
in torso configurations between male and female officers and to resolve the concern that more
female officers had poor armour fit than male officers.
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Introduction

Law enforcement officers (LEOs) were among the four occupations with an injury incidence
rate greater than 400 cases per 10,000 full-time workers in 2011-2015 in the United States
(U.S. Bureau of Labor Statistics 2016). Of these injuries to LEOs, 27% were associated
with violent acts. In addition, during 2003—-2009, 968 officers died in the line of duty and
44% of the fatalities were related to violent incidents (Tiesman et al. 2013). The most recent
data showed an increase of incidents with 129 officers died in the line of duty in 2021

and 57% of them were killed feloniously (Federal Bureau of Investigation (FBI)) 2022a).
Moreover, the Federal Bureau of Investigation (FBI) reported that more than 56,034 officers
were assaulted out of the 475,848 employed officers in 2019, which is equivalent to 11.8%
(Federal Bureau of Investigation (FBI) 2022b). Body armour (Figure 1(a)), typically in a
vest form, is important equipment for personal protection of LEOs against many types of
assaults, such as handgun and rifle ammunition, knives, and spikes (Greene 2019).

1.1. Types of body armour

Two types of ballistic resistant armour are used by LEOs to protect their vital organs, such
as heart, liver, lungs, spleen, and kidneys. Soft body armour is the type of body armour that
officers typically wear during their daily duties and is referred to as a “vest’. Usually, a vest
consists of two ballistic resistant panels held in place on the wearer’s torso by a carrier (a
plate-holding pouch). One panel protects the front of the torso, the other safeguards the back
of the torso (Figure 1(b)). The vest is worn with the front panel overlapping the back panel
to protect the sides of the torso (National Institute of Justice (NI1J)) 2014). The front panel
and back panel themselves typically consist of an enclosure that holds the ballistic resistance
materials (Figure 1(c)). The ballistic resistance materials can be in multiple layers. A vest
can be worn under an officer’s uniform or over a uniform. It is called concealable armour
when it is worn under a uniform. Hard armour consists of a rigid plate of ballistic-resistant
materials to offer greater protection against higher threats than soft armour. Often, a rigid
plate is added in soft armour to form hard armour; some hard armour plates are designed

to be used by themselves in a carrier as hard armour as well. Hard armour is used by
officers for entering high-risk situations and thus is not typically worn for extended periods
(National Institute of Justice (N1J)) 2014).

Law enforcement body armour originates from military armour but is slightly different from
military full body tactical armour and a bullet resistant military plate carrier. The military
full body tactical armour consists of front, side, and back panels in a “vest’. The vest can be
joined with a helmet and arm and leg protection components to form a full body protection.
A bullet resistant military plate carrier is lighter than a military full-body armour vest and
can hold soft or hard plates to provide different levels of protection required. LEO vests
build on this concept.

Body armour sizing, fit, and comfort

Since the first performance standard for ballistic resistant police body armour was published
in 1972 (National Institute of Law Enforcement and Criminal Justice 1972), research on the
impact of body armour has advanced and a certification process of LEO body armour has
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been in place in U.S. for some years (Greene 2019). The research and recommendations

on body armour sizing and fit, however, have not progressed at the same level, possible

due to lack of national LEO anthropometry data and information on their correlation with
body armour fit and comfort. In a national questionnaire survey (N = 1027), the National
Institute of Justice (NIJ; National Institute of Justice 2012) reported that 58.6% officers were
satisfied with the fit of their body armour while 29% of officers reported being dissatisfied,
although they were fitted by armour manufacturers or their internal agency representatives.
12.4% of officers reported neutral with their body armour fit (Grant et al. 2012). “When
officers were asked which features they want to see in the next generation of body armor,
the most common responses were improved comfort (84.4%), improved fit (72.6%) and
reduced weight (63.9%)’ (Grant et al. 2012). With an understanding that officers who did
not routinely wear body armour suffered 3.4 times more fatal injuries from a torso shot than
officers who routinely wear body armour (LaTourrette 2010), the authors (Grant et al. 2012)
pointed out that more comfortable body armour could increase the likelihood that officers
will regularly use their body armour.

While body armour fit, perceived comfort of armour, and human body characteristics
have been explored in the military settings (Gordon, Corner, and Brantley 1997; Choi

et al. 2018; Tavares et al. 2020; and Coltman et al. 2021), studies of occupational law
enforcement officer anthropometry and their armour fit remain limited. With a goal to
lessen the gap in body armour coverage and fit, Robinson and Horlick (2018) conducted
‘interviews, observations, workshops, and studies involving hundreds of officers’, and
concluded that “there are still many unknowns in armor fit and coverage, especially
how body measurements are turned into body armors’. They suggested a collaborative
effort among stakeholders to further study the armour fit and coverage problems and
define solutions by possibly including 3-dimensional (3D) body scanning, standardising
sizing across the industry, certifying measurers/fitters, and implementing body armour
management programs.

1.3. Knowledge gaps in armour sizing, officer anthropometry, and gender effect

The American Society for Testing and Materials (ASTM) E3003-20 standard ‘Body Armor
Wearer Measurement and Fitting of Armor’ provided guidance on body measurement
technique and assessment of armour fit and torso coverage for soft ballistic-resistant and
stab-resistant armours (ASTM (American Society for Testing and Materials) International
2020). With the focus on training individuals on proper measurement techniques and

fitting of body armour, the standard does not cover information on relationship of these
measurements with armour sizing.

Recognising that armour fit is a multi-dimensional matter, some armour manufacturers have
developed adjustable sizing vests (Figure 2) to help officers in deciding their armour front-
and back-panel sizes. The ASTM E3003-20 standard section seven describes the procedure
on the use of a sizing vest. The configuration (i.e., dimensions and number of sizes) of
sizing vests and adjustment range of each vest component, however, are not covered in the
standard.

Ergonomics. Author manuscript; available in PMC 2024 September 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hsiao

Page 4

A recent literature review and market survey conducted by the National Institute for
Occupational Safety and Health (NIOSH) found no consistent, commonly used body
dimensions, LEO armour sizing structure, and sizing selection criteria in the U.S. armour
marketplace. Adding complexity to sizing and fit of body armours, LEOs were reported to
be on average larger in body dimensions than the civilian population and military personnel
(Hsiao et al. 2021). No information in the literature was identified on what anthropometric
databases were used in specifying LEO armour dimensions in the current marketplace.
Moreover, the most recent national LEO anthropometry study conducted by NIOSH (Hsiao
et al. 2021) reported that previous best available LEO anthropometry data were collected
46 years ago (Martin et al. 1975). Based on the most recent data collected by NIOSH, the
mean values of LEO body dimensions have increased over the past 46 years by 120 mm

in waist circumference, 90 mm in chest circumference, 26 mm in chest width, and 12.2

kg in body weight for males. No previous data was available for comparison for females.
Furthermore, body armour has been primarily designed for men. With more women joining
the law enforcement workforces, wearability of body armour for female officers has been a
subject matter in discussion by the protective gear fit research, design, and manufacturing
entities.

Finally, given that personal protective equipment (PPE) sizing and design (such as officer
body armour) is a multivariate process, use of a single measurement or a few dimensions
additively to define the fit and sizing structure is known to be deficient (Hsiao 2013).

Two important steps can be made to further armour design, sizing, and fit for better LEO
protection: (1) an investigation of national LEO torso anthropometry by gender and (2) a
systematic assessment of armour fit, perceived armour discomfort, and armour-caused body
pain and their association with LEO torso anthropometric characteristics.

1.4. Objective

2.
2.1

This study investigated the state of LEO-armour interface by identifying the association
among LEO torso anthropometric characteristics, LEO armour fit, armour discomfort, and
armour-caused body pain for armour sizing and design application. The focus is on soft
armour as it is the type of body armour that officers typically wear during their daily

duties. It was hypothesised that (1) the perceived ratings of LEO armour poor fit, armour
discomfort, and armour-caused body pain are correlated with each other, and (2) LEO body
characteristics (e.g., gender and body dimensions) have an effect on body armour comfort
and fit ratings and perceived body armour-caused body pain. The study results will ascertain
most influential torso dimensions associated with armour fit to LEOs, which will be used as
the “drivers’ for a series of multivariate cluster analyses to establish improved armour-sizing
structures and representative LEO torso models for armour design.

Methods

Participants

A total of 974 LEOs (756 men and 218 women) participated in the study conducted by
the National Institute for Occupational Safety and Health (NIOSH) from 2018 to 2020.
Their demographic information was recorded (Table 1; Hsiao et al. 2021) and their torso
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dimensions relevant to body armour design and sizing were measured (Table 2). Participants
also answered 4 survey questions relevant to fit of armour, discomfort of armour, armour-
caused body pain areas, and needs for body-armour-fit improvement.

The LEO participants were recruited based on the geographic density of racial/ethnic
distributions, derived from the 2010 U.S. Census (U.S. Census Bureau 2012). The research
protocol, questionnaire, and participant consent form were approved by the NIOSH
Institutional Review Board (IRB #14-DSR-02XP). In addition, the study questionnaire,
sampling plan, and protocol were approved by the U. S. Office of Management and Budget
(OMB #0920-1232).

Procedure

As part of a national LEO anthropometry study, a sample of LEOs participated in data
collection with a NIOSH mobile trailer at one of 12 study sites across the United

States in 2018-2020 (Hsiao et al. 2021). The LEOSs read and signed a consent form to
participate in the study and completed a demographic data form, which comprised sex,
age, and race/ethnicity. Two anthropometry data collection specialists from a 4-member
team then measured their body dimensions (Table 2). Two three-dimensional (3-D) body
scans (standing and seated) of the participants were also conducted using a 3-D Cyberware
WBX whole body scanner (Cyberware Inc., Monterey, California). The participants then
answered 17 questions on a tablet computer, which assessed the state of LEO-vehicle

and LEO-equipment interfaces. Finally, the participants were reimbursed for their time
and dismissed. Four of the 17 questions relevant to body armour fit, armour comfort,
armour-caused body pain areas, and areas for armour design improvement along with

their anthropometric data are included in this paper. Thirteen of the 17 questions related

to vehicle use were reported in a separate article (Hsiao 2023). Low response rate and
missing data were common problems with questionnaire surveys (Lindemann 2021). This
stratified sampling survey integrated the questionnaire survey in an in-person anthropometry
measurement section, which resolved the concern of low response rate in typical customer
surveys.

The four survey questions on body armour fit, armour comfort, armour-caused body pain
areas, and areas for armour design improvement are summarised below:

1. Rate the fit of your body armour (1 = extremely poor fit, 2 = poor fit, 3 = neutral,
4 = good fit, and 5 = excellent fit).

2. Rate the comfort of your body armour (1 = very uncomfortable, 2 =
uncomfortable, 3 = neutral, 4 = comfortable, 5 = very comfortable).

3. Does the body armour cause discomfort or pain on particular areas of the body?
If yes, tick the areas (neck, underarm, chest, waist, hips, and other — write in)

4, What areas of body armour fit should be improved? (neck, underarm, chest,
waist, hips, other — write in, none).

A five-point Likert scale was used in the first two questions related to LEO body armour fit
and comfort. Both questions have positive and negative declarations (i.e., poor fit vs. good
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fit and uncomfortable vs. comfortable) on the same scale. Specifically, the ratings of fit of
LEO body armour were 1-5, verbally anchored as extremely poor fit, poor fit, neutral, good
fit, and excellent fit. The ratings of comfort of LEO body armour were also 1-5, verbally
anchored as very uncomfortable, uncomfortable, neutral, comfortable, and very comfortable.
Officers rated the armour they used at the time of data collection. They were typically fitted
by armour manufacturers or their internal agency representatives for their armour and have
used the same armour for at least a few months.

In typical business satisfaction and dissatisfaction surveys (such as job surveys), satisfaction
and dissatisfaction are two independent constructs. Dissatisfaction can be related to
company policies and/or salary. Satisfaction would be related to the work context and
personal growth potential (Herzberg, Mausner, and Snyderman 1959). Similarly, in work
environment comfort and discomfort evaluations, discomfort was reported to be related

to physical characteristics of an environment (Zhang, Helander, and Drury 1996), of

which the absence of discomfort, nothing is experienced. To notice comfort, more should
be experienced, such as luxury, safety, relaxation, or well-being; therefore, comfort and
discomfort are considered two independent constructs. In product evaluation (such as body
armour), however, both discomfort and comfort can be related to product physical features
(Noro et al. 2012; de Korte et al. 2012) although comfort may also include the aesthetics of
design (De Looze, Kuijt-Evers, and Van Dieén 2003; Vink and Hallbeck 2012), where one
rating construct is often used. In our armour fit and comfort study, poor fit and discomfort
of armour as a personal protective device would be unaccommodating of the armour to
LEOs. The absence of poor fit or discomfort can be “Neutral” or ‘fit and comfort” The use
of a 5-point Likert scale with both positive and negative declarations (i.e., good fit vs. poor
fit and comfortable vs. uncomfortable) on the same scale is practical. The scaling method
offered an option for a one-way ANOVA analysis to compare anthropometric differences
among poor fit (rating of 1 or 2), neutral (rating of 3), and good fit (rating of 4 or 5)

groups. In addition, the scaling method allowed us to roll the neutral group into good fit
group for two-group #test comparisons, which can be a choice in overcoming small sample
size concern in three-group analyses for female LEOs. In other words, classifying the study
participants into armour poor fit (extremely poor to poor; rating of 1 and 2) vs. armour good
fit (neutral, very good, and excellent; rating of 3, 4, and 5) groups as well as discomfort

of armour (very uncomfortable to uncomfortable; rating of 1 and 2) vs. comfort of armour
(neutral, comfortable, and very comfortable; rating of 3, 4, and 5) groups in data analyses to
identify contributing torso dimensions to the armour accommodation is a choice for female
LEOs due to their smaller sample size (V= 218) as compared to male LEOs (N = 756).

3. Statistical analyses

Two-tail £tests were performed for 11-paired body-dimension comparisons between men
and women, with p=.05/11 = .0045 (z= 2.61) as the adjusted significant level. Chi-square
analyses were performed to differentiate the distribution of armour fit, amor comfort, and
armour-caused body pain between male and female officers.

A bivariate fit/plot of perceived body armour fit by body armour comfort was performed.
Pearson correlation coefficient (/) was used to define the level of correlation between armour
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fitand armour comfort. A regression analysis also was conducted to verify that the perceived
armour comfort rating is a predictor of body armour fit.

One-way ANOVASs with Tukey—Kramer HSD all-pairs comparisons of means for each
LEO body dimension among the three armour fit groups (poor, neutral, and good) were
performed for male LEOs to determine the differences in torso anthropometry among

the three armour fit groups. Same one-way ANOVAs with Tukey—Kramer HSD all-pairs
comparisons of means for each LEO body dimension among the three armour comfort
groups (uncomfortable, neutral, and comfortable) were also performed for male LEOs.
For female LEOs, £tests were performed to identify the difference in means of each

LEO body dimension between the two armour fit groups (poor fit group vs. good fit +
neutral group). The decision to use two-group comparisons in lieu of three-group one-way
ANOVA for female LEOs was to resolve the concern of small sample size of female
LEOs in a three-group one-way ANOVA. Similarly, #tests were performed to identify the
difference in means of each LEO body dimension between the two armour comfort groups
(uncomfortable group vs. comfortable + neutral group). More details of statistics analyses
are presented in the Results section.

4. Results

4.1.

LEO anthropometry, armour fit, and armour comfort

Data for 11 body dimensions relevant to LEO body armour configuration are presented in
Table 3. Since our sample outcomes by gender, racial/ethnic, and age are very close to
the original sampling plan, we elected to use unweighted data in this paper for simplicity.
The data in 11-paired two-tail t-test comparisons indicate significant differences in means
between male and female officers for all 11 dimensions.

Overall, 26.2% of LEOs rated their armour poor fit (extremely poor to poor — rating of 1 or
2); 30.2% of participants rated Neutral (rating of 3) and 43.6% of LEQOs ranked the armour
good fit (good to excellent — rating 4 or 5) (Table 4). A Chi-square analysis shows that more
proportion of female officers (38.7%) than male officers (22.4%) rated their armour poor fit
which is significantly different (Pearson XZ (2, N=784) =25.27, p < .0001).

Overall, 29.7% of LEOs in the study sample found their body armour comfortable
(comfortable to very comfortable — rating of 4 or 5) and 38.4% LEO reported Neutral
for their body armour. 31.9% of LEQOs rated their armour uncomfortable (from very
uncomfortable to uncomfortable — rating of 1 or 2) (Table 5). There was a disparity in
the perceived discomfort of the body armour between men (28%) and women (45%). A
Chi-square analysis confirms that the disparity is statistically significant (Pearson XZ @,
N=821) = 20.96, p< .0001).

A bivariate assessment of perceived body armour fit by body armour comfort showed that
the Pearson correlation coefficient (/) between armour fitand armour comfort was 0.565
with 95% confidence interval of (0.514, 0.612), p < .0001 (Figure 3), which indicated a
moderate positive correlation (0.5 < r< 0.75) between armour fit and armour comfort. A
regression analysis also confirms that the perceived armour comfort rating is a predictor

Ergonomics. Author manuscript; available in PMC 2024 September 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hsiao

4.2.

Page 8

of body armour fit (F (1, n=747) = 349.24, p< .0001). Figure 3 includes nonparametric
density contours to demonstrate patterns in point density where the scatterplot is darkened
by significant number of points in the rating range of 2, 3, and 4 for body armour fit and
body armour comfort.

Body armour-caused pain and needed armour-fit improvements

More than a half of LEOs (54.3%) reported that body armour caused discomfort or pain in
at least one body area, more so for women (68.5%) than men (50.2%), which is significantly
different between the two groups (Pearson Xz (1, n=889) = 20.88, p<.0001). LEOs who rated
armour ‘good fit” (good fit or excellent fit) tended to report that body armour did not cause
body area discomfort/pain than who rated armours ‘neutral’ or “poor fit” (poor or extremely
poor) (Pearson XZ (2, N=776) = 54.35, p<.0001). This reaffirms that while a good fit of

an armour is not a guarantee of no armour-caused discomfort/pain in all body areas, the
association between armour fit and body area pain is evident. For both male and female
officers, body armour caused body pain mainly in the neck and underarm areas. The third
most affected area was the chest for women and waist for men (Table 6).

LEOs also reported the need for armour-fit improvements. About 69.2% LEOs indicated

a need for fit improvement for at least one armour area. More women (79%) suggested
armour fit improvement than men (66.3%), which is significantly different (Pearson XZ @,
n=883)=11.66, p < 0.001; Table 7). For men, the most needed fit improvements were waist/
stomach area (14.9%), side area (14.3%), and armour sizing (10.4%). For women, the most
needed fit improvements were chest area (45.0%), waist/stomach area (15.0%), and side area
(10.5%). For men and women combined, the most needed fit improvements were chest area
(25.0%), waist/stomach area (21.5%), side area (19.4%), and armour sizing (13.7%).

4.3. Correlation among body dimensions, armour fit, armour comfort, and body pain

4.3.1. Body dimensions and body armour fit—One-way ANOVA of each of the 11
body dimensions using body armour fit category (poor fit — rating of 1 or 2, neutral — rating
of 3, and good fit — rating of 4 or 5) as the independent variable is summarised in Table 8.
For male officers, those who reported poor fit of armour had a larger mean than the good

fit group for chest breadth (Diff = 16 mm, p < .0001), chest circumference (Diff =47 mm, p
<.0001), chest depth (Diff =13 mm, p < .0001), waist breadth (Diff = 18 mm, p<.0001),
waist circumference (Diff = 57 mm, p=.0001), waist front length sitting (Diff =10 mm, p
=.0074), weight (Diff =9 kg, p < .0001), body mass index (Diff =2.26, p < .0001), and front
lateral length (Diff = 10 mm, p=.009).

Given the small sample size (N = 218) of female LEOs, one-way ANOVA of each of the

11 body dimensions with Tukey—Kramer HSD all-pairs mean comparisons among the three
armour fit groups (poor fit, neutral, and good fit) may not be sensible, the neutral group was
rolled into the good fit group for £tests. Those who reported poor fit of armour had a larger
mean than the good fit of armour (including neutral) group for chest breadth (Diff = 10 mm,
p=.0318), chest circumference (Diff =40 mm, p=.0101), chest depth (Diff = 13 mm, p
=.0142), waist breadth (Diff = 14 mm, p=.0288), waist circumference (Diff = 42 mm, p
=.0360), and body mass index (Diff = 1.6, p=.0218) (Table 9). The poor fit of armour
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group, however, had a smaller mean of stature (Diff = 21 mm, p=.0247) than the good fit
(including neutral) group.

4.3.2. Body dimensions and armour comfort—Overall, 29.7% of participants rated
their armour comfortable (rating of 4 or 5) while 31.9% reported uncomfortable (rating of 1
or 2). 38.4% of LEOs rated their armour comfort neutral (rating of 3). Women (45.0%) had
more uncomfortable rating (1 or 2 rating) than men (28%) with their armour (Pearson XZ Qa,
n=g21) = 19.28, p<.001). The ratings are correlated to some body dimensions.

For male LEOs, those who reported uncomfortable with their armour (including very
uncomfortable and uncomfortable groups) had a larger mean than the comfortable with
armour group (including comfortable and very comfortable groups) for chest breadth (Diff
=18 mm, p<.0001), chest circumference (Diff = 48 mm, p < .0001), chest depth (Diff =
13 mm, p < .0001), waist breadth (Diff =14 mm, p < .0001), waist circumference (Diff =
48 mm, p=.001), waist front length (Diff = 8 mm, p=.0367), weight (Diff = 8.3 kg, p<
.0001), body mass index (Diff = 2.0, p=.0002), and front lateral length of torso (Diff = 11
mm, p=.0054) (Table 10).

The uncomfortable with armour group (including very uncomfortable and uncomfortable
groups) also had a larger mean than the neutral group for chest breadth (Diff = 12 mm,
p=.003), chest circumference (Diff = 30 mm, p=.006), chest depth (Diff =9 mm, p=
.009), waist breadth (Diff =11 mm, p=.011), waist circumference (Diff = 37 mm, p=.011),
weight (Diff = 4.0 kg, p < .022), and body mass index (Diff = 1.4, p=0.007).

Again, given the small sample size (N = 218) of female LEOs, one-way ANOVA of each

of the 11 body dimensions with Tukey—Kramer HSD all-pairs mean comparisons among the
three armour comfort groups (uncomfortable, neutral, and comfortable) may not be sensible.
The neutral group was rolled into the comfortable group for #tests. Those who reported
uncomfortable with armour had a larger mean than the comfortable with armour (including
neutral) group for chest breadth (Diff = 9 mm, p=.0273), chest circumference (Diff = 39
mm, p=.0053), chest depth (Diff = 14 mm, p = .0064), waist breadth (Diff = 15 mm, p=
.0120), waist circumference (Diff = 45 mm, p=.0137), weight (Diff = 4.4 kg, p=.0205),
and body mass index (Diff = 1.9, p=.0038) (Table 11).

4.3.3. Armour-caused pain in body areas and body dimensions—Overall,
54.3% of participants reported body area Pain/Discomiort caused by body armour

while 45.7% reported Mo Symptom. More females (68.5%) reported armour-caused pain/
discomfort than males (50.2%) (Pearson XZ (1, n=889) = 20.88, p < 0.001). The ratings were
associated with certain body dimensions.

For male LEOs, those who reported armour-caused pain in body areas had a larger mean
than the No Symptom group for chest breadth (#= 3.04, p=.002), chest circumference (¢
=3.11, p=.002), chest depth (#=2.41, p=.016), waist breadth (¢= 2.85, p=.005), waist
circumference at omphalion ¢=2.52, p=.012), waist-front length (= 2.29, p=.023),
weight (t = 3.18, p = .002), and body mass index (= 2.97, p=.003) (Table 12). For
females, those who reported armour-caused Pain in body areas had a larger mean than the
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No Symptom group for waist circumference at omphalion (¢=2.06, p=0.041), weight (¢=
2.26, p=0.025), and body mass index (¢#=1.98, p=.050) (Table 13).

4.3.4. Body dimensions for armour design and sizing development—This
study showed that poor fit of body armour, uncomfortable with armour, and armour-caused
pain at body areas were associated with certain body dimensions (Tables 9-13) which mean
that these dimensions play a significant role for improved armour configurations and sizing
plans. The outcomes are synthesised and presented in Table 14.

For women, seven dimensions can be considered as important dimensions for armour
configuration or sizing as they ‘affect’ at least two of the three perceived ratings of fit,
comfort, and pain. The dimensions are chest breadth, chest circumference, chest depth, waist
breadth (sitting), waist circumference at omphalion, body weight, and body mass index
(BMI). Stature can be considered as an additional dimension as needed.

For men, eight dimensions are considered important dimensions: chest breadth, chest
circumference, chest depth, waist breadth (sitting), waist circumference at omphalion, waist
front length (sitting), body weight, and body mass index (BMI). These dimensions are
defined as having significant impact on all three ratings of armour fit, perceived discomfort,
and armour-caused pain among male LEOs. They are marked in bold in Table 14. The
results lead to two points. First, the eight key body dimensions for each gender group can
be used for multivariate cluster analyses to explore the optimal sizing systems for body
armour. Second, it is desirable to develop a body armour sizing structure for female LEOs
for two reasons: (1) There is an increasing trend of females in patrolling occupations from
5% in 1980 (Cordner and Cordner 2011) to 17.6% in 2019 (U.S. Bureau of Labor Statistics
2020), and (2) There are distinct anthropometric differences between male and female LEOs
(Table 4). In a study on the effect of torso and breast characteristics on perceived fit of
body armour among female soldiers (V= 97) in Australia, eight torso dimensions (stature,
body weight, suprasternale height, chest depth, chest breadth, neck circumference, waist
circumference, under/over-bust chest circumference) were significantly different among the
three armour fit groups (too small, good fit, and too large) of female soldiers (Coltman et al.
2022). Six of the dimensions were consistent with the results of female LEOs in our study
(V= 218). In addition, in a study on whether bras can improve the performance of unisex
ballistic vests for female LEOs in Australia of all bust sizes (V= 273), women with larger
breasts experienced more problems with unisex ballistic vests than women with smaller
breasts (Niemczyk, Arnold, and Wang 2020). Both studies highlighted the need to consider
anthropometry of women (e.g., chest circumference, chest depth, and chest width) in armour
design and sizing.

5. Discussion

5.1.

LEO anthropometry and body armour panel

Our market survey on LEO body armour in the US found no consistent, commonly used
sizing structure and specifications in the marketplace for selecting an armour size. The N1J
Standard 0101.06 (National Institute of Justice (N1J)) 2008) and Selection & Application
Guide 0101.06 to Ballistic-Resistant Body Armour (National Institute of Justice (N1J))
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2014) provide five template sizes to guide armour suppliers to submit their samples for
ballistic resistant tests. While the Guide stipulates that these templates are not indicative

of service armour design (pages 53-57), it indicates that the sizes intend to ‘accommodate
different shapes and sizes of potential wearers’ (page 5) representing 95% of officers (page
14). The guide also recommends that the front and back templates (not just the carriers) of
armour panels have a minimum 2-inch (50 mm) overlap at the two sides (page 25). Chest
breadth and front lateral length are two determining dimensions in the guide to differentiate
the template sizes. The front lateral length is equivalent to the waist-front length used in the
anthropometry research community. The scatter plot of waist-front length (sitting) vs chest
breadth in Figure 4 exhibits the relationship between the N1J 0101.06 sizing templates for
ballistic-resistant testing and two torso dimensions of U.S. Army soldiers (Defense Centers
for Public Health — Aberdeen (DCPH-A)) 2020). The sizing templates match the soldiers’
dimensions nicely when the 2-inch (50 mm) overlap at the two sides of a panel is added to
chest breath measurements.

The first figure shows the front view of body armour with two attached small tape measures
at the front and side of armour when an officer is standing. The second figure shows the
same when an officer is seated. The third figure shows back view of body armour with two
attached small tape measures at the back and side of armour when an officer is standing.

The scatter plot of waist-front length (sitting) vs. chest breadth of current law enforcement
officers (Figure 5), however, shows that the N1J 0101.06 sizing templates for ballistic-
resistant testing are in general smaller than the torso dimensions of current officers,
especially in chest width. Since the armour front and back panels are required to have at
least 50-mm (2-inch) overlap (National Institute of Justice (N1J)) 2014), the discrepancy
between armour panel dimensions in the N1J guide — 0101.06 and current LEO body
dimensions would be even larger than what Figure 5 has demonstrated.

It is understandable that the panel templates in the NIJ guide — 0101.06 are meant to be
samples for ballistic-resistant testing and thus may not represent the real armour design and
dimensions.

However, Figure 4 seems to confirm that the existing test panels were built upon the torso
dimensions of soldiers, which were the best available data at the time. It is known that

LEOs were reported to be on average larger in body dimensions than the civilian population
and military personnel (Hsiao et al. 2021). With the availability of LEO torso dimensions,
armour manufacturers and armour wearers (along with ASTM standard committees and N1J)
may find it appealing to use the new anthropometric information for both panel template
(ballistic-resistant testing samples) development and body armour design in the future to
better accommodate different shapes and sizes of potential wearers.

LEO armour fit, armour comfort, body pain, and body dimensions

This study showed the differences in body characteristics/dimensions among groups with
different perceived ratings of armour fit, armour comfort, and armour caused pain. In
addition, LEOs reported that armour fit can be further improved in chest area and waist parts
for women and waist and side areas for men. Two important messages can be drawn from
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the results. First, while a fit of body armour is not a guarantee of no discomfort or pain

of all body areas, the moderate positive correlation between armour fit and armour comfort
(r=10.56) (Figure 3) indicated that improvement of armour fit would improve armour
comfort and reduce body area pain during the use of body armour. Second, this survey on
LEO comfort with body armour as well as body area pain caused by body armour did not
specifically query the weight effect of armour on LEO comfort rating. A LEO physical
stressor survey reported that survival time to first-onset lower back trouble was affected
adversely by wearing body armour weighing approximately 8.5 kg (Burton et al. 1996). On
the other hand, a study (A=11) on three types of body armour vests (4.12 + 0.65 kg, 3.54
+0.70 kg, and 3.24 + 0.48 kg) along with 8.69 + 0.68 kg duty belt load, as compared to
wearing a normal station uniform with 8.69 + 0.68 kg duty belt load, did not appear to
hinder policing tasks (Schram et al. 2019). With the conflicting results in the literature, the
optimal or maximum acceptable weight of body armour warrants a further study.

Moreover, officers reported that body armour-caused body pain mainly occurred in the neck
and underarm areas. The third most affected area was the chest for women and waist for men
(Table 7). LEOs also reported that the most needed fit improvements were the waist and side
areas for men, and chest and waist areas for women (Table 8). It is worth investigating the
vest weight distribution and shoulder strap configuration issues to lessen officers’ pain. At
the same time, armour-fit improvements at the chest, waist, side torso, and underarm areas,
using the newly available LEO anthropometric data in armour design, are suggested.

Predicting armour fit and comfort and body pain - Does anthropometry matter?

Researchers and armour designers are likely to be interested in knowing the extent the

body dimensions of a particular LEO can predict whether he or she will experience

poot fit, discomfort, and body pain, and more specifically which dimensions are more
important. Simple logistic regression provides a means to predict the probability of a body
dimension on armour fit, armour discomfort, and body pain. Taking the probabilities of body
dimensions on armour fit for women as an example, the most important dimensions would
be chest circumference, chest depth, body mass index (BMI), stature, waist breadth (sitting),
waist circumference, and chest breadth in the ranking order (Figure 6). Sitting height, weight
(kg), waist front length (sitting), and front lateral length (standing) are not good predictors
(Figure 6). For instance, the likelihood for a woman with a chest circumference of 800

mm is expected to have 0.78 probability to report a good fit of her armour while at 0.22

of probability to report a poor fit, when using the armour in the current marketplace (see

the first plot in Figure 6). On the other hand, the likelihood for a woman with a chest
circumference of 1300 mm is expected to have 0.31 probability to report a good fit of her
armour while at 0.69 of probability to report a poor fit.

The predictabilities of these body dimensions correspond to their p-values of significance
(Table 15). The results coincide with the body dimension difference between two body
armour fit groups (poor fit vs. good fit) of women using the mean comparisons outlined

in the Results section (Table 9). Similarly, the probabilities of body dimensions on armour
discomfort and body pain for women match with the body dimension differences between
two body armour comfort groups (discomfort vs. comfort; Table 11) and body pain groups
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(body pain vs. no symptom; Table 13). The simple logistic regression outcomes for men
also agree with information in Tables 8, 10, and 12, confirming that anthropometry matters
(Table 15).

5.4. Practical implications

This study identified eight important body dimensions associated with armour fit for a
follow-up multivariate analysis to establish a sizing plan of armour for each gender group.
Body armour sizing is a multivariate sorting problem. Of the many multivariate statistical
analysis techniques available, cluster analysis is a top choice to the sorting problem. This
approach places individuals into groups so that the individuals in any group are closer to
each other than to individuals in other groups. Conventionally, body dimensions relevant to
torso configurations are subjectively included in the analysis (Hsiao et al. 2015). This study
scientifically ascertained the important body dimensions associated with armour fit. These
dimensions will serve as the ‘drivers’ for more effectual cluster analyses to establish an
optimal sizing system.

It is worth noting that waist-front length was not identified as a sensible dimension affecting
the perceived armour fit, armour comfort, and body pain for female officers. There are three
possible implications. First, Waist-Front Length measurement is a straight-line measurement
and thus does not necessarily reflect the contour of chest of female officers. Second, while
Waist-Front Length measurement does not play a significant role in clustering applications,
it is a dimension that defines the length of armour. It is likely that only one armour

length is needed for each cluster of female officers, which will be explored in a follow-up
paper. Third, law enforcement body armour originated from military armour. With the study
results (see Section 5.1), we can reasonably believe that military personnel anthropometry
data are still in use for the current LEO armour designs, reflecting the mismatch in

width and circumference measures while less a problem in length measurement (i.e., waist
front length) as the differences between military personnel and LEOs in body widths and
circumferences are significant and the difference in waist front length between the two
woman groups are insignificant (Hsiao et al. 2021). This leads to the need for a complete
revamp of the LEO sizing systems in the marketplace (rather than focusing on developing
armour fit predicting models using the current market sizing schemes), which was the
genesis of the current paper to identify the most relevant body dimensions for a follow
analysis to develop an LEO body armour sizing structure for better LEO protection and
well-being.

Finally, as armour manufacturers are moving into the use of ‘sizing vests’ for armour

fit assessment, the eight important dimensions for males and females can be used, along
with the newly available 3-dimensional LEO torso scans, to develop a set of multivariate-
based torso models for which the adjustment range of each sizing vest component can be
quantitively defined. The process will in turn assist manufacturers to systematically improve
LEO body armour fit.
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5.5. Study limitations

The LEO sample in this study was based on the geographic density of racial/ethnic
distributions from the 2010 U.S. Census by four census regions (U.S. Census Bureau
2012) and the best available LEO age distribution in 2016 from the U.S. Bureau of Labor
Statistics (2018). The study took ten years to complete — from the planning stage to various
administrative and scientific reviews (2011-2017) to data collection (2018-2020). The
racial/ethnic, age, and gender distributions may have changed to some extent during the

10 years, which is a limitation of the data.

Low response rate and missing data are common problems with questionnaire surveys.
Inexperience with a topic, question fatigue, and loss of interest are among the causes of

the challenges. This stratified sampling survey integrated the questionnaire survey in an
in-person anthropometry measurement section with 19.5% of missing data for armour fit
rating, 15.7% for armour comfort rating, 8.7% for body pain areas, and 9.3% for armour fit
improvement areas, which is considered a very successful survey as compared to the typical
customer survey response rate of 33% (Lindemann 2021). We did not conduct a follow up
analysis to interpret any missing data which is a limitation.

This study included the chest breadth, chest circumference, and chest depth measurements
in the analyses but not under-bust and over-bust chest circumferences for female officers.
Therefore, detail assessments of effect of bra size on perceived armour fit and comfort were
not possible which is a limitation.

This study did not perform a physical assessment of armour fit of each officer as officers
were typically fitted by armour manufacturers or their internal agency representatives for
their armour. They were instructed to rate the armour they were using. Additional data
pertaining to armour size used, style used, user wear habits, wear duration, and perceived
mobility of current armour are all valuable parameters to further our knowledge on armour
improvement. However, it was a balance act of depth of the study, width/scope of the entire
project, cost and time requirements of the research venture for such a scale of project.
Nevertheless, the study identified association of torso anthropometric characteristics of
LEO with perceived ratings of fit, comfort, and pain in the use of body armour with the
limitations in mind. The author encourages armour research, standard, and manufacturing
entities continuing to explore the effect of these listed parameters on armour fit and sizing.

More importantly, body armour sizes in the marketplace ranged from 6 to 25 sizes and they
are not consistent in any way. The study team decided not to collect information on armour
manufacturer, model, and size in that the information will have no practical utility. Instead,
officers were asked to rate the armour they used on the daily basis. Because their armour
was fitted by armour manufacturers or their internal agency representatives, we assumed
that they have used the best fit armour available to them. In this sense, the study explored
the match/mismatch between the LEO anthropometry and existing LEO armour as a whole.
The results revealed that perceived armour fit, comfort with armour, and armour-caused pain
were associated with certain LEO body dimensions.
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6. Conclusion

Six key points can be concluded from this study. First, the correlation among armour fit
rating, armour comfort rating, armour-caused body pain was moderate. An improvement

of armour fit would increase armour comfort and lessen body armour-caused body pain.
Second, armour fit was associated with certain LEO body dimensions. Female LEOs

who reported armour poor fithad a smaller mean of Stature and larger mean of six

body dimensions than the armour good fit group, while male LEOs who reported armour
poor fithad a larger mean of nine body dimensions than the armour good fit group.

Third, chest breadth, chest circumference, chest depth, stature, waist breadth (sitting), waist
circumference at omphalion, body weight, and body mass index were eight influential body
dimensions for body armour fit and comfort assessment for female LEOs; while chest
breadth, chest circumference, chest depth, waist breadth (sitting), waist circumference at
omphalion, waist front length (sitting), body weight, and body mass index were identified
as the eight dominant body dimensions for body armour fit and comfort evaluation for

male LEOs. Fourth, to effectively establish a sensible body armour sizing system that
accommodates current law enforcement officers, a series of multivariate-based cluster
analyses of the eight influential body dimensions by gender is suggested and will be
presented in a follow-up paper. Fifth, the eight dimensions can be used along with the newly
available 3-dimensional LEO torso scans to develop a set of multivariate-based body models
for which the adjustment range of each sizing vest component can be defined. Finally, before
an armour sizing system is fully developed, armour manufacturers can consider exploring
the three most needed armour fit improvement areas - chest configuration, waist/stomach
area, and side sections, as well as armour weight distribution at the neck/shoulder area for
improved armour design.
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Figure 1.
Ballistic- and stab-resistant body armour provides coverage and protection for the vital

organs, which safeguards LEOs against various kinds of threats (a). It consists of a front
‘panel’ overlapping the back ‘panel’ and is held in place on the wearer’s torso by a carrier
to protect the torso (b). A panel includes the ballistic materials and an enclosure that covers
the materials, which fits in the carrier (c) (Picture credits: TurboSquid.com and National
Institute of Justice (N1J)) 2014).
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Sizing vests with adjustments in front width, front length, back width, and back length are
being used to help officers in determining adequate armour sizes (side view — standing, front
view — seated, and back view — standing) (Credit: drawings based on figures on the Armour

Express Inc. web page).

Ergonomics. Author manuscript; available in PMC 2024 September 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Hsiao

Page 21

= poor fit, 3 =
= excellent
o9

Fit of body armor
good fit, and 5
fit)

w

{1 = extremely poor fit, 2

neutral, 4

2
Comfort of body armor
{1 = very uncomfortable, 2 = uncomfortable, 3 =
neutral, 4 = comfortable, 5 = very comfortable)

Figure 3.
A moderate positive correlation was found (= 0.56) between armour fit and armour

comfort. The colour theme shows nonparametric density of data with a fit line and a density
ellipse of 0.95.
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Figure 4.
U.S. army soldier waist-front length (sitting) and chest breadth distribution (A=6068)

against the dimensions/sizes of armour ballistic test panels (the five rectangles) specified
in the NIJ Standard — 0101.06.

Ergonomics. Author manuscript; available in PMC 2024 September 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Hsiao

Waist Front Length - Sitting (mm)

Page 23

600

550

N
o
o

450

e

[

o
|

350-

300 -

250

Smallest

150

I 7 T A S S S T Y I B I U RV T O S
200 250 300 350 400 450 500 550
Chest Breadth (mm) » Male © Female

Figure 5.
LEO waist-front length (sitting) and chest breadth distribution (A=974) against the

dimensions/sizes of armour ballistic test panels (the five rectangles) specified in the NIJ
Standard — 0101.06.
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The probability of a body dimension of women in predicting armour fit through simple
logistic regression. Chest circumference, chest depth, body mass index (BMI), stature,
waist breadth (sitting), waist circumference, and chest breadth are important dimensions in
predicting armour fit in the ranking order (in dark colour). Sitting height, weight (kg), waist
front length (sitting), and front lateral length (standing) are not good predictors (in gray

colour).
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Body armours-caused LEO pain/discomfort in specific body areas.

Table 6.

Total Men Women

Pain/Discomfort N % N % N %
None 406 457 343 498 63 315
At least one body area 483 543 346 50.2 137 685
Total 889 689 200
Pain/Discomfortable area

Neck 225 253 163 237 62 310

Underarm 164 184 118 171 46 230

Chest 96 108 52 75 44 220

Waist 129 145 96 139 33 165

Hips 74 83 52 75 22 110

Other 50 56 37 54 13 6.5
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Table 7.
Avreas of body armour fit in need for improvement.
Total Men Women
Armour fitimprovement N % N % N %
None 272 308 230 337 42 210
At least one body area 611 69.2 453 66.3 158 79.0
Total 883 683 200
Missing 91 73 18
Avreas for armour improvement *
Neck 60 9.8 43 6.3 17 8.5
Underarm 54 88 39 57 15 75
Chest 153 25.0 63 9.2 90 45.0
Waist/Stomach 132 215 102 149 30 15.0
Hips 36 59 28 4.1 8 4.0
Back 37 6.0 27 4.0 10 5.0
Front panel 16 26 9 1.3 7 35
Side 119 194 98 14.3 21 105
Velcro/Overlap 13 21 8 1.2 5 25
Weight 12 20 10 15 2 1.0
Flexible 25 41 22 3.2 3 15
Straps 17 28 13 1.9 4 2.0
Shoulders 60 9.8 46 6.7 14 7.0
Armour sizing 84 137 71 10.4 13 6.5
Breathable 9 15 9 13 0 00
Others 6 10 6 0.9 0 0.0

*
The percentages do not total to 100%, as officers reported more than one armour components for fit improvement.
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