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Objectives: This study developed multivariate law enforcement
officer (LEO) body models for digital simulation of LEO accommodation
in police cruiser cabs.

Background: Anthropometrically accurate digital LEO body
models, representing the United States LEOs, for computerized LEO
cruiser interface simulations are lacking.

Methods: Twenty body dimensions (with and without gear combined) of
756 male and 218 female LEOs were collected through a stratified national
survey using a data collection trailer that traveled across the US. A multivariate
Principal Component Analysis (PCA) approach was used to develop digital LEO
body models.

Results: Fifteen men and |5 women representing unique body size
and shape composition of the LEO population were identified. A
combined set of 24 male and female models (removal of 6 redundant
models for which female and male models overlapped) is suggested.

Conclusions: A set of 24 digital LEO body models in 3-dimensional
form, along with their anthropometric measurements, were developed
to facilitate LEO cruiser cab design.

Application: Digital modeling software developers can use the models
and their anthropometric data to build digital avatars for simulated evaluation
of LEO cruiser cab configuration, console communication-equipment fitting,
and cruiser ingress/egress access arrangement. LEO vehicle and equipment
designers also can use eight key body dimensions (i.e., stature, buttock-
popliteal length, eye height sitting, knee height sitting, shoulder-grip length,
popliteal height, sitting height, and body weight) of the body models to recruit
24 human subjects to physically evaluate their vehicle prototypes for im-
proved vehicle and equipment design.
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INTRODUCTION

Approximately 812,000 law enforcement
officers (LEOs) serve in the US (Data USA,
2021). During 2017-2021, 1289 officers died
in the line-of-duty; 43% to 46% of the fatalities
were associated with traffic-related crash in-
cidents each year (Officer Down Memorial
Page, 2021). In addition, LEOs had the high-
est non-fatal injury incidence rate (498 cases
per 10,000 full-time workers) among all oc-
cupations in 2015 and 15.7% of the injuries
were associated with transportation incidents
(U.S. Bureau of Labor Statistics, 2016).

Several studies have suggested some aspects
of improvement to reduce LEO vehicle crashes
and increase incident survivability, including
patrol vehicle cab and equipment configurations
(International Association of Chiefs of Police,
2011; Molenbroek, Vossebeld, & Naagen,
2009), seatbelt use (NHTSA, 2011; Oron-
Gilad, Szalma, Stafford, & Hancock, 2005),
seat design (Donnelly, Callaghan, & Durkin,
2009), and vehicle ingress and egress arrange-
ment (McKinnon, Callaghan, & Dickerson,
2011). While transportation incidents are
a multi-faceted issue, these suggestions pointed
out that the human-cab interface is a critical
issue in reducing LEO risk of transportation
incidents and injuries. Subject to federal, state,
and local laws, LEO cruisers typically are
modified from existing lines of commercial
vehicles, and most are modified by manu-
facturers or specialized companies (Chavez,
2017) (Figure 1). Moreover, LEO cruisers are
currently more fully equipped with an array of
electronic and safety gear than before; all of
which occupy valuable space within the vehicle.
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Safe human-cab interface design and workspace
accommodation become even more critical than
before in reducing LEO risk exposures of ve-
hicle crash incidents and protecting LEOs from
injuries if a crash occurs.

A significant knowledge gap to effectively
advance patrol vehicle cab and equipment con-
figurations, seatbelts, seats, and ingress/egress
access in LEO vehicles is the lack of anthropo-
metrically accurate 3-dimensional (3D) digital
LEO body models representing current United
States LEOs for computerized LEO cruiser cab
interface simulations. First, existing civilian and
military population-based anthropometric data for
general vehicle applications are not suitable for
LEO vehicle designs; LEOs were reported to be
on average bigger in body dimensions than the
civilian population (Hsiao et al., 2021b), military
personnel (Hsiao et al., 2021a), and all occupa-
tions combined (Hsiao, Long, and Snyder, 2002)
(Figure 2). Second, patrol vehicle cab-space ac-
commodation and equipment configuration are 3-
dimensional in nature. Use of physical or digital
LEO body models rather than single dimensional
anthropometric data for cab prototype testing is
needed to assure adequacy of designs. Third, it is
costly and impractical to recruit a large group of
LEOs for each LEO vehicle modification evalu-
ation. A series of digital LEO body models rep-
resenting the current LEO population for
computerized accommodation simulation would
fill this gap. The body models and their body

dimensions also can be used as the templates to
recruit representative human subjects rather than
random samples to cost effectively evaluate
physical vehicle prototypes.

Proper visibility of external environments
and internal equipment, easy to operate vehicle
controls, sufficient cab overhead and side
clearances, and adequate seatbelt restraints are
crucial functions of LEO body size and position
in the cruiser cab. LEOs with long limbs and
a short torso would position themselves in a cab
differently from those with short limbs and
a long torso to effectively see through the
windshield while operating the vehicle. The
accommodation challenge is further com-
pounded when multiple body dimensions are
required in the driver-cab interface to tackle the
arrangement of seats, seatbelts, and communi-
cation equipment. A multivariate accommoda-
tion approach is a resolution to address the
multi-degree anthropometry concerns for de-
signing LEO cruiser cabs. This paper presents
development of multivariate LEO body models
representing the United States LEO population
to address the need for improving LEO cruiser
cab accommodation for safer and more efficient
cruiser design and operation.

OBJECTIVE

This study aimed to develop a set of multi-
variate LEO digital anthropometric body

Figure 1. Patrol vehicles are often modified from existing lines of commercial vehicles. Their cab-space ar-

rangement and equipment configuration are 3-dimensional in nature and need to accommodate LEOs with diverse

body size variations, which is an important matter in reducing LEO risk exposure of transportation incidents and

injuries.
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Figure 2. LEOs are in general heavier than the general population and have a larger upper torso build: an average

male LEO (a) comparing to an average male civilian (b) and an average female LEO (c) comparing to an average

female civilian (d) as reported by Hsiao et al., (2021b).

models, which represents 95% of the current
LEO population for cruiser cab design or ret-
rofitting. Specifically, the study (1) determined
the theoretical multivariate LEO body models
using a series of anthropometry dimensions
relevant to the design of LEO cruiser cabs, and
(2) identified the 3-dimensional (3D) digital
body scans of real LEOs and their body di-
mensions that are at the closest neighbor of the
theoretical representative models.

METHODS
Participants

This LEO body model research is part of
a national anthropometry study of LEOs con-
ducted by the National Institute for Occupational
Safety and Health (NIOSH) that includes three
major components: collection of anthropometric
data, 3D body-surface scanning, and LEO
equipment assessment (Hsiao et al., 2021b). The
anthropometric data and 3D body-surface scans
were used in this paper. Seven hundred and fifty-
six (756) male and 218 female LEOs across the
US participated in the study. The LEO sample
considered the geographic density of racial/
ethnic distributions calculated from the 2010
U.S. Census by four census regions (U.S.
Census Bureau, 2012). The LEO weighted

average body height was 177.6 cm (SD =
7.1 cm) and mass was 95.4 kg (SD =17.3 kg) for
men; and 165.1 cm (SD = 6.4 cm) and 74.9 kg
(SD = 14.1 kg) for women (Hsiao et al., 2021b).
The research protocol and participant consent
form were approved by the NIOSH Institutional
Review Board (IRB #14-DSR-02XP) and the
United States Office of Management and Budget
(OMB #0920-1232).

Procedure

Upon arrival to a national LEO anthropom-
etry study site (Hsiao et al., 2021b), each officer
was given a consent form to read, which de-
scribed the study. Each participant had the op-
portunity to ask questions before signing an
informed consent. For the whole-body anthro-
pometry measurement and 3-D scan study
component, the participant was taken to
a dressing room, where males changed from
street clothes into bicycle shorts and females
changed into bicycle shorts with a sport bra. Wig
caps were used to compress participants’ hair
which minimized the effect of hair on body
height measurement and scan results. Body
landmarks were placed with eyeliner pencils or
adhesive dots and the body measurements were
taken. After completing the body measurements,
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each participant was scanned standing and
seated within a Cyberware WBX 3-D whole-
body scanner (Cyberware Inc., Monterey, CA;
Hsiao et al., 2021Db). Finally, the participant was
reimbursed for their time and dismissed.

Data Process

Twenty-five of 34 collected anthropometric
dimensions from the national LEO Anthropom-
etry study are relevant to LEO cruiser cab con-
figuration and equipment adjustment (Hsiao,
2022). Fifteen of the dimensions were measured
without gear (traditional measurements) and ten
dimensions were measured with gear (encumbered
measurements) (Table 1); of them, 5 dimensions
were measured both without and with gear. The
graphical descriptions of the twenty-five di-
mensions are summarized in Appendix 1 of this

paper.

Literature has shown that existing digital
human models were typically developed based
on traditional (without-gear) measurements of
a group of people (Hudson & Choi, 2006;
Hsiao, 2013). This LEO body modeling study
used a total of 20 measurements (a combina-
tion of 10 with-gear and 10 without-gear
measurements) out of the 25 available meas-
urements. The with-gear measurements were
included for the 5 dimensions measured for
both without and with gear (see Table 1).
Technically speaking, this process may be
considered an “equipped data” based body
modeling as the 10 included without-gear
measurements (mainly sitting height-related
dimensions) would have only minor in-
creases if they were measured with gear, while
the 10 with-gear measurements are known to
be significantly larger than the measurements
without gear (Hsiao et al., 2021Db).

TABLE 1: Measurements Relevant to LEO Cruiser Cab Design

Application for LEO Cruiser Cab Without With
ltem Variable Design Gear Gear
1 Bideltoid breadth, sitting Seat back width X X
2 Buttock-knee length Dashboard-seat/seat back X

clearance
3 Buttock-popliteal length Seat depth X
4 Chest breadth Middle seat back width X X
5 Chest depth Driving wheel clearance X X
6 Elbow rest height Seat arm rest height X
7 Eye height, sitting Wind shield height X
8 Hip breadth, sitting Seat pan width X X
9 Knee height, sitting Driving wheel/dashboard X
clearance
10  Popliteal height Seat height X
11 Sitting height Cruiser cab ceiling height X
12 Stature Egress and ingress configuration X
13 Thumbtip reach Control panel reach X
14 Waist breadth, sitting Space between arm rests X X
15  Wiaist circumference at omphalion Driving wheel clearance X
16  Abdominal extension depth, sitting Driving wheel clearance X
17 Acromion-trochanter surface length, Seatbelt (shoulder belt) X
sitting
18  Bi-trochanter surface length, sitting  Seatbelt (lap belt) X
19 Shoulder-grip length Equipment control X
20  Thigh clearance Driving wheel clearance X
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To simultaneously and effectively consider the
20 body dimensions (i.e., overall body size vari-
ance and body segment proportional variability) of
the LEOs in cab accommodation evaluations,
a principal component analysis (PCA) approach
was used (Hsiao, 2013). The ultimate goal for
a principal component analysis is to utilize a small
number of principal components to explain the
anthropometry variations of a population, in this
case LEOs. The 20 measurements relevant to this
LEO cruiser cab accommodation application were
stratified into male and female categories and
standardized with respect to their weighted mean
and standard deviation first. PCA was then applied
separately to these standardized values using
Statistical Analysis System software (SAS In-
stitute, Cary, NC). The decision to use the stan-
dardized (or Correlation Matrix) method over
a Covariance Method for PCA Analysis is elu-
cidated in the Discussion section. This PCA
procedure reduced the 20 dimensions to three
principal components (PCs) to define body
models. The selection of 3 principal components
was based on a screen plot where the eigenvalues
for the PCs were greater than 1 (Cattell, 1966).
These three PCs were orthogonal to one another
and can be described as approximating a spheroid,
with enclosed data points, which covered a desired
percentage of LEO anthropometry variances.

Determining the Theoretical Multivariate
LEO Body Models

With three principal components, the trans-
formed data in Eigen-coordinators can be described
as approximating a spheroid. The Bonferroni
method was used with a radius value » = 2.60 for
males and » = 2.61 for females as the 95% data
enclosure criterion to achieve the 95% confidence
level enclosure for each gender (Johnson &
Wichern, 2007). There are 14 points on the sphe-
roidal surface representing the most diverse body
size and shape combinations based on three prin-
cipal components (Figure 3)—the six intercept
points on the spheroidal surface by the three axes
(points U, V, W, X, Y, and Z) and the eight octant
midpoints located at the surface center of each of
eight sections (octants) divided by the three axes of
this spheroid (points A, B, C, D, E, F, G, and H)
(Figure 4). These 14 points along with the centroid

Figure 3. The three principal component factors (PC1,
PC 2, and PC 3) were orthogonal to one another and can
be described as approximating a spheroid, enclosing data
points.

of spheroid (point O) were the basis for the selection
of the theoretical anthropometric models.

Identifying Real LEOs (the 3D Body Scans)
Who Match the Theoretical Models

From a design point of view, the statistically
created theoretical PCA case models serve as
useful design targets. To facilitate practical LEO
cruiser cab design evaluation, either real subjects
or virtual subjects (digital avatars) are needed for
cab accommodation tests. They are the closest
neighbor “real persons” to the theoretical LEOs.
The closest neighbor “real persons” also offer
other dimensions not in the theoretical PCA
analysis. For instance, foot length and hand
length are useful dimensions to consider when
evaluating the human-cab interface. Due to their
correlation with other length measurements and
less sensitivity in the PCA process, they were
not included in the original dimensions for the
PCA process. The PCA case models would not
have the foot length and hand length in-
formation. The closest neighbor “real person”
models fill in this gap. Similarly, the 5 traditional
measurements excluded in the “Theoretical
Multivariate LEO Body Models” (see Table 1)
would become available from the closest
neighbor models.
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Figure 4. There were 14 points on the spheroid surface
representing the diverse body size and shape combinations
within each gender group: models X, Y, Z, W, U, and V
locate at axis intercept points and models A, B, C, D, E, F, G,
and H are models that locate at surface-center octant points.
In addition, the center of the spheroid or “average” model
center is at the point O with the Eigen-coordinate {0, 0, 0},
defined by the mean for each dimension. The hypothetical
models on the axes intercept points are at the Eigen-coor-
dinates: U{1, 0, 0}, V{0, 1, 0}, W{—1, 0, 0}, X{0, —1, 0},
Y{0,0, 1}, and Z{0, 0, —1}. The hypothetical models on the
octants center points are at the Eigen-coordinates: A{1/2, 1/2,
V1223, B{—1/2,112,N12}, C{1/2, —1/2,N1/2}, D{-1/2, -1/
2,\172}, B{1/2, 12, —N172}, F{—1/2, 172, —N1/2}, G{1/2,
—1/2, =N1/2}, H{-12, —1/2, —1/2}.

RESULTS

Theoretical Multivariate Law
Enforcement Officer Body Models

The percentage of variation with the 20
variables can be explained for 75.8% for men
and 73.8% for woman by the first three principal
components (PCs). The remaining 24.2% of
variation for males and 26.2% for females were
described by the other 17 non-primary compo-
nents (Table 2). Specifically, the first three PCs
for males accounted for 46%, 24%, and 9.8% of
the total variation, respectively. PC1 predicted
the overall body size. PC2 represented a contrast
between dimensions correlated with body length
against those correlated with body width/depth
and circumferences (i.e., volume indicator). PC3

contrasted the measurements of 5 sitting height—
related dimensions (i.e., Elbow Resting Height
Sitting, Eye Height Sitting, Sitting Height,
Stature, and Acromion-Trochanter Surface
Length with gear) together with the Chest
Breadth with Gear (a minor effect) against the
remaining 14 body dimensions (Table 2). The
first three PCs for females followed similar
patterns as in the male sample, accounting for
41.7%, 21.2%, and 11% of the total variation,
respectively.

These three PCs were orthogonal to one
another and can be described as approximating
a spheroid, enclosing data points (Figure 3). The
Bonferroni method was used with a radius value
as the 95% enclosure criterion to achieve the
95% confidence level enclosure for each gender
(Johnson & Wichern, 2007). The center of the
spheroid or “average” model center is at the
point defined by the mean for each dimension
(Tables 3 and 5).

With a radius value of r=2.60 for males and r
= 2.61 for females, 90.6% of data points for
males and 90.3% for females were enclosed in
the spheroid by the 3 PCs. With the enclosed
data, 12 of the 20 measurements for men and 13
measurements for women actually accommo-
dated a broader range (95% or more) of people
rather than just 90.6% or 90.3% (Tables 4 and 6).
The waist breadth with gear (sitting) dimension
within the enclosed data represented only the
20.6th percentile —78.8th percentile of men and
8.9th percentile-90.8th percentile of women
(Tables 4 and 6) because the measurement in-
cludes the duty belt and thus the percentile
values were skewed.

As mentioned in the Methods section, there
were 14 unique data points on the spheroid
surface representing the diverse body size and
shape combinations within each gender group
(Figure 4). Points (or Models) X, Y, Z, W, U,
and V situated at axis intercept points and
points A, B, C, D, E, F, G, and H located at
surface-center octant points. The corresponding
20 anthropometric values of these 14 models
were calculated through reverse processes of
the eigenvalues and eigenvectors (Tables 3 and
5). The center of the spheroid (point/model O)
was at the point defined by the mean for each
dimension.
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Since LEO cruiser cab workspaces are de-
signed for both men and women, a combined set
of male and female models is needed for the
design to be relevant. To achieve the goal of
minimizing the number of models in the com-
bined set, the models of each gender were in-
troduced into the other gender’s 95% enclosure
space, and those who were identified to be
within the enclosure space of the opposite
gender were considered redundant and dis-
carded. For example, to identify whether

a female model was a redundant model, the 15
derived body dimensions of that female model
were first converted into z scores using the
means and standard deviations of the corre-
sponding variables in the male sample. Then, the
three PCs were derived by multiplying the set of
z scores with the matrix of component score
coefficients. The Euclidean distance of this fe-
male model to the centroid of the 95% male
enclosure was determined using the three PCs. If
the distance was smaller than the » = 2.6

TABLE 2: Eigenvalues, Percent of Variation, and Eigenvectors of 20 Measurement Variables Reduced to
Three Principal Components (N = 755 for Men and N = 2172 for Women)

Male Population Female Population

Principal Component  Principal Component

(PC) (PC)
Variables PC1 PC2 PC3 PC1 PC2 PC3
Body length 2. Buttock-knee length, sit 0.28 0.16 -0.16 0.29 0.13 -0.17
3. Buttock-popliteal length, sit 0.24 023 -020 026 0.19 -0.21
7. Eye height, sit 0.19 020 048 0.18 021 047
9. Knee height, sit 0.26 026 -0.10 0.24 030 -0.07
10. Popliteal height, sit 0.16 039 -0.09 0.11 040 -0.07
11. Sitting height 019 020 047 018 023 046
12. Stature 024 032 010 023 035 0N
13. Thumbtip reach length 0.23 0.19 -0.17 0.19 022 -0.26
19. Shoulder-grip length with gear, sit  0.24 0.18 -0.20 0.21 0.23 -0.22
Volume 1. Bideltoid breadth with gear, sit 0.26 -0.19 -0.01 0.26 -0.19 0.00
indicator 4. Chest breadth with gear 0.25 -0.21 0.00 0.25 -0.20 -0.01
5. Chest depth with gear 0.22 -0.22 -0.09 0.23 -0.23 -0.06
8. Hip breadth with gear, sit 0.23 -0.16 -0.03 0.23 -0.18 -0.02
14. Waist breadth with gear, sit 0.10 -0.14 -0.02 0.18 -0.11 -0.02
15. Waist circumference at omphalion 0.25 -0.28 -0.05 0.28 -0.22 -0.08
16. Abdominal extension depth with 0.22 -0.28 -0.07 0.19 -0.27 -0.04
gear, sit
18. Bi-trochanter surface length with 0.23 -0.23 -0.05 0.24 -0.20 0.00
gear, sit
20. Thigh clearance with gear, sit 0.22 -0.14 -0.02 0.22 -0.13 -0.04
Location 6. Elbow rest height, sit 0.09 -0.13 0.59 0.09 -0.10 0.58
indicator 17. Acromion-trochanter surface length 0.26 -0.17 0.13 0.28 -0.14 0.14
with gear, sit
Eigenvalues 9.19 399 197 834 423 220
Percent of variation 46.0% 20.0% 9.8% 41.7% 21.2% 11.0%
Total percent of variation explained by 75.8% 73.8%

the first 3 PCAs

#Two (1 male and 1 female) participants were excluded in the analysis for missing 1 of the 20 measurements.
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Figure 5. The closest neighbor male participating law enforcement officers corresponding to multivariate an-
thropometric models. Models W, U, X, V, Z, and Y are at the axes intercept points with the 95% male enclosure
space, surrounding the average male model O. Models A, B, C, and D are on the octants center points at the front
side of the 95% male enclosure space (see Figure 4), while models E, F, G, and H are on the octants center points at
the rear side of the 95% male enclosure space (see Figure 4).

enclosure criterion, this female model was
considered redundant and discarded. Otherwise,
the model was retained for the joint male and
female space. The male models were evaluated
for redundancy in the same manner by placing
each of them into the female 95% enclosure with
r=2.61 and following identical accept and reject
procedures.

Six out of 15 female models (O, A, C, E, U,
and V) were found to coincide with the male
space because their respective Euclidian dis-
tance to the centroid of the 95% male enclosure
was smaller than the » = 2.6 criterion. In ad-
dition, the Euclidian distance of five male
models (O, D, H, W, and X) to the centroid of
the 95% female enclosure was smaller than the
r = 2.61 criterion. In all, the female models O,
A, C, E, U, and V were redundant to male
models; the male models O, D, H, W, and X
were redundant to female models. The re-
combination procedure resulted in a joint male
and female enclosure space of 24 models which

included 15 models for men (A, B, C, D, E, F,
G,H,U,V,W, XY, Z, and O) and 9 models for
women (B, D, F, G, H, W, X, Y, and 7). The
dimensions of these models are presented in
Tables 3 and 5. Alternatively, a combined set of
25 models can include 10 models for men (A,
B,C,E,F,G,U, V,Y, and Z) and 15 models for
women (A,B,C,D,E,F,G,H,U,V,W, X, Y, Z,
and O). (Tables 3-6.)

Identifying Real LEOs (the 3D body scans)
Who Match the Theoretical Models

The corresponding 20 anthropometric values of
these 15 models for each gender were calculated
through reverse processes of the eigenvalues and
eigenvectors. The Euclidean distance from each
participant to each model point was then evaluated,;
one closest neighbor participant for each model was
chosen and their corresponding closest neighbor
human participants (Figures 5 and 6) and di-
mensions are summarized in Tables 7-10. The
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Euclidean distance from each participant to each
model point ranged from 0.07 to 0.25 for male
models and 0.07 to 0.42 for female models. The
joint male and female enclosure space of 24 models
are presented in Figure 7a which included 15
models formen (A, B,C,D,E, F,G,H, U, V, W, X,
Y, Z, and O) and 9 models for women (B, D, F, G,
H, W, X, Y, and Z). An alternative with 25 models
is also presented (Figure 7b) which included 10
models for (A, B,C,E,F,G, U, V, Y, and Z) and 15
models for women (A, B,C,D,E,F,G,H, U, V, W,
X, Y, Z, and O).

It should be noted that in the theoretical an-
thropometric models with radius value of r = 2.60
for males and r = 2.61 for females, 90.6% of data
points for males and 90.3% for females are en-
closed in the spheroid by the first 3 PCs. When we
accommodate a real person, we are accommodating
a range of people around that person who are
similar, just like accommodating a fit model for
apparel accommodates larger and smaller people
near that person. That means we will be accom-
modating a broader range (e.g., 95% in lieu of
90.6% or 90.3%) of people than the ellipse used to
find them, and this helps mitigate some of the
central tendency of the body size distribution.

DISCUSSION

Accounting Overall Body Size and
Segment Proportional Variances

In vehicle cab space design and equipment
arrangement, multiple measurements (such as
seated eye height for external visibility, popliteal
height for seat pan height, thumbtip reach for
clearance between control units and driver body,
and knee height sitting for driving wheel to body
clearance) must be considered. ‘When each
dimension is prescribed sequentially to cover the
2.5th to 97.5th percentile population, the design
would include 95% of the user population for
each specific function but suffer from a com-
pounded decrease in the level of overall ac-
commodation, which would result in design
inefficiency’ (Hsiao, 2013).

This study relied on three PCs which are
linear combinations of 20 individual anthropo-
metric dimensions of LEOs. These PCs are
orthogonal to each other and approximate

a spheroidal in distribution. A 95% accommo-
dation level designated as this threshold is
a sufficient balance for LEO cab efficiency and
cost-effectiveness. This approach took into ac-
count both the overall LEO body size variance
and their body segment proportional variability.
The models generated in this study therefore
comprise not only overall large and small per-
sons but also individuals of different body
shapes (Meindl, Zehner, & Hudson, 1993; Hsiao
2013). For instance, the male Model B has
amedium stature (50th percentile; 1776 mm) but
a tall eye height sitting (74th percentile;
831 mm) (Table 7). In contrast, the female
Model E has an above-average stature (68th
percentile; 1682 mm) but a below-average eye
height sitting (46th percentile; 758 mm) (Table
9). Their seat positions or seat adjustments
would be different when they need to com-
fortably survey external environments through
the windshield. This variability in body sizes
and shapes reflect the real-world LEO body
models much better than the traditional multiple-
tier univariate method and will help improve the
conformity of digital human models in LEO cab
workspace design. The results in Table 8 and 10
show that not all 20 dimensions of the “real
person” body models would accommodate
a 95% range of LEOs when each dimension is
considered  individually. =~ When  multi-
dimensions are considered simultaneously, the
models would accommodate a broader range of
LEOs (e.g., 95% or more). It is also worth noting
that using a “real person” model (as opposed to
a hypothetic/theoretic model), we are accom-
modating a range of people around that person
who are similar—just like accommodating a fit
model for attire which accommodates smaller
and larger people close to that person. That
means we will be accommodating a wider range
of people than the ellipse used to find them.

Traditional vs. Encumbered Digital Human
Body Models

Existing digital human body models were
typically developed based on traditional body
measurement data (i.e., without gear). This LEO
body modeling study took advantage of newly
available data of encumbered (with-gear) LEO



Boby MobDELs oF Law ENFORCEMENT OFFICERS

1365

body measurements for more realistic applica-
tions, which are considered to be the most up-
dated and comprehensive LEO body models. It
should be noted that Figures 5-7 display body
models in an unencumbered form for better
presentation of body shapes and dimension
compositions. The corresponding dimensions in
Tables 3—10 are encumbered dimensions. Dig-
ital modeling users should factor this difference
in when they incorporate these data and body
models in their digital modeling software for
simulation applications. Researchers or vehicle
designers who plan to use body dimension data
of the representative body models as the tem-
plates to recruit human subjects for testing ve-
hicle prototypes should also factor this into their
preparation.

To offer an opportunity for comparisons to
existing traditional digital civilian and military
human models, we have used 15 traditional
without-gear measurements relevant to LEO

cruiser cab design (see Table 1) and provided
both the theoretical (Table 11) and closest
neighbor models (Table 12) for discussion be-
low. The percentage of variation with 15 tra-
ditional measurements can be explained for
86.4% for men and 84.5% for woman by the first
three principal components (PCs). Seven out of
15 female models (O, A, C,E, U, V, and Y) were
found to coincide with the male space because
their respective Euclidian distance to the cen-
troid of the 95% male enclosure was smaller
than the r = 2.6 criterion. In addition, the Eu-
clidian distance of five male models (O, B, F, V, and
W) to the centroid of the 95% female enclosure was
smaller than the r = 2.61 criterion. In all, the female
models O, A, C, E, U, Vand Y were redundant to
male models; the male models O, B, F, V, and W
were redundant to female models. The procedure
resulted in a joint male and female enclosure space
of 23 models which included 15 models for men
(A,B,C,D,E,E,G H U, V,W, X Y, Z and O)

Figure 6. The closest neighbor female participating law enforcement officers corresponding to theoretic multi-
variate anthropometric models. Models W, U, X, V, Z, and Y are at the axes intercept points with the 95% female
enclosure space, surrounding the average female model O. Models A, B, C, and D are on the octants center points at

the front side of the 95% female enclosure space (see Figure 4), while models E, F, G, and H are on the octants center

points at the rear side of the 95% female enclosure space (see Figure 4).
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i The male models O, D, H, :
W, and X are redundant to:
i female models

(b)
: The female models 0,A, :

iC,E,U,and Vare
: redundant to male models:
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Figure 7. The joint male and female law enforcement officers corresponding to multivariate anthropometric
models. Two options can be considered: (1) Twenty-five (25) models are proposed for which the male models O, D,
H, W, and X can be considered redundant to female models (7a). (2) Twenty-four (24) female and male law
enforcement multivariate anthropometric models can be proposed for which the female models O, A, C, E, U, and V

are redundant to male models (7b).
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and 8 models for women (B, D, F, G, H, W, X, and
7). The dimensions of these models are presented in
Table 12. Alternatively, a combined set of 25
models can include 10 models for men (A, C, D, E,
G, H, U, X, Y, and Z) and 15 models for women (A,
B,C,D,E,EEG H U, V,W, X Y, Z and O).

Decision to Use Correlation Matrix for
PCA Analysis

Three analysis approaches were considered
for the PCA analysis in this study: Correlation
Matrix (derived from standardized variables),
Covariance matrix (appropriate if all the
variables have the same unit or scale), and
Covariances of Weighted Variable (weights
are chosen to reflect a priori idea of the rel-
ative importance of the variables). The Cor-
relation Matrix approach was employed in
lieu of the Covariance Matrix because there
were major differences of variance among
body dimensions (Jolliffe, 1986). For exam-
ple, the variance of waist circumference is
about 27-fold of the popliteal height for
women, and about 23-fold for men. In addi-
tion, results with covariance matrices will be
more challenging to compare from different
analyses than with correlation matrices given
that both with- and without-gear measure-
ments were used in this study. While this
approach is at the expense of size of the larger
body dimensions, small body dimensions can
be critical to LEO cab design as well; in fact,
in a study on seat adjustment needs among
patrol LEOs, all body dimensions in Table 1
(except for elbow rest height) were directly
associated with seat and equipment adjust-
ment needs (Hsiao, 2022). The option of using
Covariance of Weighted Variable requires
a good knowledge of the relative importance
of the variables (Jolliffe, 1986) and we did not
have well-defined information to quantify the
relative importance of the dimensions for
LEO cab design yet.

.In a multivariate study on defining extreme
forms for body armor for soldiers, correlation
matrix and covariance matrix methods did not
yield substantially different results in terms of
the univariate ranges of extreme forms for
torso lengths and breadths (Gordon, Corner, &

Brantley, 1997). The authors suggested that
detailed contrast of these two methodological
alternatives be further studied within armor
sizing and design applications. The correla-
tion matrix approach may fit workspace de-
sign better while the covariance matrix
approach may suit a physical product design
better as it would be equivalent to a Cluster
Analysis  (Hsiao, Whitestone, Kau, &
Hildreth, 2015).

Using Varimax Rotation to Check Variable
Loading and Interpretability

There are several different PCA rotations that
can be utilized to arrive at a diverse set of PCs.
One of the most common rotations is the Var-
imax rotation (Kaiser 1958). With the Varimax
rotation the total amount of variance explained
by the first 3 PCs will be the same as the standard
PCA (which does not include rotation), but the
amount of variance explained by each PC will be
different. It rotates the coordinate system such
that each component will have a small number of
high loading variables and a larger number of
small loading (or zero loading) variables. This
process groups variables together which helps
scientists see more clearly how the variables
cluster. This however is at the expense of the
overall size component (i.e., PC1) in the stan-
dard PCA. In general, in using Varimax rotation,
we would like to see that (a) there are at least
three (and preferably more) variables loading on
each retained component, (b) most of the vari-
ables have relatively high loadings on only one
component, and near-zero loadings on the other
components, and (c) most components have
relatively high loadings for some variables, and
near-zero loadings for the remaining variables
(SAS Institute, 2022). Our results using Varimax
rotation, unfortunately, do not meet all the cri-
teria listed above. Therefore, we kept the design-
based variable set and used the standard method
of principal component analysis where the first
component accounts for a maximal amount of
total variance in the observed variables, and the
second component extracted accounts for
a maximal amount of variance that was not
accounted for by the first component, and so
forth.
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Practical Implications and Inclusivity

Digital body models of LEOs with unique
combinations of body size and physique, con-
sidering sex, age, and ethnicity/race factors,
were developed and their body dimensions were
summarized in this study. These models can be
applied to the design or retrofitting of LEO
cruiser cabs to accommodate the diverse LEO
population. Developers of ergonomics software
may apply these models toward generating
digital manikins to improve cab simulation ca-
pacity and accuracy. ‘“Rather than designing to
specific dimensions, designers can use the
models as representatives of LEO population
that must be accommodated to evaluate different
fit issues in cab designs” (Hsiao, 2013; Hsiao et.
al 2005). These digital mannequins provide
a level of anthropometric variability that cannot
be provided by the conventional percentile
models. Literature has reported a similar mod-
eling process for farm workers (Hsiao et. al
2005), military personnel (Hudson, Zehner, &
Meindl, 1998), and firefighters (Hsiao, 2013).
These models can be systematically in-
corporated into commercial digital human
software to assess the safety and effectiveness of
equipment and workspaces used by specific
occupational groups.

Another practical implication is that LEO
vehicle and equipment manufacturers and
designers can use the 24 body models and
their body dimensions as the templates to
recruit human subjects to physically evaluate
their vehicle prototypes for improved vehicle
and equipment design. Stature, buttock-
popliteal length, eye height (sitting), knee
height (sitting), shoulder-grip length, popli-
teal height, and sitting height were identified
as seven key parameters associated with seat
fore/aft and up/down adjustments in an LEO
vehicle accommodation survey (Hsiao,
2022). In addition to the abovementioned 7
dimensions, 12 other dimensions in Table 1
(except for elbow rest high) were also found

to affect seat/equipment adjustment needs in
the fore/aft direction. Finally, body weight is
associated with seat belt adjustment (Hsiao,
2022). LEO vehicle and equipment manu-
facturers and designers can use the 7 key
parameters plus body weight as the initial
basis to identify the needed 24 subjects in lieu
of random subjects to cost effectively eval-
uate their vehicle/equipment prototypes/
configurations for improved vehicle and
equipment design.

CONCLUSION

This study developed the first available mul-
tivariate digital body models of law enforcement
officers (LEOs), representing the current U.S.
LEO population. The investigation used a national
anthropometry dataset of 756 male and 218 female
LEOs and a principal component analysis-based
process. It identified fifteen body models for each
gender group which represent a unique combi-
nation of body size and physique of male and
female LEOs. A combination of 24 body models
was suggested for cruiser workspace simulation
applications. Both male and female body models
of the representative LEOs and their body di-
mensions are presented in this paper. LEO cruiser/
equipment designers and retrofitting manu-
facturers can use these avatars/models for com-
puterized simulations to prototype or verify their
driver-cab interface designs. Alternatively, LEO
cruiser/equipment designers can use body di-
mensions of the 24 body models as the templates
to recruit the needed 24 subjects in lieu of random
subjects to cost effectively evaluate their vehicle
prototypes and equipment configurations. More-
over, the LEO body models were developed based
on the newly available encumbered (with-gear)
LEO body measurements for more realistic ap-
plications. LEO cruiser/equipment designers and
retrofitting manufacturers are advised to include
LEO clothing and gear (body belt) in their com-
puterized simulations.
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APPENDIX 1

SEMI-NUDE MEASUREMENTS VS. MEASUREMENTS WITH GEAR (ENCUMBERED

MEASUREMENTS)

Bideltoid Breadth, Sitting ~ Buttock-Knee Length Buttock-Popliteal Length Chest Breadth
Chest Depth Elbow Rest Height, Sitting ~ Eye Height, Sitting Hip Breadth, Sitting
Knee Height, Sitting Popliteal Height Sitting Height Stature

1 Ap—

Thumbtip Reach Waist Breadth, Sitting Waist Circumference (O)
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Chest Breadth

Waist Breadth

Thigh Clearance
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KEY POINTS

e This study developed a set of multivariate digital
body models, which emulate approximately 95%
of the current law enforcement officer (LEO)
population, using a national anthropometry data-
base of 756 male and 218 female LEOs.

e The principal component analysis-based investigation
identified 15 representative body models for each
gender group which represent a unique combination
of body size and physique of male and female LEOs.
A combination of 24 body models was suggested for
cruiser workspace simulation applications.

e Three-dimensional (3D) digital body scans of the
representative LEOs and their body dimensions are
presented in this paper for digital LEO cruiser
workspace interface simulation and evaluation.

e LEO cruiser and equipment designers and retro-
fitting manufacturers also can use these models and
their body dimensions as the template to recruit the
needed 24 subjects in lieu of random subjects to
cost effectively and physically assess their LEO
vehicle prototypes and verify their driver-cab in-
terface designs.
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