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Understanding the challenges Law Enforcement Officers (LEOs) have encountered with their vehicle and

Police equipment and the correlation between equipment configuration and LEO body dimensions is critical for

Vehicle equipment
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improving vehicle/equipment specifications to better accommodate today’s LEOs. 974 LEOs participated in a
study on their vehicle, equipment, and body measurements at 12 sites across the U.S. 88% participants reported

discomfort/pain at the end of a shift. The most affected body areas were the lower back and hips. Handguns,
radios, and handcuffs on duty belt and seat adjustment were associated with the discomfort/pain. 41% LEOs
identified inadequate seat adjustment. Stature, buttock-popliteal length, eye height (sitting), knee height
(sitting), shoulder-grip length, popliteal height, sitting height, hip breadth, and body weight were key parameters
associated with seat adjustment needs. A third of officers experienced neck pain associated with the use of in-
vehicle mobile data terminals and more fore/aft adjustment was needed.

1. Introduction

Vehicles are the workplace where patrol law enforcement officers
(LEOs) spend significant portions of their workday (Mitsopoulos-Rubens
et al., 2009). LEO vehicles typically are modified from existing lines of
commercial vehicles, and most are modified by manufacturers or
specialized companies (Kissiah, 2022; Grabianowski, 2022; Chavez,
2017). These cars are remodeled with enhanced alternators, suspen-
sions, battery power, and engines. A full “makeover” also includes an
array of electronics and safety gear, such as radios, dash cameras, mobile
data terminals (MDTs), speed detectors, and seats which can accom-
modate officers who carry guns, handcuffs, and batons (Fig. 1). All the
equipment takes up valuable space within the vehicle and can alter
officer-equipment interface dynamics.

LEOs were reported to be on average larger in body dimensions than
the civilian population (Hsiao et al., 2021). The makeover of vehicles
from commercial vehicles which are designed based on civilians’ body
dimensions, compounded with the abovementioned additional safety
equipment and protective gear (e.g., MDTs, dash cameras, speed de-
tectors, duty belts, and armors), can aggregate safety and health chal-
lenges for LEOs. Random sample surveys have reported that the
prevalence of lower back pain among patrol LEOs were in the range of

54.5%-92.6% (Brown et al., 1998; Arts, 2006; Mitsopoulos-Rubens
et al., 2009). Design improvements of vehicle console space, vehicle
ingress/egress, MDTs, and LEO body-worn equipment may result in
reduced LEO fatigue, pain, or injury (McKinnon et al., 2011, 2014;
Saginus et al., 2011; Saginus and Marklin, 2013). Understanding the
association among the body pain, vehicle equipment setup, and body
dimensions is necessary to effectively implement the design
improvements.

While several studies have associated LEO discomfort in lower back
and hip with duty belt items (e.g., handguns, radios, and handcuffs)
(Arts, 2006; NIOSH et al., 2020), MDT use (Donnelly et al., 2009), and
body armors (Burton et al., 1996), most survey studies in the literature
about LEO body pain/discomfort were small-scale or random-sample
(unstratified) surveys and did not cover the differences among LEOs,
such as demographic and anthropometric characteristics. In addition,
literature showed inconsistent results on LEO prevalence of lower back
pain as compared to the general population (Brown et al., 1998; Arts,
2006; Shmagel et al., 2016), possibly due to small local samples from
these studies. A larger-scale systematic national assessment with LEOs
using stratified samples would provide an opportunity to deepen our
understanding of challenges LEOs have encountered with their vehicles
and equipment as well as the correlation among body discomfort/pain,
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equipment configuration, and LEO body dimensions, which would offer
more practical design solutions.

1.1. Objective

The study aimed to quantify the state of user-vehicle and user-
equipment (i.e., handguns, radios, handcuffs, MDTs, duty belts, etc.)
interfaces and the association among LEO body discomfort, LEO de-
mographics, and LEO anthropometric characteristics for vehicle/
equipment design improvement. It was hypothesized that (1) LEO body
discomfort/pain was associated with vehicle equipment use, LEO de-
mographics, and body dimensions, and (2) more fore/aft and up/down
seat and MDT adjustments were needed for LEOs, as reported by LEOs
for the vehicle they used most often, and were associated with LEO sex,
stature, weight, and buttock-popliteal length. This study is the first na-
tional stratified study on LEO anthropometry and experimentally
determined the key body dimensions for LEO vehicle and equipment
configuration, which paved the way for better LEO vehicle and equip-
ment design to advance LEO safety and wellbeing.

2. Methods
2.1. Participants

A total of 756 male and 218 female LEOs participated in the study.
Their demographic information was recorded (Table 1; Hsiao et al.,
2021) and anthropometric dimensions (Table 2, Fig. 2) relevant to LEO
vehicle and equipment design were measured. They also answered 13
survey questions relevant to the state of LEO vehicle use, vehicle-user
interface, and safety gear accommodation. The LEO sample was based
on the geographic density of racial/ethnic distributions, calculated from
the 2010 U.S. Census by four census regions (U.S. Census Bureau, 2012).
The research protocol, questionnaire, and participant consent form were
approved by the U. S. Office of Management and Budget (OMB
#0920-1232) and the National Institute for Occupational Safety and
Health (NIOSH) Institutional Review Board (IRB #14-DSR-02XP).

2.2. Procedure

Upon arrival to one of the 12 national LEO anthropometry study sites
(Hsiao et al., 2021), each officer read and signed a consent form to
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Table 1
Participants by racial/ethnic group, sex, and age (Hsiao et al., 2021).
Item  Variable Application for LEO Without With
vehicle cab and gear uniform
equipment
arrangement
1 Bideltoid Breadth, Seat back width X
Sitting
2 Buttock-Knee Length Dashboard-seat/seat X
back clearance
3 Buttock-Popliteal Seat depth X
Length
4 Chest Breadth Middle seat back width X
5 Chest Depth Driving wheel X
clearance
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
9 Kee Height, Sitting Driving wheel/ X
dashboard clearance
10 Popliteal Height™ Seat height X
11 Sitting Height Cruiser cab ceiling X
height
12 Stature Egress configuration X
13 Thumbtip Reach Control panel reach X
14 Waist Breadth, Sitting Space between arm X
rests
15 Waist Circumference Driving wheel X
at Omphalion clearance
16 Weight (kg) Overall vehicle X
workspace
17 Body Mass Index Overall vehicle X
(BMI) workspace
18 Abdominal Extension Driving wheel X
Depth, Sitting clearance
19 Acromion-Trochanter  Seatbelt (shoulder belt) X
Surface Length,
Sitting
20 Bi-trochanter Surface Seatbelt (lap belt) X
Length, Sitting
21 Shoulder-Grip Length  Equipment control X
22 Thigh Clearance Driving wheel X

clearance

participate in the study. Each participant had the opportunity to ask
questions and completed a demographic data form which comprised sex,
age, race/ethnicity, years of service, and occupational specialty. Their

d

Fig. 1. A full police vehicle may include an array of electronics (1a) and safety gear, such as radios, dash cameras, mobile data terminals (1b), speed detectors, and
seats (1c) which can accommodate officers who carry guns, handcuffs, and batons in a duty belt (1d) (Picture credits: Turbosquid.com and Shutterstock).
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Table 2
Anthropometry relevant to LEO vehicle space and equipment configuration (Hsiao et al., 2022).
Race/ethnicity White Black Hispanic/Other Total
N = 685 N =124 N =165
Sex Males Females Males Females Males Females
Age 18-34 35-44 >45 18-34 35-44 >45 >18 >18 >18 >18
Stratified samples 188 183 172 52 62 28 93 31 120 45 974
Total Men 543 93 120 756
Women 142 31 45 218

+: The Elbow Rest Height and Popliteal Height include a 10-mm addition to account for adjustment for compressed measurements.

body dimensions (Table 2) and 3-dimensional body scans were then
measured by four anthropometry data collection specialists. The
3-dimensional body scan data were reported in a separate paper (Hsiao
et al., 2022).

The participant was then given an iPad to review and answer 17
questions which assessed the state of their LEO vehicle equipment,
vehicle-user interface, and protective gear fitting. Four of the 17 ques-
tions were relevant to body armor fit which will be reported in a sepa-
rate article on “LEO Body Armors Fit and Comfort.” Thirteen of the 17
questions were directly related to patrol vehicle use and are included in
this article (Table 3).

After completing the body measurements, 3-dimensional scans while
standing and seated within a Cyberware WBX 3-D whole-body scanner
(Cyberware Inc., Monterey, CA), and survey questions, the participants
were reimbursed for their time and dismissed.

3. Results
3.1. Demographic information and anthropometry

Participant demographics by racial/ethnic group, sex, age is sum-
marized in the Methods section (Table 1). The mean years of LEO service
was 12.8 for men and 10.7 for women. The longest-serving officer had
completed 42 years of service. While 28.7% of participants had 5 or less
years of service, 34.8% of the LEOs had 16 or more years of experience
(Table 4). More male officers (37.2%) had served 16 years or more than
female officers (26.6%) (Pearson Xz 974, 1 = 8.32, p = 0.003).

Body dimensions relevant to LEO vehicle and equipment are sum-
marized in Table 5. It is rare that sample acquisition exactly matches a
sampling plan. A statistical weighting method can be utilized to apply
the ratio of the actual sample to the target sample for each individual
measured value to represent the population of interest (Hsiao et al.,
2021). Since our sample outcomes by sex, racial/ethnic, and age group
are very close to those of the original sampling plan, the unweighted and
weighted data would be comparable in 1-3 mm in means. We elected to
use unweighted data in this report for simplicity. The results indicate
that female officers have a significantly larger mean of hip breadth
(sitting) than male officers. No significant difference was found between
men and women for elbow rest height (sitting). Male officers have a
larger mean than female officers for the remaining 20 dimensions
(Table 5).

3.2. LEO work hours and vehicle use

Most officers (84.7%) worked either an 8- or 10-h shift, while some
worked part time, and 3.1% worked a 12-h shift. The average shift
duration was 9.2 h, of which 5.4 h was spent in the vehicle. During their
shifts in the vehicle, 55.1% of LEOs entered and exited vehicles 16 times
or more in a shift (Table 6) — more for men than women (58.3% vs.
44.1%; Pearson X2 897,1 = 12.8, p < 0.001). Only 10% got in and out 5
times or fewer.

The make and model of vehicles used by the LEOs varied. The most
frequently used makes were Ford for 595 officers (66.4%), Chevrolet for
148 officers (16.6%), and Dodge for 115 officers (12.8%). Thirty-six

officers used other makes; two officers did not have an assigned
vehicle; and 78 officers did not respond to this question (N = 896; 78
missing) (Table 7). Of the 595 Ford vehicles, 303 (50.9%) were the
Explorer model and 96 (16.1%) were Crown Victoria. Of the 148
Chevrolet vehicles, 70 (47.3%) were the Tahoe model, and of the 115
Dodge cruisers, 98 (85.2%) were the Charger model (Fig. 3). The model
years of vehicles (N = 893; 81 missing) ranged from 1990 to 2019 with a
median of 2015 and mean of 2014 which are considered reasonably new
since the data collection was conducted in 2018 and 2019.

3.3. Vehicle-user interface

3.3.1. Vehicle seat adjustments

For the vehicles used by the participating officers (N = 894; 80
missing), the range of seat adjustment was adequate for 59.3% of the
participants (Table 8). For those who felt that the seat adjustment was
inadequate (40.7%), more adjustments were needed: 19.0% in the fore/
aft direction, 12.9% in the up/down direction, and 8.8% in both di-
rections. No significant difference was detected between male and fe-
male officers on the overall need for seat adjustments (X2 8o4,1=1.76,p
= 0.18). However, for the inadequate seat adjustment situation, male
officers desired more fore/aft adjustments, while female officers wanted
more up/down adjustments as well as both up/down and fore/aft ad-
justments (x2 364, 2 = 12.0, p = 0.0025).

Significant differences were found among race/ethnicity groups on
the overall need for seat adjustments (X2 894, 2 = 28.6, p < 0.0001).
About 35.1% of White and 50% of Hispanic/Other LEOs reported
inadequate seat adjustments, and 58.2% of Black LEOs indicated a need
for additional seat adjustments. For those who felt that the seat adjust-
ment was inadequate (40.7%), no significant difference in the distri-
bution of seat adjustment needs (i.e., in the fore/aft, up/down, and both
fore/aft and up/down directions) were identified among ethnicity
groups (x* 364, 4 = 3.39, p = 0.495).

The abovementioned data regarding the association between sex and
seat adjustment direction as well as the correlation between ethnicity
and overall seat adjustment needs lead to the root impact of body di-
mensions on seat adjustment needs. Those who needed more fore/aft
seat adjustments had a greater mean of all body dimensions listed in
Table 2 (except for Elbow Rest Height) than the group who reported
satisfaction with seat adjustments. Those who needed more up/down
seat adjustments had a smaller mean of body dimensions than the group
who reported satisfaction with seat adjustments for 7 dimensions:
Buttock-Popliteal Length, Eye Height (Sitting), Knee Height (Sitting),
Popliteal Height, Sitting Height, Stature, and Shoulder-Grip Length.
They however had a larger mean of Hip Breadth (Sitting) and Body Mass
Index (BMI).

Using stature and buttock-popliteal length as examples, those who
needed more fore/aft seat adjustments had a greater mean of stature
(Mean = 1779 mm; Standard Error = 6.2 mm) than the group who re-
ported satisfaction with seat adjustments (Mean = 1745 mm; Standard
Error = 3.5 mm) (all pairs Tukey-Kramer HSD, p < 0.001), and the group
who reported satisfaction with seat adjustments had a greater mean of
stature than those who needed more up/down seat adjustments (Mean
= 1720 mm; Standard Error = 7.7 mm) (F go3, 3 = 12.37, p < 0.001; all
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Fig. 2. Body dimensions relevant to LEO vehicle cab and equipment design (Hsiao et al., 2021).
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pairs Tukey-Kramer HSD, p = 0.0194) (Fig. 4).

Those who needed more fore/aft seat adjustments or more both fore/
aft and up/down adjustments had a greater mean of buttock-popliteal
length (Mean = 522 mm, Standard Error = 2.3 mm; Mean = 520 mm,
Standard Error = 3.4 mm) than the group who reported satisfaction with
seat adjustments (Mean = 508 mm; Standard Error = 1.3 mm) (all pairs
Tukey-Kramer HSD, p < 0.001 for both pairs). The group who reported
the need for just up/down seat adjustments had a smaller mean of
buttock-popliteal length (Mean = 501 mm; Standard Error = 2.8 mm)
comparing to the group who reported satisfaction with seat adjustments
but was not at a significant level (all pairs Tukey-Kramer HSD, p =
0.1711) (Fig. 5).

3.3.2. Body discomfort/pain and equipment use
About 88% of officers reported some discomfort/pain at the end of a

Table 3
Survey questions related to patrol vehicle use.

1. How long is a normal (not overtime) shift?

2. How long do you spend in your vehicle during a normal shift?
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shift (Table 9). More portion of females (92.6%) encountered some
discomfort/pain than males (86.6%) (Pearson Xz 895,1 =5.41,p=0.02).
The most affected body areas were the lower back and hip (Table 9). The
percentages of affected body parts do not sum to 100%, as some officers
reported more than one discomfort body area.

One reason for discomfort in the lower back and hip can be attributed
to the duty belt and various equipment carried on it. About 76.3% LEOs
reported that duty belts cause pain or discomfort while seated in the
vehicle. More female LEOs (85.2%) reported that duty belts caused pain
than male LEOs (73.7%) (Pearson X2 890, 1 = 11.6, p = 0.0007). Body
dimensions did not play a significant role in the reported pain; waist
circumference (F ggg, 1 = 2.78, p = 0.096), body weight (F gg9, 1 = 2.34,
p = 0.13), and waist breadth (F ggg 1 = 1.61, p = 0.20) do not correlate
with the pain caused by duty belts.

Table 10 shows the equipment carried by each officer on his/her

3. How often (approximately) do you get in and out of your vehicle during that shift?

L_os]|

6-10 || 11-15 || 16-20 || 21-25 || 26-30 || >30 |

4. What make/model is the vehicle you use most often? | Make:

Model: |

5. What is the year of the vehicle you use most often? (20XX)

Please answer the remaining questions with respect to THAT vehicle and when you are wearing

your body armor and duty belt.

6. Is the seat adjustment adequate?
If N, how should it be improved?

[0 More up/down adjustment needed
[J More fore/aft adjustment needed

7. Are there specific areas of your body that are uncomfortable or painful at the end of a shift?

Neck
Shoulders
Chest
Abdomen
Upper back
Lower back
Hips

Knees
Ankles
Other:

I

8. Do you have neck pain from using the mobile data terminal (MDT)?
Can the location of the MDT be adjusted to your preference?

If No:

[ Insufficient up/down range
[ Insufficient fore/aft range
[ No adjustment possible

[1 NoMDT
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9. Ifyour vehicle has a permanently mounted radio, where is it located?

[ Dashboard

[l Console

J Ceiling

[l Floor

[1 No permanently mounted radio

10. Which of the following do you carry on your duty belt?

Handgun

Radio

Handcuffs

Pepper spray
Taser

Flashlight
Ammunition pouch
Baton

Key holder
Disposable gloves
Knife

First Aid kit

Ooooooooooooo

11. Does any item on the duty belt cause pain or discomfort while you are seated in the vehicle?

Handgun

Radio

Handcuffs

Pepper spray
Taser

Flashlight
Ammunition pouch
Baton

Key holder
Disposable gloves
Knife

First Aid kit

=
=<

O OO

Oooooooogooo

12. Do you use a thigh/leg holster?
13. Do you use a seat belt extender?

Table 4
Law enforcement officer years of service.

Years Total Males Females

N % N % N %

0-5 280 28.7 199 26.3 81 37.2
6-10 150 15.4 117 15.5 33 15.1
11-15 205 21.0 159 21.0 46 21.1
16-20 141 14.5 119 15.8 22 10.1
21-25 122 12,5 99 13.1 23 10.6
26-30 55 5.7 44 5.8 11 5.0
>31 21 2.2 19 2.5 2 9
Total 974 100 756 100 218 100
0-15 635 65.2 475 62.8 160 73.4
>16 339 34.8 281 37.2 58 26.6

duty belt as well as whether that particular item caused discomfort when
seated in the vehicle. Handguns, radios, and handcuffs were the leading
equipment associated with seated discomfort/pain.

If a LEO wore bulky gear or body armor, a thigh holster holding his/
her gun down further from the equipment would allow the LEO an easier
draw stroke. Also, a thigh holster may allow him/her an easier draw
from the seated position. On the other hand, while a LEO is moving, his/
her holster is moving as well, which requires the user to modify his or
her movements in order to have successful draw stroke. About 7.5%
participants (7.4% for men and 7.8% for women) in the survey used a
thigh holster (Table 11).

3.3.3. Seat belt extenders

Seat belt extenders are a vehicle accessory which help ensure the
safety or comfort of plus-sized persons. This LEO equipment survey
showed that 4.6% of LEOs (5.1% for men and 3.0% for women) used seat
belt extenders in their vehicles (Table 12), which means that the current
seat belt length or configuration may not be sufficient for about 5% of
LEOs. The difference in percentage in the use of seat belt extenders
between men and women is not statistically significant (Pearson Xz 894, 1
=1.06, p = 0.21).
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Table 5

Body dimensions relevant to LEO vehicle and equipment design (Weight in kg; body Mass index in no unit; all other values in mm).
Dimension Males Females Sig Diff

N Mean Std Dev Std Error N Mean Std Dev Std Error

Bideltoid Breadth, Sitting 756 514 33 1.2 218 451 28 1.9 Yes
Buttock-Knee Length 756 631 34 1.3 218 600 32 2.1 Yes
Buttock-Popliteal Length +10 756 515 30 1.1 218 492 27 1.8 Yes
Chest Breadth 756 372 36 1.3 218 320 30 2.0 Yes
Chest Depth 756 281 30 1.1 218 266 35 2.4 Yes
Elbow Rest Height, Sitting +10 756 254 29 1.1 218 247 26 1.7 NO
Eye Height, Sitting 756 810 34 1.2 218 760 31 2.1 Yes
Hip Breadth, Sitting* 756 401 33 1.2 218 417 40 2.7 Yes*
Knee Height, Sitting 756 567 30 1.1 218 521 26 1.8 Yes
Popliteal Height + 10 756 433 27 1.0 218 393 24 1.6 Yes
Sitting Height 756 930 35 1.3 218 875 31 2.1 Yes
Stature 756 1778 71 2.6 217 1651 63 4.3 Yes
Thumbtip Reach 756 831 49 1.8 218 758 41 2.8 Yes
Waist Breadth, Sitting 756 359 40 1.5 218 325 41 2.8 Yes
Waist Circumference (Omp.) 756 1026 130 4.7 218 904 126 8.5 Yes
Weight (kg) 756 95.5 17.5 0.6 218 74.3 13.6 0.9 Yes
Body Mass Index (BMI) 756 30.2 4.8 0.2 217 27.3 4.6 0.3 Yes
Abdom. Exten. Depth, Sitting (with uniform) 756 351 46 1.7 218 316 39 2.6 Yes
Acromion-Trochanter Surface Length, Sitting (with uniform) 755 837 54 2.0 218 789 47 3.1 Yes
Bi-trochanter Surface Length, Sitting (with uniform) 756 719 63 2.3 218 670 60 4.1 Yes
Shoulder-Grip Length (with uniform) 756 804 41 1.5 218 740 38 2.6 Yes
Thigh Clearance (with uniform) 756 198 17 0.6 218 181 17 1.2 Yes

+10: 10 mm was added to the measurements of Buttock-Popliteal Length, Elbow Rest Height (Sitting), and Popliteal Height to reflect the fact that the dimensions were
measured when the body components were compressed and a clearance for the body area is needed.

*: Female officers have a significant larger mean of hip breadth (sitting) than male officers. No significant difference was found between men and women for Elbow Rest
Height (sitting). Male officers have a larger mean than female officers for the remaining 20 dimensions. Two-tail t-tests at significance level of 0.05 were performed,
with p = 0.05/22 = 0.0023 for 22 paired comparisons between men and women (z = 2.83).

Table 6 Table 7
Law enforcement officers in/out of the vehicle per shift. Law enforcement officer vehicles most often used.
Number of Times In/Out Total Males Females Make of the Vehicles Total Males Females
N % N % N % N % N % N %
0-5 91 10.1 53 7.6 38 18.6 BMW 1 0.1 1 0.1 0 0.0
6-10 181 20.2 139 20.1 42 20.6 Chevrolet 148 16.6 119 17.1 29 14.3
11-15 131 14.6 97 14.0 34 16.7 Dodge 115 12.8 90 13.0 25 12.4
16-20 154 17.2 125 18.0 29 14.2 Ford 595 66.4 458 66.0 137 67.8
21-25 100 11.2 81 11.7 19 9.3 GMC 5 0.5 5 0.7 0 0.0
26-30 115 12.8 92 13.3 23 11.3 Harley Davidson 1 0.1 0 0.0 1 0.5
>30 125 139 106 15.3 19 9.3 Honda 5 0.6 3 0.4 2 1.0
Subtotal 897 100 693 100 204 100 Jeep 5 0.6 3 0.4 2 1.0
Missing 77 63 14 Kia 1 0.1 0 0.0 1 0.5
Total 974 756 218 Nissan 4 0.4 3 0.4 1 0.5
Toyota 14 1.6 11 1.6 3 1.5
No Vehicle 2 0.2 1 0.1 1 0.5
0-15 403 44.9% 289 41.7% 114 55.9% Subtotal 896 100 694 100 202 100
16-30 or more 494  551% 404  58.3% 90 44.1% Missing 78 62 16
Subtotal 897 693 204 Total 974 756 218

Body weight is a factor for the need of a seat belt extender (t = 1.96,
p = 0.0409; Fig. 6). The group who used a seat belt extender has a
greater mean of body weight (mean = 97.3 kg, standard error = 2.93 kg)
than the counterpart group (mean = 90.8 kg, standard error = 0.64 kg).

3.3.4. Mobile data terminal (MDT) and mounted radio

About a third of officers (33.9%) experienced neck pain associated
with the use of mobile data terminals mounted in the vehicle (Fig. 1b).
More female LEOs (42.1%) encountered neck pain than male LEOs
(31.5%) (Pearson % gg2, 1 = 8.24, p = 0.004).

More than a half (54.5%) of LEOs could not adjust the location of the
MDT to their preference (including one case of no MDT available). Of
them, 40.1% LEOs reported insufficient adjustment of their MDT; 14.3%
had no adjustment function; and 0.1% had no MDT (Table 13). A greater
proportion of female LEOs (60.6%) had a challenge to adjust the MDT to
their preference than male LEOs (52.3%) (Pearson X2 gg4,1 =3.81,p=
0.05). Of the 354 responses on MDT adjustment needs (excluding MDTs

with no adjustment), more LEOs desired additional fore/aft adjustment
(39.6%) than both fore/aft and up/down adjustment (32.2%) and up/
down adjustment (28.3%). There was no significant difference on the
desired MDT adjustment between female and male LEOs (Pearson X2 354,
2 = 0.92, p = 0.63). In addition, no body dimensions were found to
clearly associate with the need of MDT adjustment in different di-
rections: buttock-knee length (F 353, 2 = 0.74, p = 0.53), statute (F 353, 2
= 0.08, p = 0.92), body weight (F 353 2 = 0.0009, p = 0.99), and
thumbtip reach (F 353, 2 = 1.27, p = 0.28). The limited available vehicle
console space in fore/aft direction seems to be a challenge to LEOs,
which requires innovative solutions.

Permanently mounted radios were affixed on the console for 79.4%
of LEO responses (Table 14). Some radios were installed on the floor
(8%) or dashboard (6.5%). No pain or discomfort associated with the
radio mount location was reported by LEOs.
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Fig. 3. Commonly used LEO vehicles (Pictures/models acquired from Turbosquid.com).
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Ford Explorer
Chevrolet Tahoe
Table 8
Law enforcement officers vehicle seat adjustment evaluation.
Evaluation Total Males Females
N % N % N %

Inadequate Seat adjustment 364 40.7 274  39.5 90 44.8
More up/down adjustment 115 129 79 11.4 36 17.9
needed
More fore/aft adjustment 170 19.0 142 20.5 28 14.0
needed
Up/down & fore/aft 79 8.8 53 7.6 26 12.9
adjustment needed

Adequate Seat adjustment 530 59.3 419 60.5 111 55.2

Subtotal 894 100.0 693 100.0 201 100.0

Missing 80 63 17

Total 974 756 218
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Fig. 4. Stature in means (solid green lines) and confidence intervals (CI) of
means (dotted lines; 95% two-tail CI) by seat adjustment needs. The Box plots
show maximum, upper quartile, median, lower quartile, and minimum values
of stature of the four Seat Adjustment Needs groups. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 5. Buttock-popliteal length in means (solid green lines) and confidence
intervals (CI) of means (dotted lines; 95% two-tail CI) by seat adjustment needs.
The Box plots show maximum, upper quartile, median, lower quartile, and
minimum values of Buttock-Popliteal Length of the four Seat Adjustment Needs
groups. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

Table 9

Body area pain/discomfort among law enforcement officers.
Body Total Males Females
Areas N % N % N %
Neck 212 22.4 143 19.5 69 32.7
Shoulder 125 13.2 79 10.8 46 21.8
Chest 20 2.1 14 1.9 6 2.8
Abdomen 47 5.0 32 4.4 15 7.1
Upper Back 128 13.5 88 12.0 40 19.0
Lower Back 647 68.5 491 66.9 156 73.9
Hip 402 42.5 295 40.2 107 50.7
Knee 229 24.2 187 25.5 42 19.9
Ankle 72 7.6 63 8.6 9 4.3
Other 21 2.2 14 1.9 7 3.3
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Table 10
Equipment carried by LEOs on their duty belts caused discomfort when seated in the vehicle.
Duty Belt Equipment Total (N = 945; 29 missing) Males (N = 734; 22 missing) Females (N = 211; 7 missing)
Equipment Seated Discomfort/Pain Equipment Seated Discomfort/Pain Equipment Seated Discomfort/Pain
N % N % N % N % N % N %
Handgun 867 91.7 406 43.0 677 92.2 304 41.4 190 90.0 102 48.3
Radio 828 87.6 280 29.6 637 86.8 203 27.7 191 90.5 77 36.5
Handcuffs 867 91.7 244 25.8 672 91.6 172 23.4 195 92.4 72 34.1
Pepper Spray 773 81.8 61 6.5 587 80.0 46 6.3 186 88.2 15 7.1
Taser 545 57.7 146 15.4 419 57.1 112 15.3 126 59.7 34 16.1
Flashlight 752 79.6 134 14.2 579 78.9 90 12.3 173 82.0 44 20.9
Ammunition Pouch 826 87.4 123 13.0 643 87.6 108 14.7 183 86.7 15 7.1
Baton 584 61.8 168 17.8 447 60.9 124 16.9 137 64.9 44 20.9
Key Holder 480 50.8 12 1.3 375 51.1 9 1.2 105 49.8 3 1.4
Disposable Gloves 400 42.3 28 3.0 307 41.8 21 2.9 93 44.1 7 3.3
Knife 302 32.0 7 7 236 32.2 4 .5 66 31.3 3 1.4
First Aid Kit 122 12.9 21 2.2 103 14.0 16 2.2 19 9.0 5 2.4

* The percentages do not total to 100%, as officers carried more than one item on the belt. Infrequently carried items were recorded but are not included in this table.

Table 11
Use of thigh holster among LEOs.
Total Male Female
Frequency Percent Frequency Percent Frequency Percent
Yes 67 7.5 51 7.4 16 7.8
No 828 92.5 640 92.6 188 92.2
Subtotal 895 100.0 691 100.0 204 100.0
Missing 79 65 14
Total 974 756 218
Table 12
Use of seat belt extender.
Total Male Female
Frequency Percent Frequency Percent Frequency Percent
Yes 41 4.6 35 5.1 6 3.0
No 852 95.4 655 94.9 197 97.0
Subtotal 893 100.0 690 100.0 203 100.0
Missing 81 66 15
Total 974 756 218

4. Discussion

180 4.1. Demographic information, years of service, and anthropometry

140 = This study showed that 37.2% male officers and 26.6% female offi-
cers had served 16 years or more. Women made up 5.0% of LEOs in 1980
(Cordner and Cordner, 2011), 13% in 2011 (U.S. Census Bureau, 2012),
and 17.6% in 2019 (U.S. Bureau of Labor Statistics, 2020). The
increasing trend of females in patrolling occupations and longer career
service for both male and female officers point to the need to revisit

-
N
o

Weight, kg
2

80
60 R Table 13
Law enforcement officers mobile data terminal adjustment.
40 Adjustment Total Males Females

No Yes

N % N % N %
Use a seat belt extender > i i

Sufficient adjustment possible 402 455 324 47.3 78 39.2

Fig. 6. Body weight is a factor for the need of a seat belt extender: weight in Insuff{qent up/down range 100 113 69 10.0 81 15.6

(solid lines) and fid int Is (CI) of (dotted lines; Insufficient fore/aft range 140 15.8 104 15.2 36 18.0
means (Solic. green lines) anc conticence intervals (L1 of means Ldotted Unes; Insufficient up/down & fore/aft 114 129 84 123 30  15.1
95% two-tail CI) by the use (No or Yes) of a seat belt extender. The Box plots range
show maximum, upper quartile, median, lower quartile, and minimum values No adjustment possible 127  14.4 104 152 23 11.6
of body weight of the two seatbelt-extender use groups. (For interpretation of No MDT 1 1 0 0 1 0.5
the references to colour in this figure legend, the reader is referred to the Web Subtotal 884 100.0 685 100.0 199  100.0
version of this article.) Missing 90 71 19

Total 974 756 218
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current in-vehicle equipment layout, vehicle seat adjustment, equip-
ment configuration, and protective gear design for the safety and
well-being of LEOs. This is particularly critical for vehicle seat design
and adjustment and equipment layout in that female officers have a
significant larger mean of hip breadth than male officers, and male of-
ficers have a larger mean for other dimensions than female officers.

This study revealed that male LEOs had a mean body mass index
(BMI) of 30.2 (stand deviation = 4.8) and female LEOs had a mean BMI
of 27.3 (stand deviation = 4.6). BMI is a screening tool used to identify
individuals who are underweight, overweight, or obese. The World
Health Organization (WHO) classified BMI into multiple categories:
Underweight <18.5, Normal weight = 18.5-24.9, Overweight =
25-29.9, Obesity = 30-34.9, and Severe Obesity = 35 or greater (World
Health Organization, 2022). Using the WHO scale, a sizable portion of
both male and female LEOs would fall in the category of Overweight or
Obesity. However, BMI is not a diagnostic tool and LEOs have a notable
larger upper torso build as compared to the general population for both
men and women (Hsiao et al., 2021). The larger LEO body dimensions
and BMI have an important implication. LEO vehicles typically are
modified from existing lines of commercial vehicles (Kissiah, 2022;
Chavez, 2017) for power, electronic devices, and safety gear. Using the
new LEO anthropometry data representing race/ethnicity, age, and sex
distributions of the current law enforcement workforce rather than
existing civilian anthropometry data for LEO vehicle and equipment
design to better accommodate current LEOs is suggested.

4.2. LEO work hours, time in vehicles, and low back pain

The average LEO shift duration was 9.2 h and LEOs on average spent
5.4 h in their vehicles, which is consistent with a regional study (N =
476) that 75% of responders spent at least a half of their shift in vehicle
(Mitsopoulos-Rubens et al., 2009). Moreover, more than 55% of LEOs
entered and exited vehicles 16 times or more in a shift. While some LEO
vehicles such as Ford Explorer and Chevrolet Tahoe may be considered
upper scale vehicles in terms of console space, the long work hours in a
“confined” area per shift, compounded with LEO body size and equip-
ment use, represented a challenge for LEO well-being, including lower
back pain, fatigue, and stress. This leads to the question on prevalence of
lower back pain among LEOs as compared to the general population.

A Canadian police health services research survey of a random
sample (N = 1002) reported that the prevalence of lower back pain since
joining the law enforcement workforce (54.9%) was comparable with
that of the general population (Brown et al., 1998). A U.S. County survey
(N = 93) also did not find a significant difference in lower back pain
experienced by LEOs (60.2%) and the county general population
(60-90%) (Arts, 2006). The current stratified U.S. national study (N =
974) showed that 88% LEOs reported some discomfort/pain at the end
of a shift with a major discomfort at the lower back and hip, which is
greater than the prevalence rates of the general U.S. population of 13.1%
(Shmagel et al., 2016) and 37% (National Center for Health Statistics,
2004). This stratified sampling survey (with a 91.4% response rate)
provided a broader national perspective on LEO lower back pain

Table 14

Law enforcement officers location of permanently mounted radio.
Location Total Males Females

N % N % N %

Dashboard 58 6.5 40 5.8 18 9.0
Console 708 79.4 562 81.3 146 72.6
Ceiling 2 .2 1 1 1 5
Floor 71 8.0 54 7.8 17 8.5
Between seats 1 1 1 1 0 .0
No permanently mounted radio 52 5.8 33 4.8 19 9.5
Subtotal 892 100.0 691 99.9 201 100.1
Missing 82 65 17
Total 974 756 218
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prevalence than random sampling methods. Future stratified studies on
occupational and non-occupational exposures of lower back pain risk
among LEOs may further our understanding of LEO lower back pain to
better protect LEO safety and well-being.

4.3. Body discomfort and duty belt

A sizable portion of the LEOs (86.5% males; 92.6% females) reported
some discomfort/pain at the end of a shift, which is greater than that of a
smaller county study (N = 93) for 60% (Arts, 2006) and a local survey
(N = 52) for 48% (NIOSH et al., 2020). Duty belt items (handguns, ra-
dios, and handcuffs) were significant sources of discomfort as reported
by all three studies, which are in line with a report that the edges of duty
belts and gear caused discomfort and “short officers often find that the
barrel of the gun presses downward into the car seat, resulting in an
upward pressure of the belt or the grip of the weapon against the rib cage
or body armor” (Czarnecki and Janowitz, 2003). The discomfort may be
intensified with the increased time LEOs spent in vehicles (Gyi and
Porter, 1998) and the increased gear weight of 10.9 kg for men and 9.2
kg for women (Hsiao et al., 2021). Some solutions were suggested to
lessen the discomfort: (1) use of rounded and padded edges for duty
belts, (2) use of moderately flexible nylon materials to replace the rigid
leather belt, and (3) use of a belt with hook-and-loop closures allowing
the length to be infinitely adjustable to the officer’s girth to replace the
older design which has adjustment holes of 30 mm apart for the buckle
(Czarnecki and Janowitz, 2003).

There was no clear answer in the literature on whether carriage assist
devices like suspenders and external duty vests (as an aid or replacement
to duty belts) would reduce lower back and hip discomfort. A Canadian
study (N = 27) reported that the level of discomfort or pain was lower
with the use of a duty belt suspender than the use of a regular duty belt
(Arnold, 2000). A smaller scale study indicated that greater discomfort
was experienced at the lower back and hip while seated when highway
patrol officers (N = 11) were wearing the duty belt compared to the
external duty vest; however, use of an external duty vest alone did not
eliminate discomfort (Filtness et al., 2014). Another study revealed that
pressures in the lower back (N = 22) were reduced when wearing an
external duty vest (compared to the use of a duty belt) whereas pressures
in the upper back region increased (Larsen et al., 2019). A more detailed
large-scale study on duty vest use associated with body discomfort as
well as solutions to reduce LEO lower back risk exposure is warranted.

4.4. Mobile data terminal (MDT)

This study on the use of mobile data terminals revealed that less than
a half (45.3%) of officers could adjust the location of MDTs to their
preference. More females (42.1%) than males (31.5%) experienced neck
pain associated with the use of mobile data terminals mounted in their
vehicle. The need for increased up/down and fore/aft adjustment ranges
was reported. Since MDT use represented over 13% of in-vehicle time
activities performed by LEOs (McKinnon et al., 2011) and MDTs are
becoming common and important equipment for LEO vehicles (Zahabi
and Kaber, 2018), an integration of MDTs with the vehicle for improved
LEO-MDT interface is deemed necessary for improving LEO safety and
health. In fact, in a questionnaire survey (N = 58), MDT use was rated
the greatest discomfort level among LEO equipment use (Donnelly et al.,
2009). While some studies have suggested MDT locations in front of the
driver (McKinnon et al., 2014) or near the steering wheel (Saginus et al.,
2011; Saginus and Marklin, 2013) as the best in terms of subjective
assessment and lower back stress estimation, others had a concern that
locating the MDT close to the steering wheel might interfere with LEO
interaction with the radio and control panel (Zahabi et al., 2020).
Technical and cost challenges for alternative MDTs in LEO vehicles (e.g.,
head-up or wearable displays) and physical adjustment ranges for cur-
rent MDTs for LEOs with diverse body dimensions remain to be
addressed.
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4.5. LEO vehicle seat adjustment and seat belt

This study found that seat adjustment was inadequate for 40.7% of
LEOs. More adjustments were needed in the fore/aft direction for 19.0%,
up/down direction for 12.9%, and in both fore/aft and up/down di-
rections for 8.8% of LEOs. As compared to the LEOs who reported
satisfaction with seat adjustments, the group who needed more fore/aft
seat adjustments had a greater mean in body height, buttock-popliteal
length, and 19 other dimensions (Table 2). The group who needed
more up/down seat adjustments had a smaller mean of stature, buttock-
popliteal length, eye height (sitting), knee height (sitting), popliteal
height, sitting height, and shoulder-grip length; they however had a
larger mean of hip breadth and BMI. LEO vehicle manufacturers and
retrofitting companies can weigh these nine primary factors and LEO
anthropometry data in their seat designs to better accommodate current
LEOs.

Two body dimensions are relevant to seat belt length: Acromion-
Trochanter Surface Length - sitting (shoulder belt) and Bi-Trochanter
Surface Length - sitting (lap belt) (Fig. 2). The Acromion-Trochanter
Surface Length - sitting (shoulder belt) is 837 + 53 mm for men and
790 + 47 mm for women (mean + standard deviation). The Bi-
trochanter Surface Length - sitting (lap belt) is 719 + 63 mm for men
and 672 + 62 mm for women. The minimum belt web length for pelvic
and upper torso restraint for men can be calculated as (837 + 53 x 3.1)
+(719+ 63 x 3.1) =1001.3 + 914.3 = 1915.6 mm, where 837 and 719
are means of the Acromion-Trochanter Surface Length and Bi-trochanter
Surface Length; 53 and 63 are standard deviations of the two mea-
surements; and 3.1 is the Z value for covering 99.9 percent of male LEO
population which will cover almost all females as well. To estimate the
needed seat belt length, a 580-mm additional web length would be
necessary based on common seat installations, which includes an
adjustment of 300 mm for the left trochanter to belt anchor point, 60
mm for the right trochanter to buckle point for the lap-belt and shoulder-
belt components, and 220 mm for acromion to shoulder belt anchor
point (Hsiao et al., 2015). In summary, the required minimum length of
pelvic and upper torso restraint would be 2496 mm: (837 + 53 x 3.1) +
(719 + 63 x 3.1) + 580 = 1001.3 + 914.3 +580 = 2495.6 mm. The
minimum seat belt webbing length would need to be further extended
when seat up/down and fore/aft adjustments are required. The new
replacement adjustable lap and shoulder webbing (3-point retractable
seat belt) currently seen in the market has a total length of 3378 mm and
thus should fit the needs of LEO vehicles.

It should be noted that about 5% LEOs in our study used seat belt
extenders and body weight is associated with the need for a seat belt
extender. The LEO group who used a seat belt extender had a greater
mean of body weight than their counterpart group. It is understandable
that individuals may have unique anthropometric compositions. In
addition, seat adjustment range or constraint can affect the useable
length of seat belt. Seat belt extenders provide an alternative to
accommodate individual needs.

4.6. Practical implications

The stratified national LEO study on challenges in patrol vehicles
considered sex, age, and ethnicity/race factors in the study. The results
revealed that 88% LEOs reported some discomfort/pain at the end of a
shift with a major discomfort at the lower back and hip. Nine body di-
mensions (Stature, buttock-popliteal length, eye height - sitting, knee
height - sitting, shoulder-grip length, popliteal height, sitting height, hip
breadth, and body mass index) were associated with seat adjustment
needs in fore/aft and up/down directions. In addition, another 12 var-
iables had some correlation to seat fore/after adjustment needs. More-
over, body weight is associated with the use of a seatbelt extender. LEO
vehicle and equipment manufacturers and designers can use the
abovementioned 9 key parameters, along with body weight information,
to build their initial prototypes for testing improved vehicle and
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equipment designs for inclusivity. Since the seat adjustment and
equipment layout involve multiple LEO body dimensions, use of a
multivariate approach or computerized digital LEO avatars to finalize
the adjustment ranges for seat and equipment in the console space
would be the choice. This study identified key dimensions for multi-
variate analyses. The needed representative LEO avatars (or real sub-
jects) and their body dimensions based on this assessment study will be
presented in a companion paper (Hsiao et al., 2022). The adjustment
ranges for seat and equipment for LEO vehicles will then be drawn
accordingly.

4.7. Study limitations

Any anthropometry and equipment usability survey naturally has
certain potential limitations, such as sampling bias, measurement error,
self-reporting bias, and missing data. To control sampling bias, the LEO
sample in this study was specified 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 population
age distribution in 2016 from the U.S. Census Bureau (2022). It is rare
that a survey sample acquisition exactly matches a sampling plan, and a
statistical weighting method is typically utilized to apply the ratio of the
actual sample to the target sample for each individual acquired value to
represent the population of interest (Hsiao et al., 2021). Our sample
outcomes by racial/ethnic and age groups were very close to those of the
original sampling plan. The unweighted and weighted data would be
comparable in means. We elected to use unweighted data in this report
for simplicity. Since it took ten years to complete the study (from the
planning stage to various administrative and scientific reviews, to data
collection), the racial/ethnic, age, and sex distributions may have
changed to some extent during the 10 years, which is a limitation of the
data.

Imprecision in anthropometry measurements can occur in both inter-
measurers and intra-measurers. The data collection phase of this study
across 12 U.S. States lasted for 24 months. Two teams of four anthro-
pometry data collection specialists each were trained to conduct the data
collection - two for traditional anthropometry measurements and two
for 3-dimensional scans for each team. To assure consistency in data
collection and measurement accuracy, the trained specialists practiced
data collection procedures the day before the data collection period for
each data collection site, using the allowable inter- and intra-measurer
errors defined in a Measurer’s Handbook (Hotzman et al., 2011) as
the guide. With the special attention, we had only a dozen of unverifi-
able data at the data-quality check stage. We treated them as missing
data.

Thirteen equipment-useability survey questions were employed in
this study. Self-reported data is subject to various biases, such as selec-
tive memory, overestimation, and information overload, which can be
difficult to verify. This study used an iPad for LEOs to answer questions
or tick their responses. They were allowed sufficient time to address the
questions so to minimize the potential bias associated with time
constraint or information overload.

Missing data and low response rate are common challenges for
questionnaire surveys. Question fatigue, loss of interest, and inexperi-
ence with a topic are among the causes of the challenges. This stratified
sampling survey integrated the questionnaire survey in the in-person
anthropometry measurement section with a 91.4% response rate
(8.6% of missing data for a few questions) which is considered a very
successful survey. We did not conduct a follow up analysis to fill in or
interpret any missing data, which is a limitation.

5. Conclusion
The increasing trend of females in patrolling occupations from 5% in

1980 to 17.6% in 2019, distinct anthropometric differences between
male and female LEOs, and longer career service among LEOs (i.e., a
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third of officers had served 16 years or more) point to the need to rethink
current in-vehicle equipment layout, vehicle seat adjustment, and
equipment design for the safety and well-being of LEOs. LEOs on average
spent 59% of their time (5.4 h) in vehicles and 55% of them entered and
exited vehicles 16 times or more during a typical shift. About 40.7%
officers felt inadequate levels of seat adjustment; female officers needed
more up/down adjustment while male officers needed more fore/aft
adjustment. Eighty-eight percent (88%) of officers reported some
discomfort/pain at the end of a shift, and the most affected body areas
were the lower back and hip. Handguns, radios, and handcuffs on duty
belts were the leading equipment associated with the seated discomfort/
pain. In addition, about a third of officers experienced neck pain asso-
ciated with the use of mobile data terminals mounted in the vehicle.
Adjustments were needed in all directions. Stature, buttock-popliteal
length, eye height (sitting), knee height (sitting), shoulder-grip length,
popliteal height, sitting height, hip breadth, and body mass index are
key parameters associated with seat adjustment needs. This information,
along with the newly available LEO anthropometry data (Hsiao et al.,
2021), provide a foundation for updating specifications and designs of
LEO vehicle equipment and the LEO-equipment interface to achieve
improvements in LEO safety and well-being.
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