
ABSTRACT 

WHITE, MELISSA MAE. Biomechanical Implications of Duty Belt Use by Police Officers. 

(Under the direction of David B. Kaber and Xu Xu). 

In the course of law enforcement duties, police officers carry various pieces of 

equipment on their person to maintain public and personal safety. Duty belts provide a 

mechanism for carrying such equipment; however, a full duty belt loaded with all 

recommended equipment can weigh up to 20 to 30 lbs. Related to this, each law enforcement 

department can select the type of duty belt to be used by officers and identify requirements for 

equipment layout on the belt (e.g., having the gun near the dominant hand). This lack of 

standardization can lead to an unbalanced belt, equipment being inconvenient to access, and 

compromises in officer performance and safety. A loaded duty belt can also lead to officer 

muscle fatigue and overexertion injuries, and reduced officer performance resulting in injuries 

from violence. The combination of the distribution of items on the belt and decreased officer 

mobility can also lead to slips and falls.  

Some studies have found that officers perceive duty belts and the seats of patrol cars as 

primary contributors to low-back pain. Officer discomfort from duty belts is driven by the 

weight/amount of equipment on the belt, the placement of the equipment, and the force exerted 

on the body from the equipment. Few investigations have examined biomechanical 

implications of duty belt design, and no research has studied biomechanical implications of 

officer equipment placement on duty belts.  

This research was divided into two major phases. The first phase involved interviews 

with officers to determine equipment usage patterns, officer preferred placement of equipment 

on belts, and identify types of musculoskeletal pain experienced by police officers. In addition, 

this phase included observing police officers in daily activities and reviewing literature to 



develop an ergonomic recommendation for equipment placement on duty belts to reduce the 

impact of the belt on the officer’s low-back. This phase of the research culminated in the 

development of a design framework that departments can use with new officers to develop a 

balanced belt. An ergonomic configuration was developed and tested in the second phase of 

the research. 

The second phase of the research involved a study to assess the biomechanical impact 

of current duty belt designs (with and without suspenders) and various equipment 

configurations (police preference, one from the literature, and ergonomic) on an officer’s body 

during physical task performance. This phase was split into two experiments. The first 

experiment involved participants walking across an overground platform embedded with force 

plates to collect ground reaction force (GRF) data. Results of this experiment demonstrated the 

utility of the ergonomic belt configuration in comparison to the other two configurations for 

reducing biomechanical loading. During the second experiment, electromyography (EMG) 

was used to measure officer muscle activity levels. The second experiment revealed potential 

benefits from suspender use with belts in terms of reduced muscle activation in the external 

obliques. In addition, subjective feedback from officers revealed a majority to favor suspenders 

and would recommend implementing undershirt suspenders to their departments. With many 

departments hesitant to implement load-bearing vests or thigh holsters due to appearance, the 

ergonomic belt configuration and undershirt suspenders appear to be promising solutions to 

help reduce the incidence of low-back pain across law enforcement officers.  
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1. Introduction 

1.1. Overview of Police Officers 

According to the Bureau of Labor Statistics (BLS), typical responsibilities of police 

officers, detectives and criminal investigators include: enforcing laws, responding to 

emergency and nonemergency calls, patrolling assigned areas, conducting traffic stops and 

issuing citations, searching for vehicle records and warrants using computers in the field, 

obtaining warrants and arresting suspects, collecting and securing evidence from crime 

scenes, observing the activities of suspects, writing detailed reports and filling-out forms, and 

preparing cases and testifying in court. Police officers protect lives and property in addition 

to pursuing and apprehending people who break the law. A majority of police officers patrol 

their jurisdictions watching for suspicious activity, respond to calls (both emergency and 

nonemergency calls), give first aid when necessary, and issue traffic citations. Detective and 

criminal investigators primarily focus on investigation activities, such as gathering evidence, 

collecting facts and conducting interviews. Daily activities of each law enforcement officer 

and detective vary with their specialty (i.e., canine units and special weapons and tactics 

(SWAT)). In addition, job duties differ at the local, state and federal levels. Table 1 presents 

the various types of law enforcement officers at the state and local levels. Table 2 describes 

the various law enforcement agencies at the Federal level.  
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Table 1: State and local law enforcement officers and descriptions (from BLS Occupational Outlook 

Handbook) 

State and Local Law Enforcement Description 

Uniformed police officers • General law enforcement duties 

• Wear uniforms that allow for public 

identification as police officers 

• Patrol regularly (foot, car, motorcycle, Segway, 

or horse) 

• Respond to emergency and nonemergency calls 

• Look for signs of criminal activity and conduct 

searches and arrest suspected criminals 

• Some uniformed officers specialize in specific 

crimes (i.e., narcotics) 

• Some work in special units (i.e., horseback, 

canine, SWAT) 

• Work as patrol officer for a certain number of 

years before being appointed to a special unit 

• Some agencies (i.e., college and university 

police forces, public school police, and transit 

police) have special geographic and 

enforcement responsibilities 

State police officers • Also referred to as state troopers or highway 

patrol officers 

• Many of the same duties as other police officers 

• May spend more time enforcing traffic laws and 

issuing traffic citations 

• Have authority to work anywhere in the State 

• Frequently called to help other law enforcement 

agencies, especially in rural areas or small 

towns 

Transit and railroad police • Patrol railroad yards and transit stations 

• Protect property, employees, and passengers 

from crimes, such as thefts and robberies 

• Remove trespassers from railroad and transit 

properties 

• Check identification of people who try to enter 

secure areas 
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Table 1 (continued) 

Sheriffs and deputy sheriffs • Enforce the law at the county level 

• Tend to be relatively small departments 

• Sheriffs are usually elected by the public and do 

the same work as a local or county police chiefs 

• Some do the same work as officers in urban 

police departments 

• Others operate county jails and provide services 

in local courts 

• Bailiffs are police and/or sheriffs that provide 

security in city and county courts 

Detectives and criminal investigators • Uniformed or plainclothes investigators who 

gather facts and collect evidence for criminal 

cases 

• Conduct interviews, examine records, observe 

the activities of suspects, and participate in 

raids and arrests 

• Usually specialize in investigating one type 

of crime (i.e., sexual assault, homicide, or 

fraud) 

• Assigned to cases on a rotating basis and work 

on them until an arrest and trial is completed or 

until case is dropped 

Fish and game wardens • Enforce fishing, hunting, and boating laws 

• Patrol fishing and hunting areas 

• Conduct search and rescue operations  

• Investigate complaints and accidents 

• Educate the public about laws pertaining to the 

outdoors 
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Table 2: Federal law enforcement agencies and descriptions (from BLS Occupational Outlook 

Handbook) 

Federal Law Enforcement Agency Description 

Federal Bureau of Investigation 

(FBI) 
• Agents are Federal government’s principal 

investigators responsible for enforcing more 

than 200 categories of Federal statutes and 

conducting sensitive national security 

investigations 

Drug Enforcement Administration 

(DEA) 
• Agents enforce laws and regulations relating to 

illegal drugs 

United States Secret Service • Uniformed officers protect the President, the 

Vice President, their immediate families, and 

other public officials 

• Other secret service agents investigate financial 

crimes 

Federal Air Marshals • Provide air security by guarding against attacks 

targeting U.S. aircraft, passengers and crews 

U.S. Border Patrol • Agents protect the U.S. land and sea borders 

Federal Wildlife Officers (FWO) • Officers responsible for fish and game wardens 

on the federal level 

 

A substantial portion of police work is sedentary in nature; however, officers are also 

responsible for physical tasks that can be extremely challenging and may involve maximal 

physical effort (Anderson et al., 2001).  In subject apprehension, officers may need to run, 

tackle, push, pull and/or wrestle a person. Furthermore, arresting and containing criminals 

often involves performing take-downs and handcuffing. Officers are also often the first form 

of emergency response at an accident scene, meaning that they often have to remove injured 

people from damaged vehicles or natural disasters. Crowd control is yet another task that can 

be physically taxing on an officer’s body. Related to this, several studies performed by the 

Federal Bureau of Investigation (FBI; Pinizotto, 1997) identified officer physical fitness level 

as a key factor for police survival in shooting situations. In another study conducted by the 
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California Commission on Peace Officer Standards and Training (2001), it was found that 

physical conditioning played a significant factor in reducing police injuries and deaths.  

1.1.1. Police Officer Fitness Requirements 

In the interest of public safety, it is important that the qualified persons are selected for work 

in law enforcement. In order to recruit qualified people, a vast majority of law enforcement 

agencies require applicants to pass a pre-employment physical fitness assessment for entry-

level selection. One study found that in a sample of 360 agencies with at least 100 officers, 

some type of physical fitness assessment was used by all state agencies in the sample, 95% of 

city agencies, and 76% of county agencies (Lonsway, 2003).  In the state of North Carolina, 

each law enforcement department can determine its own pre-employment physical fitness 

screening as a basis for selection of applicants to become a police officer; however, at the 

agency level, any physical fitness must be valid and defensible, if challenged in court. Hiring 

choices might be challenged due to violations of the Americans with Disabilities Act (ADA; 

1990) and the Civil Rights Acts of 1964 and 1991. The ADA prohibits discrimination and 

ensures equal opportunity for people with disabilities in employment, state and local 

government services, public accommodations, commercial facilities, and transportation. The 

Civil Rights Act of 1964 outlawed discrimination based on race, color, religion, sex, or 

national origin. These pieces of legislature require that any fitness test be: (1) job related; and 

(2) scientifically valid, meaning that the test must measure what it is claiming to measure.  

With job-relatedness in mind, Section 106 of the Civil Rights Act of 1991 states: 

“It shall be unlawful employment practice for a respondent, in the connection with 

the selection of referral of applicants or candidates for employment or promotion, to 
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adjust the scores of, use different cutoff scores for, or otherwise alter the results of, 

employment related tests on the basis of race, color, religion, sex or national origin.”  

This statement means that there needs to be a minimum criterion that all law 

enforcement applicants should meet, which is not dependent on age or sex, in order to 

be considered physically fit for the job and selected for employment. However, the 

individual agency can decide their methodology for evaluating candidates.  

Related to the above laws, absolute criteria often have an adverse impact on 

females and/or older applicants due to differences in maximum capacity relative to 

younger males. Although the use of age-gender norms as bases for qualification 

appears to violate Section 106, such norms are less likely to face litigation (Birzer & 

Craig, 1996; Lonsway, 2003). Many public safety validation studies have aimed at 

correlating physical fitness assessments to job-relatedness, necessity and work 

performance. In their review of 34 public safety validation studies, Collingwood et al. 

(2004) reported various tasks essential to law enforcement and validated physical 

tests that are considered to be predictive equivalents (see Table 3). Two of the more 

common pre-employment physical fitness assessments used in the state of North 

Carolina include the physical fitness evaluation developed by The Cooper Institute, 

and the Police Officer’s Physical Abilities Test (Peak et al., 1992). 
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Table 3: Essential law enforcement tasks, predictive factors and corresponding physical fitness tasks 

(Collingwood et al., 2004) 

Underlying Tasks Predictive Factors Physical Fitness Tests 

Lifting, carrying, dragging, 

extracting, pulling, and pushing 

Muscular Strength (Absolute 

Upper-body relative strength) 

One-repetition maximum 

(1RM) bench press ratio 

Muscular Endurance (Upper 

Body) 

1-Minute Push-ups 

Muscular Endurance (Core) 1-Minute Sit-ups 

Leg Strength 1 RM Leg Press 

Explosive Leg Power Vertical Jump 

Agility Illinois Agility Run 

Jumping/Vaulting Anaerobic Power 300-meter run 

Leg Strength 1 RM Leg Press 

Explosive Leg Power Vertical Jump 

Agility Illinois Agility Run 

Dodging Aerobic Power 1.5-mile run 

Explosive Leg Power Vertical Jump 

Flexibility Sit-and-Reach 

Agility Illinois Agility Run 

Crawling Flexibility Sit-and-Reach 

Muscular Endurance (Upper 

Body) 

1-Minute Push-ups 

Muscular Endurance (Core) 1-Minute Sit-ups 

Pursuit (Sprinting) Anaerobic Power 300-meter run 

Sustained Pursuit Aerobic Power 1.5-mile run 

 

 The Cooper Institute (CI) is an organization that has been administering physical 

fitness examinations since 1971 and has developed the world’s largest database regarding 

cardiorespiratory fitness and body composition. The database on cardiorespiratory health and 

fitness has been examined in numerous studies (i.e. Blair et al., 1989; Blair et al., 1995; 

Lakoski et al., 2011; Stofan et al., 1998; Willis et al., 2011). The CI has worked with law 

enforcement, public safety, and the military regarding physical fitness since 1976. Since no 

national database exists regarding the physical fitness of first responders, the standards 

developed by the CI have become somewhat of a standard by which to evaluate fitness levels 

of law enforcement officers. The CI has identified eight standard activities as bases for 
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assessment of officer physical fitness, including: (1) a 300 meter run, (2) the vertical jump 

test, (3) sit ups, (4) push-ups, (5) a 1.5 mile-run, (6) a 1 RM bench press, (7) a 1 RM leg 

press, and (8) the sit-and-reach exercise. Based on their health and fitness database, CI has 

developed a rating scale that corresponds to an officer fitness percentile, based on their 

performance in the identified activities, given their age and sex. The ratings include: S-

superior, E- excellent, G-good, F-fair, P-poor, and V- very poor. Individual law enforcement 

agencies choose to utilize these ratings at their own discretion. For the Raleigh Police 

Department in North Carolina, they use six of the eight activities identified by the CI to 

assess officer applicant physical fitness levels. Applicants must receive an overall average 

score of fair (F) or above in order to pass the fitness assessment.  

 Within North Carolina and in large cities throughout the United States, numerous 

police departments use aspects of the CI physical fitness evaluation to assess job applicants. 

Table 4 shows some local North Carolina law enforcement agencies, as well as agencies 

across the country in major cities that utilize the CI fitness assessments as well as the specific 

activities tested by the agencies.  
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Table 4: Agency Usage of Cooper Institute Law Enforcement Physical Fitness Tests 

 Cooper Institute Law Enforcement Physical Fitness Tests 

Law 

Enforcement 

Agency 

300 

Meter 

Run 

Vertical 

Jump 

Test 

1 Minute 

Sit Up 

1 Minute 

Push Up 

1.5 Mile 

Run 

1 RM 

Bench 

Press 

1 RM 

Leg 

Press 

Sit-and 

Reach 

Raleigh Police 

Department 

(NC) 

X X X X X X   

Durham Police 

Department 

(NC) 

X  X X X    

Wake County 

Sheriffs’ 

Office 

 X X X X    

Orlando Police 

Department 

(FL) 

  X X X    

New York 

State Police 
  X X X    

Chicago Police 

Department 

(IL) 

  X  X X  X 

 

 The POPAT is a standardized job simulated task required for all police academy 

graduates in the State of North Carolina (McCartney et al., 2004). This simulated physical 

ability test is usually a requirement for graduation from the police academy; however, some 

departments use the POPAT as a screening methodology to determine if law enforcement 

applicants are able to meet physical requirements of police work. In North Carolina, the 

Town of Chapel Hill, the City of Winston Salem, and the Charlotte-Macklenburg police 

departments all use the POPAT in assessing potential recruits. The POPAT includes 11 

components that simulate various tasks an officer could encounter in the field. The POPAT 

components are performed in a specified order. Typical POPAT components evaluated by 

departments include: exiting a police vehicle, running 100-200 yards, removing a victim 
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from a vehicle, dragging a victim around 50 feet, climbing stairs, force entry of a door, push-

ups, sit-ups, crawling through a culvert, and various mental tasks. The specific POPAT 

components and order used by the Town of Chapel Hill to evaluate police officer applicants 

can be found in APPENDIX B: POPAT Test for the Town of Chapel Hill Police Department.  

1.1.2. Police Officer Death, Injury and Assault Rates 

Despite pre-employment fitness assessments to ensure selection of properly fit individuals 

for police work, as well as the subsequent extensive training of those individuals, many law 

enforcement officers will face on-the-job physical demands leading to injuries and 

potentially death. According to statistics collected by the FBI and published in their 2014 

annual report of Law Enforcement Officers Killed and Assaulted, 96 law enforcement 

officers were killed in the line-of-duty with 51 passing due to felonious acts, and 45 passing 

from accidents. Offenders used firearms in 46 of the 51 felonious acts. In the same year, 

48,315 officers were assaulted in the line of duty. Disturbance calls resulted in the majority 

of assaults (30.8%) with 28.3% of all assaulted officers reporting injuries. Personal weapons 

(hands, feet, etc.) were used in 79.9% of the incidents, firearms in 4.0%, and knives or other 

sharp objects in 2.0% of the incidents.  

 According to the BLS (2016), police officers are more likely to die in the line of duty 

in comparison to all other occupations. Figure 1 shows rate of fatal work injuries for police 

officers compared to all other occupations from 2006 to 2014.  



 

11 

 

Figure 1: Rate of fatal work injuries for police officers, 2006-2014 (U.S. Bureau of Labor Statistics, 2016) 

Police officers are also more likely to suffer from nonfatal injuries, which result in days away 

from work, than all other occupations. Figure 2 shows the rate of nonfatal work injuries for 

police officers involving days away from work from 2009-2014. In 2014, 27,660 police 

officers suffered nonfatal injuries and illnesses in the line of work (U.S. Bureau of Labor 

Statistics, 2016). Figure 3 details the percent distribution of fatal and nonfatal injuries 

according to event or exposure. 

 

Figure 2: Rate of nonfatal work injuries for police officers involving days away from work, 2009-13 (U.S. 

Bureau of Labor Statistics, 2016) 
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 The equipment carried by officers could be a direct contributor to many nonfatal 

injuries. The weight of the equipment could lead to muscle fatigue and overexertion injuries, 

and reduced officer performance resulting in injuries from violence. The combination of the 

distribution of items on the belt and decreased officer mobility can also lead to slips and falls.  

Body contact with the duty belt and pressure may also contribute to cumulative trauma 

disorder. Considering the nonfatal injuries data for police officers in 2014, 21.4% suffered 

from overexertion and bodily reaction, 27% of victim officers suffered from violence and 

other injuries by persons or animals, 25.3% suffered from falls, trips and slips, and 8.7% 

suffered from contact with object, equipment. It is possible that duty belt design and manner 

of use might have contributed to a number of the recorded injuries. 

 

Figure 3: Percent distribution of injuries and illnesses for police officers by event or exposure, 2014 (U.S. 

Bureau of Labor Statistics, 2016).  
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The specific nonfatal occupational injuries and illnesses involving days away from 

work can be seen in Figure 4. Many of these types of injuries could be due to the above 

identified events and exposures with duty belt use as a potential contributing factor.  

 

 

Figure 4: Percent distribution of nonfatal occupational injuries and illnesses involving days away from 

work for police officers, by nature, in 2014 (U.S. Bureau of Labor Statistics, 2016) 

1.1.3. Low-Back Pain in Police Officers 

With sprains, strains, tears, soreness, and pain comprising over 50% of the nonfatal injuries 

and illnesses involving days away from work for law enforcement officers (U.S. Bureau of 

Labor Statistics, 2016), researchers have examined the prevalence of specific 

musculoskeletal diseases and injuries in police officers and have attempted to identify causes. 
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Several studies have focused on identifying the prevalence and causes of low-back pain in 

law enforcement officers.  

Brown et al. (1998), developed a questionnaire to send out to active police officers 

from a large Canadian police force to investigate the prevalence of low-back pain. They also 

wanted to determine whether the patrol car seat and duty belt were perceived as causing a 

higher rate of low-back pain among police officers than the general population. A random 

sample of 1,002 serving police officers were selected and mailed the questionnaire. The 

survey was divided into three parts including assessment of officer experience with back 

pain, known and putative risk factors, and opinions about contributing factors to these 

potential risk factors. The researchers found that 54.9% of the responding officers had 

experienced chronic low-back pain since joining a force. The study also found that 75.4% of 

police officers in the sampled population, who had suffered from low-back pain, believed 

wearing the duty belt for the entire workday to be a contributing factor in their pain. Brown 

et al. (1998) also observed that occurrence of back pain greatly impacts a police officer on 

the job with pain causing difficulty in performing normal tasks throughout the work day. 

In general, biomechanics studies have attempted to identify the origins of low-back 

pain as well as common occupational risk factors. Adams and Dolan (1995) contended that 

mechanical body fatigue may be a cause of low-back pain. Specific risk factors have been 

identified to include heavy or repeated lifting (Marras et al., 1993; Suadicani et al., 1994) and 

awkward movements or postures (Riihimӓki et al., 1989). Furthermore, driving has been 

shown to be associated with symptoms of low-back pain and represents an increased health 

risk for the spine (Seidel and Heide, 1986; Burton and Sandover, 1987).  
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Other police-focused studies have investigated the contribution that driving a patrol 

car and duty belt/body armor may have on the prevalence of low-back pain among officers. 

In their study of police in Northern Ireland, Burton et al. (1996) found that low-back pain 

was significantly associated with wearing body armor and a higher number of officer hours 

in vehicles. Of those police who wore body armor, around 80% believed the body armor was 

the main factor in their low-back pain (Burton et al., 1996).  

Gyi and Porter (1998) conducted an interview survey with rural police officers in the 

United Kingdom. They split the sample population into two groups with differing levels of 

exposure to driving, and recorded prevalence of musculoskeletal troubles and absences due 

to work-related illness and/or injury. The researchers found that exposure to driving a patrol 

car (in terms of distance and hours in vehicle) had a significant effect on self-reported low-

back troubles. In a more recent study but similar study by Anderson et al. (2011), a 

questionnaire administered to Canadian police officers, revealed almost half the officers to 

report spending substantial amounts of time during a shift in a patrol car. The majority of 

these officers (86%) also reported experiencing low-back pain.  

Larsen et al. (2018) investigated the prevalence of multi-site musculoskeletal pain 

among Swedish police and the association to discomfort experienced when donning 

mandatory equipment and sitting for long periods in the patrol vehicle. Responses were 

collected from over 4,000 police officers through a self-administered online survey. The 

results indicated that the prevalence of multi-site musculoskeletal pain at least 1 day per 

week within the previous 3 months was 41.3% with a statistically significant association 

between discomfort from wearing mandatory equipment was found. However, sitting for 
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long periods in the patrol vehicle was not significantly associated to the multi-site 

musculoskeletal pain. Amongst the musculoskeletal pain reported in the study, low back pain 

was the most frequently reported pain site among participants with the prevalence of low 

back pain among police to be 43.2%.  

Donnelly et al. (2009) developed a questionnaire to determine which seat features, 

occupational equipment, and occupational tasks contributed to police officer discomfort. 

Officers reported high discomfort levels associated with computer use, the duty belt, the 

pistol, the radio, body armor and lumbar support interface in the patrol vehicle.  The low 

back was the area with the highest reported discomfort. In a field study investigating active 

lumbar support, officers reported experiencing less discomfort when using the support 

illustrating that modifying the patrol vehicle seat helps to reduce officer discomfort during 

prolonged vehicle use.  

1.1.4. Summary 

Job-related pre-employment physical fitness examinations have been developed for police 

applicants with the objective of ensuring those selected for employment can address the 

physical demands of the job. Despite such screening practices, law enforcement officers still 

face numerous hazards on the job leading to illness, injury, and even death. The 

aforementioned data from the BLS illustrates the risky nature of the job of a police officer 

with higher fatality and injury rates across law enforcement as compared to all other 

occupations. However, officers not only suffer from injuries from apprehending and/or 

arresting suspects, but there is a high rate of musculoskeletal illnesses, such as low-back pain 

that may be attributable to specific equipment use as well as time in patrol cars. According to 
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the literature, officers believe primary contributors to low-back pain and suffering include the 

amount of time spent in police vehicles as well as use of body armour and duty belts. As 

previously mentioned, duty belts can weigh over 20 lbs when loaded with all recommended 

equipment. A compound effect of police vehicle driving, and duty belt use has also been 

assessed in some prior studies, which will be reviewed later. However, limited research, if 

any, has empirically evaluated the impact duty belt design and configuration on officer 

biomechanics in physical task such as running.  

1.2. Equipment Used by Police Officers 

The top three occupational priorities for police officers include: public safety, survival, and 

avoidance of litigation (Czarnecki and Janowitz, 2003). That is to say that the purpose of law 

enforcement officers is to serve and protect the public, insure their own safety, and to avoid 

litigation against themselves or their agencies. With this purpose in mind, the equipment used 

by police officers has to be effective, safe, and reliable. Law enforcement agencies are 

responsible for the selection of equipment provided to officers. Each department has different 

policies regarding whether an officer is permitted to carry their own personal equipment. 

Many departments require officers to wear equipment issued by the department. Law 

enforcement departments also have rules regarding what equipment should be worn by an 

officer. The North Carolina State University Police Department recommends patrol officers 

carry all equipment for which they have received formal training. For instance, if a law 

enforcement officer has received formal training on the operation and handling of a TASER 

then it is recommended that the patrol officer carry a TASER.  
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Public perception can influence decisions that department management make 

regarding required officer equipment. For instance, patrol officers are often required to wear 

body cameras by law enforcement departments due public perception that cameras have a 

civilizing effect across both civilians and law enforcement officers (Stanley, 2013; White, 

2014). Exterior ballistic vests and load-bearing vests are often not permitted by departments 

due to militaristic and tactical appearance (Czarnecki & Janowitz, 2003). In addition, law 

enforcement agencies often set requirements on evaluation and maintenance requirements for 

equipment. Equipment should be continually evaluated for efficacy in application, reliability, 

as well as risks for officer injuries in use.  

Police officers carry various pieces of work equipment on their person. The 

equipment can be divided into three categories, including: (1) protective and safety 

equipment, (2) weapons, and (3) other equipment.  

Protective and Safety Equipment 

• Ballistic vests/Body Armor: Law enforcement officers have had access to soft 

ballistic vests since 1973 (Czarnecki and Janowitz, 2003). Body armor used in the 

field today is made of synthetic fibers, such as Kevlar (DuPont, Wilmingtion, DE), 

Spectra (Honeywell, Morristown, NJ), or Zyloflex (Toyobo Co., Ltd., Osaka, Japan), 

which allows the armor to be lighter and flexible than predecessor technology 

(Czarnecki and Janowitz, 2003). Research has shown that ballistic vests have saved 

the lives of thousands of law enforcement officers (Bounds and Doyle, 2001). On 

average, ballistic vests weight around 4-5 lbs. (Bullet Proof Me Body Armor, 2016). 

Designers of ballistic/protective vests continually face a dilemma of how to balance 
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protection against more powerful weapons, while not substantially increasing weight 

and impeding officer movement efficiency. The effectiveness of ballistic vests can be 

improved by fitting a trauma plate (usually around 8.5 inches) made of metal, 

ceramic, or a synthetic material on the chest (Czarnecki and Janowitz, 2003) but such 

plates dramatically increase weight. If a vest is designed to protect all of the body, 

then not only does the weight of the vest increase but the vest restricts freedom of 

movement (Bhatnagar, 2016). Puncture-resistant vests are also available with and 

without ballistic protection. Puncture-resistant armor is recommended for correctional 

officers, who are more likely to encounter make-shift weapons and knives. These 

vests tend to be stiffer in order to protect the wearer from stabs and are heavier. 

Figure 5 shows common vests worn by law enforcement officers.  

 

Figure 5: Images of common body armor/ballistic vests worn by law enforcement (from 

http://www.policemag.com/channel/patrol/articles/2013/04/rethinking-body-armor.aspx) 

• Medical Kit: Officers should have access to a medical kit at all times and should 

receive sufficient training to make use of the medical kit in the field in order to 

protect themselves and others against blood-borne pathogens (Czarnecki and 

Janowitz, 2003). A tourniquet should be carried at all times as data suggests that 
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tourniquets can save 60% of preventable deaths from combat trauma (Butler et al., 

1996). In addition, personal medical kits carried by officers (see Figure 6) typically 

include two trauma dressings, two rolls of conforming gauze, and one pair of latex or 

nitrile gloves (Czarnecki and Janowitz, 2003). 

 

Figure 6: Items commonly carried on an officer in their individual patrol officer kit (from 

http://www.survival-supply.com/individual-police-officer-trauma-ipok-chitogauze-p-6011.html) 

• Gloves: Gloves are worn by police officers for a variety of different reasons or they 

are not worn at all. Latex and nitrile gloves protect against bodily fluids and protect 

evidence from corruption through law enforcement handling. For general hand 

protection or protection against the cold, leather gloves are used and can be lined with 

Kevlar or Spectra for increased protection against cuts/punctures. Tactical operators 

(e.g., SWAT (special weapons and tactics) teams) often prefer flame-resistant gloves.  

• Eyeglasses: Prescription eyeglasses and sunglasses can be worn by officers but are 

not required. However, the Occupational Safety and Health Administration (OSHA) 

requires eye protection be worn in any occupation when there may be exposure to 

flying particles or caustic liquids (Butler and Witucki, 1999).  
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Police Weapons 

• Guns: Long guns (shotguns, carbines, rifles, submachine guns) and handguns are used 

by law enforcement (Czarnecki and Janowitz, 2003). The typical officer carries a 

semi-automatic handgun (see Figure 7) with two extra magazine pouches on their 

person (Nowicki, 2005), and often carried in pouches of a duty belt. Carbines (light 

automatic rifles) have replaced shotguns in many law enforcement offices as officers 

have complained about recoil from shotguns. Different handguns with smaller grips 

and shorter trigger reach may also be used by small-sized and/or female officers 

(Hebert, 2000). In addition, smaller officers typically have less room on their person 

for carrying equipment, which can result in less fire-power and protection.  

 

Figure 7: Common semi-automatic pistols used by law enforcement agencies: left) Smith and Wesson 

M&P 9; right) Sig Sauer P226 (from http://www.criminaljusticedegreehub.com/popular-guns-for-law-

enforcement/) 

• TASER: The TASER (see Figure 8) is an electrical immobilization device that shoots 

probes into a target. The device is often carried by law enforcement officers as a 

nonlethal weapon to aid in incapacitating of unarmed suspects (White and Ready, 

2007). The most common TASER used by law enforcement is the advanced TASER 

M26 (TASER International, Scottsdale, AZ; Czarnecki and Janowitz, 2003). Injuries 

to deputies during arrest situations dropped by 88% during the first 3 years of use of 
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TASERs by the Orange County Florida (Orlando) Sheriff’s Office (Hopkins and 

Beary, 2003).  

 

Figure 8: Police TASER Gun (from http://www.policemag.com/channel/weapons/news/2012/05/07/scotus-

may-consider-police-taser-use.aspx) 

• Pepper Spray: Pepper spray is commonly carried by law enforcement in the United 

States. When sprayed in the face, it causes an acute inflammation leading to 

involuntarily closing of the eyes, a burning sensation, and temporary incapacitation 

(Busker and van Helden, 1998). Pepper spray is commercially available as a canister 

with an active component of capsaicin. In assessing data from the Baltimore County 

Police Department, it was concluded that using pepper spray eases arrest in a majority 

of instances (Kaminski et al., 1999). In general, pepper spray has been found to 

reduce injuries to both police and arrested individuals and is a relatively safe weapon 

with a minimal risk of causing acute physical harm (Busker and van Helden, 1998). 

Pepper spray is another piece of police equipment that is commonly carried on duty 

belts in small leather holsters. 

• Batons: Law enforcement officers have used impact weapons for centuries with 

modern batons being lighter and more effective than their predecessors. Telescopic 

batons are favored by most police departments. These batons are normally 16 to 31 
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inches when fully expanded and 6 to 13 inches when collapsed (Czarnecki and 

Janowitz, 2003). To allow for more control and additional blocking techniques, 

designers have developed the side-handled baton (see Figure 9), which can be added 

to a telescopic design as well. Materials commonly used to make batons include: 

polycarbonate, resin composites, wood, plastic, and/or steel.  

 

Figure 9: left) Smith and Wesson expandable baton; right) Nylon baton with side handle (from 

http://www.armynavyshop.com/category/nightsticks-batons-police-equipment.html) 

• Knife: A majority of law enforcement officers carry a knife on their person for its 

multipurpose uses including: a rescue tool (e.g., cutting a seatbelt), a general utility 

knife, and as a defense tool. The knife should be concealed from the public as much 

as possible when carried by a law enforcement officer. Most officers carry a folding 

knife (see Figure 10), which “should offer a smooth one-handed ambidextrous 

opening with a locking mechanism” (Czarnecki and Janowitz, 2003). 

 

Figure 10: Smith & Wesson folding knife often carried by officers (from 

http://www.lapolicegear.com/folding-knives.html) 
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Other Equipment 

• Handcuffs: Handcuffs, which can be made of metal or plastic, are the most common 

form of restraint device used by law enforcement officers. Cuffs include two-hinged 

circles that open and then close to encircle the wrists, thus restraining a suspect’s 

hands close together. They are closed tightly enough to eliminate the chance of a 

suspect from slipping through, but with enough room around the wrist to avoid 

causing permanent nerve damage. They are typically carried on a duty belt in a 

protective leather case and weigh from 8 to 16 oz.  

• Flashlight: Officers should always carry at least one flashlight with recommendations 

for two flashlights on the officer’s person as they can be used to search an area and to 

identify suspects. It is easier for an officer to carry and control a thinner and smaller 

flashlight with modern flashlights being 3-8 inches in length, 2-11 ounces in weight, 

and 6000-15,000 CP (Candle Power; Czarnecki and Janowitz, 2003). As the flashlight 

is a pivotal piece of equipment for officers, it is imperative that officers be trained to 

use a flashlight in a tactical manner and to use it in conjunction with a firearm. It is 

important that flashlights are developed with an anti-roll capability to limit the event 

that the flashlight rolls away from an officer while searching for suspects. In addition, 

metal flashlights are not favored as they can be uncomfortable to the officer 

depending on the weather. Flashlights are yet another piece of police equipment that 

is commonly carried on a duty belt. 

• Radio: Personal two-way radios are often carried on a law enforcement officer. When 

an officer leaves the police vehicle, enters a building, or engages with another 
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individual, there is no certainty as what will happen, and the safety of the officer and 

the community are always the first priorities. Such situations dictate the need for real-

time information to enable better situation awareness and support officer field 

decisions. The two-way radio allows for officers to dispatch and receive critical 

information and collaborate in real time. Critical information shared via radio 

includes: when and where to go, what type of emergency has occurred, and whether 

the need for an ambulance or support is necessary. As technology has improved, 

videos can now be shared via two-way radios. An example of a modern two-way 

radio that has video sharing capabilities can be seen in Figure 11. Unlike some of the 

other equipment described above, two-way radios are typically vest-mounted. 

 

Figure 11: Motorola LEX L10 Mission Critical LTE Handheld (from 

https://www.motorolasolutions.com/en_us/products/lte-user-devices/lexl10.html#tabproductinfo) 

• Body camera: With police use of force at the forefront of public awareness in many 

countries, including the United States, many police departments have adopted body 

cameras (also referred to as “cop cams” or “body cams” or “body worn video” or 
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“on-officer recording systems”; Ariel et al., 2016). Perceived benefits of body 

cameras include: increasing transparency of operations and citizen views of police 

legitimacy; creating a civilizing effect, resulting in improved behavior among both 

police officers and citizens; evidentiary benefits that can expedite resolution of citizen 

complaints or lawsuits and improve evidence for arrest and prosecution; and 

providing opportunities for police training (Stanley, 2013; White, 2014). Body 

cameras also come with numerous perceived concerns and problems, including: 

citizen privacy protection; police officer privacy protection; officer health and safety 

risks due to the weight of devices and potential for electric shock; sizeable 

investments in terms of training and policy development; and substantial 

commitments resources and logistics for use (Stanley, 2013; White, 2014). Body 

cameras are often mounted on an officer’s shoulder, on the center of the chest, or in 

one of the chest pockets. The location, implementation, and policies regarding body 

cameras are left to individual departments. Figure 12 shows examples of body 

cameras and officer placement.  

  

Figure 12: Examples of police body cameras with a shoulder placement (left; from 

http://www.revitalizenotmilitarize.org/vox-how-body-cameras-could-change-police/) and a center of the 

chest placement (right; from https://www.usatoday.com/story/news/politics/2014/08/20/mike-brown-law-

petition/14336311/) 
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• Mobile phone: Police officers often carry personal mobile phones on their person 

during the workday. The mobile phone can be placed on the duty belt or it can be 

placed in one of the officer’s pockets.  

With so much equipment required to be carried on an officer’s person, a traditional 

duty belt is worn at the waist to enable officer ease of access to the most important and 

frequently used equipment. However, the loading of equipment contributes to the weight of 

the duty belt. 

1.2.1. Overview of the Duty Belt 

The typical duty belt is used to carry the following set of items: a semi-automatic handgun, 

extra magazine pouches, two handcuff cases, pepper spray, an expandable baton, one small 

flashlight (at a minimum), a police radio, a utility knife, a pouch for latex gloves, belt 

keepers, a cell phone, taser, and often a medical kit (Czarnecki and Janowitz, 2003; Nowicki, 

2005). A fully loaded duty belt can add up to more than 20 pounds (Dempsey et al., 2013; 

Nowicki, 2005). Due to the weight of the loaded belt, some officers find belts constantly 

sliding downward over their hips, requiring them to tug the belt back up again and again 

throughout a work shift. Officers often compensate by tightening their belts in an attempt to 

keep them from sliding down; however, this can increase the discomfort to an officer’s back 

and hips and contribute to nerve compression.  

 The police duty belt has undergone numerous evolutions over the last few decades. 

The most significant of these evolutions has been in the materials that are used to make them. 

Until the late 1990s, it was believed that traditional materials are best, and that a “properly 

uniformed officer, complete with gleaming brass fittings and polished leather, will earn 
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respect from the public” (Lesce, 2000). Leather, the predominant traditional material used in 

duty belts, is expensive and requires regular maintenance to prevent mildew. In addition, due 

to leather’s ability to retain moisture, it is considered poor practice to leave firearms in the 

holsters when not in use. The residues of tanning salts often found on leather can be harmful 

to the blue finish on many handguns. Leather belts (see Figure 13) also pick-up scratches and 

scuffs easily, which can lead to tearing and compromises in performance.  

 

Figure 13: Bianchi® Patroltek™ Leather Duty Belt (from https://www.safariland.com/duty-rigs.html) 

 Given the issues associated with leather belts, more and more departments are 

moving away from traditional belt materials and making use of synthetics, such as nylon.  

There are a number of advantages of synthetic material gear, including lower cost. Unlike 

leather, synthetics are also lighter, more rugged, do not collect moisture, and do not require 

soap and polish to retain appearance. Officers also prefer synthetic materials due to 

flexibility, comfort, durability, and ease in cleaning.  
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Figure 14: Duty belts made from synthetic materials: top)  Bianchi® Accumold®; middle) Safariland® STX;  

bottom) Bianchi® Accumold® Elite™ (from https://www.safariland.com/duty-rigs.html) 

 Despite the use of new synthetic materials, duty belt discomfort has been worsening 

for numerous reasons, including increase in the time officers spend wearing belts as well as 

driving in vehicles with belts on their person as well as heavier gear being carried on belts. In 

regard to the latter issue, many jurisdictions have recently converted from use of revolvers to 

semi-automatic weapons. Due to the need for larger magazines to be carried on belts, there 

has been at least an additional 3 to 4 lbs. of weight added to an officer’s belt (Czarnecki and 

Janowitz, 2003).  
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1.2.2. Equipment Placement on the Duty Belt 

Nearly every police officer in the country uses some variation of the duty belt in patrol 

activities. Most law enforcement agencies supply the duty belt and recommended equipment 

to officers. However, outside of placement of the gun in the holster and the location of 

magazine pouches, placement of the rest of equipment items on the belt is left to individual 

officers (Nowicki, 2005).  

 Officer Robert Hindi of the Las Vegas police department previously developed a 

system and deployment mechanism for wearing the duty belt (Nowicki et al., 2005). He 

labeled the system as the “Hindi Duty Belt S.A.F.E.T.Y.”, with S.A.F.E.T.Y. being an 

acronym for Safer Accessibility and Faster, more Effective Tactics for You. Hindi also 

provides a system training course for which he claims officers can improve equipment access 

capabilities by 50%… or more” (Hindi, 2016).  In addition, Officer Hindi wrote a book, 

"Hindi Duty Belt S.A.F.E.T.Y. System-Survival Training Guide". The book provides 

guidance on how officers can layout duty belt equipment to ensure quick and precise access 

to all life-saving items (firearm, magazines, baton, pepper spray, handcuffs, radio, and 

TASER) with either hand; thus, allowing the officer to deploy two pieces of equipment, 

simultaneously. According to the book, an advantage of the Hindi system is that it was 

designed to allow the officer to cover all weapons when allowing their bent arms to naturally 

extend downwards. Hindi recommends specific and strategic placement of equipment 

depending officer handedness. For instance, for a right-handed officer, Hindi recommends 

the following placement (from left to right starting from the buckle): magazine pouch 

(vertically), belt keeper, baton, TASER, belt keeper, radio, glove pouch, belt keeper, 
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flashlight, firearm, belt keeper, handcuffs, and pepper spray. This placement enables the 

officer more mobility to access equipment from the ground. The book also claims 

ergonomics benefits to Hindi’s system. Hindi says the equipment placement alleviates 

pressure on the low-back by equally distributing the weight of equipment around the belt. 

Furthermore, Hindi claims the layout to reduce body strain resulting from reaching at odd 

angles to retrieve equipment.  

While the placement of the items on the duty belt is very important to officer 

performance and safety, it is just as important to ensure officers are trained on the belt 

configuration to allow them to develop appropriate neural pathways for quickly accessing 

equipment in high stress situations (Nowicki, 2005). It is also important to train officers to be 

able to access items on the duty belt with both hands. Nowicki (2005) posited that it is 

“easier to train rookie cops and less experienced officers in standardized methods of using 

equipment” as compared with veteran officers with many years of experience and familiarity 

with an ineffective duty belt equipment layout. Nowicki (2005) offered that in high stress 

environments, untrained officers might forget where specific items are on the duty belt 

potentially leading to serious safety issues. Officer Hindi recommends that all officers 

looking to modify their duty belt equipment layout complete 2,000 repetitions of equipment 

use training while off-duty to familiarize themselves with the duty belt configuration before 

using it in the line of duty.  

Nowicki et al. (2005) identify other factors that should be taken into account when 

considering officer duty belts. With regards to plain clothed officers, they recommend that 

belts be kept plan and simple, as too much gear on the belt can make use of life-saving and 
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frequently used items less efficient and/or effective. The authors also stress the importance of 

considering body types in developing and selecting duty belts in addition to equipment 

placement on the duty belt. For example, a female officer with a small waist and high hips 

may require a slightly different belt placement than a large officer whose beltline could 

accommodate additional items. Finally, officers are advised to avoid placing hard objects 

(typically handcuffs) at the location of the lumbar spine. In case of a fall, the spine could be 

injured severely by the handcuffs or similar objects. Handcuffs can also create back pain 

from constant pressure on the lower back while sitting in a car. Related to this issue, it is 

recommended that a soft pouch (i.e., containing latex gloves) be placed on duty belts 

adjacent to the lumbar spine. 

1.2.3. Alternative Load Carrying Mechanisms 

With the considerable weight of the duty belt pressing downward on an officer’s hips 

constricting the officer’s low-back and pressing on sensitive nerves, alternative solutions to 

the traditional duty belts have been developed. The main alternatives are suspenders and 

load-bearing vests. However, few agencies use these alternatives. The primary reason for 

lack of use of is officers not embracing solutions. Similar to the military, the sharp, neat 

appearance of uniformed officers is of great importance to many law enforcement agencies in 

the United States. Some agencies have even gone so far as to require that all officers wear 

their weapons on the right side of the body, regardless of the handedness of the officer. With 

such culture surrounding tradition and appearance, any major deviation from a traditional 

uniform appearance is often received with a lack of interest. These feelings regarding 

appearance varies from country to country.  
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 Suspenders have been developed to distribute some of the weight from the duty belt 

to the upper back and shoulders. In the past, many law enforcement agencies have permitted 

officers to wear belts with a Sam Browne leather strap (sometimes called a “suicide strap”) 

that diagonally crossed the officer’s chest and crossed over one shoulder, attached to the duty 

belt in the front and back (see Figure 15). One concern with this strap is that it provides a 

place for an attacker to grab ahold of the officer. Consequently, some diagonal straps have 

been made with a breakaway design to limit impact of an attacker grabbing the strap 

(Blackhawk Product Groups, 2010).  

 

Figure 15: Sam Browne leather strap (from https://www.quora.com/How-does-the-uniform-color-of-

police-officers-differ-by-region-in-the-U-S) 

The problems encountered with the diagonal chest strap are also of concern with any 

externally- visible suspender solution (see Figure 16).  
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Figure 16: Uncle Mike's Nylon Duty Belt Suspenders (from 

http://www.safetyandbootcenter.com/Uncle_Mike_s_Police_Nylon_Duty_Suspenders_p/um9120.htm) 

In order to address the concerns of officer appearance and reduced safety from externally 

visible suspenders, under-the-shirt suspenders have been developed and assessed in field 

studies (Blackhawk Product Groups, 2010). Most feedback has identified increased comfort 

and reduced need for officers to hike-up a duty belt. A picture of an under-the-shirt belt 

design is shown in Figure 17.  

 

Figure 17: Blackhawk product Group's Ergonomic Duty Belt Harness (from 

http://www.officer.com/product/10053481/blackhawk-ergonomic-duty-belt-harness) 
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The load-bearing vest alternatives were developed to distribute the weight of 

equipment over the shoulders and chest rather than just on the waist (Czarnecki & Janowitz, 

2003). Some of these vests are simply for carrying required equipment, while others also 

double as the officer’s ballistic vest. Many vests are developed to be used in conjunction with 

the duty belt with officers donning both the vest and a duty belt. The vests include pouches 

and slots for recommended pieces of equipment. It is often the case that pouches only appear 

across the front of a vest. Figure 18 shows an officer wearing a load-bearing vest. However, 

many law enforcement agencies do not permit officers to wear load-bearing vests due to 

militaristic appearance (Czarnecki & Janowitz, 2003).  

 

Figure 18: A load-bearing vest worn by a patrol officer (from http://americancopmagazine.com/patrol-body-armor/) 

1.2.4. Summary 

Many items are required to be carried on an officer’s person while on the job. A review of 

the relevant literature revealed the most common method to carry the required equipment on 

an officer is the duty belt. A fully loaded duty belt can weigh up to 20 lbs. Many officers 
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suffer from musculoskeletal issues, such as low-back pain, because of their belts. The heavy 

weight of the belt leads to it sliding down over the officer’s hips requiring the officer to tug it 

back-up and subsequently tightening the belt. According to the literature and available 

resources on police department websites, there is no standardization as to where officers 

should place equipment on a belt. This situation can lead to an equipment weight distribution 

imbalance at a belt potentially further exacerbating musculoskeletal issues suffered by 

officers. Furthermore, an officer might not position equipment in an “optimal” way in order 

to ensure easy access in life-threatening scenarios. Alternative solutions such as externally-

visible suspenders or equipment vests have been developed to redistribute some of the police 

equipment load from the low-back to the shoulders and chest of an officer; however, these 

options are often considered less acceptable to law enforcement agencies in the United States 

due to their appearance (Czarnecki & Janowitz, 2003). While an under-the-shirt suspender 

system has been developed, no studies have been conducted on use of such suspenders in 

conjunction with traditional duty belts using physiological or biomechanical methods. 

1.3. Review of Biomechanical Studies Involving Officer Duty Belt Use 

Some prior biomechanical studies have used physiological data to evaluate police duty belt 

design. These studies can be split into two main categories. The first category includes 

studies that have investigated effects of duty belt and patrol car use on officer 

musculoskeletal condition. The second category includes studies that have assessed the 

impact of duty belts and body armor on an officer’s job performance.  
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1.3.1. Biomechanics Studies in Simulated Patrol Cars 

Several prior studies have concluded that police cruiser use is one causal factor in officer 

low-back pain and musculoskeletal pain (Holmes at al., 2013; McKinnon et al., 2014). 

However, only Holmes et al. (2013) also investigated the effects of the duty belt and the 

police cruiser. Holmes et al. (2013) evaluated the effects of patrol car seat and duty belt 

configurations on posture, pressure, and discomfort. Using a driving simulator, designed 

based on a common patrol car, the study evaluated two police seat types and two duty belt 

configurations (Full Duty Belt and Reduced Duty Belt). Each participant completed one 2-

hour session with each seat, comprised of a 1-hour driving session with each belt 

configuration. Accelerometers were used to provide time-based measures of lumbar spine 

angle and pelvic tilt angle during the simulated driving task. In addition, a pressure mapping 

system was placed in the simulator seat pan and backrest of the seats to measure pressure at 

the participant-seat interface. At the end of each 15-min. driving interval, participants rated 

their level of discomfort for 12 body locations. Holmes et al. (2013) found the duty belt 

configuration to have a significant effect on lumbar flexion with the reduced belt producing 

more flexion than the full belt. The duty belt was also found to have a significant effect on 

maximum seat pan pressure with the full belt producing greater maximum pressure. With 

respect to the participant and duty-belt interface, there was a gender by seat interaction for 

maximum pressure with greater pressure found with the full belt than the reduced belt. With 

respect to the discomfort scores, time proved to have a significant effect with longer task 

time leading to increased discomfort. Overall, this study suggested that modifications to a 
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police duty belt could provide potential relief from musculoskeletal disorders associated with 

prolonged driving typically experienced in a normal patrol shift.  

1.3.2. Biomechanics Studies of Officer Performance in Patrols 

In addition to patrol car-based investigations, loaded duty belts and body armor have been 

investigated in several studies in order to understand the biomechanical implications of 

different load carrying mechanisms as well as the impact on officer performance. For 

example, Lewinski et al. (2013) examined the influence of the weight of officer safety 

equipment, including the loaded duty belt and body armor, as well as the lateral focal point 

(FP) on stride length, stride velocity, and acceleration of the first six strides of a short sprint. 

With advances in protective equipment and the necessity for officers to be able to move 

quickly to ensure public safety, this study was intended to further understand officer mobility 

impacts due to the load they are required to carry on a daily basis. The study involved 20 

male law enforcement officer students performing two maximal effort sprint trials for each of 

four starting positions: (1) forwards, (2) backwards, (3) 90° left, and (4) 90° right. Just under 

half the participants (n=9) were required to maintain focus on lateral FP during the 90° left 

and 90° right trials, and a forwards FP during the backwards trial. All participants completed 

an unweighted control condition on one day and made use of a 9.07 kg weighted belt on 

another. Results revealed significant decreases in velocity and acceleration due to the weight 

of the belt. The study found no significant effects based on the starting position or focal 

point. There were no significant interactions between the independent variables. Overall the 

study demonstrated that increasing the weight of duty gear and protective equipment carried 
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on the law enforcement officers reduced officer velocity and acceleration, which reduces 

overall mobility.  

 Dempsey et al. (2013) assessed the influence of stab resistant body armor (SRBA) 

and mandated accessories, including the duty belt, on physiological responses to, and the 

performance of, simulated mobility tasks in 52 males from the New Zealand Southern 

Region District Police force. A baseline session consisting of a 10-12 min incremental 

treadmill test was used to identify maximal aerobic fitness (VO2max), based on oxygen uptake 

(VO2), respiratory exchange ratio (RER) and heart rate (HR). Each participant then 

completed two sessions: one without any additional load and one with added load (a loaded, 

fitted SBRA plus weight of a standard duty belt and equipment; approximately 17 lbs).  

During each session, the participant completed five mobility tasks: (1) a timed balance task, 

(2) an acceleration task to simulate exiting a vehicle, (3) as many successive standard chin-

ups as possible, (4) a grapple task, and (5) a maneuverability task. The researchers found that 

all mobility tasks were negatively impacted by loading with mean decrements in performance 

ranging from 13 to 42%. Overall, this study demonstrated the mobility restriction and 

physiological cost imposed when wearing SBRA and a loaded duty belt. The authors 

contended that the impact on task performance of the SBRA and the loaded duty belt could 

have implications on officer function and safety.  

 Larsen et al. (2016) investigated gait kinematics and kinetics in active duty police 

officers fitted with an alternate load carrying system incorporating a thigh holster in 

comparison to a standard police officer load carriage system with a full duty belt and 

mounted hip holster. Twenty active duty Swedish police officers completed three test 
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conditions, including: (1) body armor and duty belt, (2) load-bearing vest, body armor and 

thigh holster, and (3) no equipment. The weight of the body armor varied among genders and 

the size of the participant with the weight of the male vest being ~4 lbs and the female vest at 

~3 lbs. The duty belt used was standard Swedish police issued belt and was loaded with 

standard equipment used by the officers. In the alternate condition (2), the load-bearing vest 

was designed to sit on top of the body armor and included pockets for ammunition, pepper 

spray, a torch (flashlight) and handcuffs. The thigh holster carried the baton and standardized 

weapon with a combined weight of ~3 lbs. Kinematic and kinetic data were collected using 

an eight-camera motion analysis system and two force plates. There was no significant 

difference in comparisons of the temporal-spatial data across conditions including a task 

cycle time response, velocity, stride length, and stride width. There were also no significant 

differences among conditions in terms of symmetry between left and right side cycle time, 

step length, stance and swing time. Significant differences were found in range of trunk 

rotation, right hip range of motion (ROM), and range of right knee ab/adduction. Both the 

standard and alternate load carrying methods reduced the ROM when compared to the 

control condition; however, the range of rotation in the right hip was significantly greater in 

the alternate load carrying condition than in the standard condition. Overall, this study found 

that the load carrying system had a significant impact on kinetic and kinematic variables; 

however, the use of a thigh holster did not affect the kinetic and kinematic variables to a 

greater extent than the current standard system.  

 Ramstrand et al. (2016) examined the effects of two load carrying systems on police 

officer gait kinematics, temporal-spatial gait parameters, and self-reported comfort. Twenty-
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one active duty police officers completed two test sessions with a minimum of 3 months 

between each of the testing sessions. In each session, three-dimensional (3D) motion analysis 

was used to collect data as police walked across a 9-meter walkway. During the first testing 

session, the motion analysis system was used to collect data under three load carriage 

conditions: (1) control (no vest or belt), (2) standard issue ballistic vest and loaded duty belt, 

and (3) standard ballistic protection vest and loaded load-bearing vest. After the first session, 

the officers were provided a load-bearing vest and were asked to use it for all of their shifts 

until their second test session. During the second session, motion analysis data was captured 

for only the control and load-bearing vest conditions. The average weight of the loaded belt 

and ballistic vest was 14.33 lbs., whereas the loaded load-bearing vest and ballistic vest 

weighed 15.2 lbs. Results from the motion analysis data revealed a significant difference in 

stride length between the load-bearing vest conditions and the other test conditions. During 

the first testing session, the load-bearing vest significantly reduced trunk rotation, anterior 

pelvic tilt, hip-extension and abduction on the right side; however, these differences were not 

observed during the second test session. The load-bearing vest was associated with more 

compensatory movements than the standard belt. Reductions in the number of gait 

compensations after a 3-month accommodation period suggested that compensatory 

movements are temporary and reduce as police adapt to the load carriage system. The load-

bearing vest was found to have the greatest effect on ROM, when compared to the control 

condition. The only significant difference in ROM between the duty belt and the control 

condition was related to internal and external hip joint rotation. Based on subjective 

feedback, officers felt more comfortable standing, walking, and sitting when they used the 
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load-bearing vest. In addition, more officers reported low-back pain in the first test session; 

whereas, upper-back and neck pain were more prevalent in the second test session. Survey 

results from the first session reflected participant experience with the duty belt and no load-

bearing vest. The second testing session reflected officer discomfort after having been used 

the vest for a minimum of 3 months. Comparison of the survey results revealed the standard 

duty belt to result in more low-back pain; whereas, the load-bearing vest resulted in more 

upper-back or neck pain. Overall, this study demonstrated significant differences in officer 

gait kinematics when wearing traditional equipment vs. alternate load-bearing vests. While 

the differences were statistically significant, the absolute differences were considered small 

and not expected to have a practical influence on the incidence of back pain. The authors 

hypothesized that shifting officer load carriage from the waist to the trunk would result in 

fewer compensatory movements and a more upright posture; however, their results did not 

confirm this hypothesis, and in fact the load-bearing vest resulted in more compensatory 

movements.  

 Derafshi (2017) studied the impact of reducing the impact of the duty belt on the low 

back by removing items from the duty belt in order to relocate them to a thigh holster or 

load-bearing vest. Two laboratory experiments were conducted. During the first experiment, 

the EMG activity of 8 muscles was tracked on 11 officers in addition to ratings of perceived 

discomfort being collected on the efficacy of the reduced duty belt. The reduced duty belt 

resulted in the lowest muscle activity on the low back then the conventional duty belt being 

used by officers. This was to be expected as the investigators did not relocate the equipment 

in the investigation, but simply removed it from the duty belt. The officers reported that the 
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reduced duty belt led to less discomfort than the full duty belt. During the second experiment, 

nine officers rated the ease of movement for the different conditions with the ratings 

revealing that a reduced duty belt would be favorable with respect to ease of movement.  

1.3.3. Summary 

To summarize, limited biomechanical studies have been conducted on the physiological, 

performance, and subjective implications of police officer duty belt use. Of the studies that 

have been conducted, various independent variables have been explored.  Table 5 

summarizes the independent and dependent variables analyzed in the aforementioned 

biomechanics/physiological literature. Two studies examined police vehicle use while 

wearing a duty belt. These studies focused on the impact of vehicle and belt configuration on 

ROM and muscle activation levels. Four studies examined police officer load carriage and 

equipment weight with a focus on gait parameters, including stride length, mobility, 

acceleration, and ROM. Lewinski et al. (2013) and Dempsey et al. (2013) examined the 

impact of load carriage on relevant tasks related to an officer’s performance (i.e., maximal 

sprints, acceleration exiting a vehicle, maneuverability, etc.); however, these studies did not 

examine muscle activity. Equipment placement on duty belts has yet to be investigated for 

biomechanical implications and muscle activation in on-foot patrol activities. Furthermore, 

while load-bearing vests were investigated in a few of studies, many police departments have 

yet to adopt this technology due to its militaristic appearance.  
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Table 5: Dependent and Independent Variables of Biomechanics/Physiology Literature on the 

Duty Belt 

Authors and year Independent Variables Dependent Variables 

Holmes et al. (2013) Two police seat types and two 

duty belt configurations (Full 

Duty Belt and Reduced Duty 

Belt) 

Lumbar spine angle and 

pelvic tilt angle, level of 

discomfort, pressure of the 

participant-seat interface 

McKinnon et al. 

(2014) 

Two police car compartment 

configurations (duty belt was 

worn at all times) 

10 EMG muscle activities, 

upper limb 3D motion 

tracking, ratings of 

perceived shoulder exertion, 

typing speed, and typing 

accuracy 

Lewinski et al. (2013) Equipment weight (no weight vs. 

body armor and loaded duty belt), 

starting postures  

Stride length, stride velocity, 

and acceleration of the first 

six strides of a short sprint 

Dempsey et al. (2013) Equipment weight (no weight vs. 

fitted SBRA and loaded duty belt) 

Five mobility tasks: a timed 

balance task, an acceleration 

task to simulate exiting a 

vehicle, as many successive 

standard chin-ups as 

possible, a grapple task, and 

a maneuverability task 

Larsen et al. (2016) Load carriage (body armor and 

duty belt; load-bearing vest, body 

armor, and thigh holster; and no 

equipment) 

Cycle time, velocity, stride 

length, stride width, ROM, 

and trunk rotation 

Ramstrand et al. 

(2016) 

Load carriage (no equipment;   

standard issue ballistic vest and 

loaded duty belt; and standard 

ballistic protection vest and 

loaded load-bearing vest) 

Stride length, walking 

velocity, ROM, and joint 

angles 

Derafshi (2017) Load carriage (standard uniform, 

full duty belt, reduced duty belt) 

EMG of 8 muscles, 

perceived discomfort, and 

perceived ease of movement 

 

1.4. Review of Biomechanical Implications of Military Loading Applications 

While there is limited research on the effects of load carriage on police officers, there is an 

abundance of research regarding load carriage on the body of soldiers. Military research 
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helps to illustrate the impact of load carriage and body armor on the biomechanics of the 

soldier and soldier performance. Related to this, falls or near falls are the leading cause of 

hospitalization for soldiers with events often occurring while negotiating obstacles (e.g., 

stairs, curbs, and other heights). Soldier trips and falls are exacerbated by the load soldiers 

carry (Senier et al., 2012). This research could be helpful in terms of understanding the 

impact of load carriage on police officers and could help in formulating design 

recommendations for police duty belt design and equipment configuration. 

Lindner et al., (2012) analyzed muscle activity in the lower extremities of soldiers (37 

members of the German Air Force) in carrying specific equipment items (helmet, carrying 

strap, backpack, and rifle). This study measured muscle activity with dynamic surface 

electromyograms. The angle of the knee over the entire gait cycle was also measured using 

electrogoniometers. This data was used to determine the influence that increasing weight 

load has on the ROM of the knee during walking. Results indicated the activity of recorded 

muscles of the lower extremity to be dependent on the weight of equipment; however, there 

was no evidence that items weighing a maximum of 34% of a participant’s body weight 

influenced the ROM at the knee.  

Birrell and Haslam (2008) assessed the influence of rifle carriage on human gait. 

Rifles are typically carried on the anterior portion of the body and tend to restrict natural arm 

swing. Kinetic data was collected from 15 male participants across four conditions (walking 

without a load (a control condition); carrying a lightweight rifle simulator, which restricted 

arm movements but applied no additional load; wearing a 4.4 kg diving belt, which allowed 

arms to move freely; carrying a weighted (4.4 kg) replica rifle. Each participant completed 10 



 

46 

trials under each condition. Ground reaction force (GRF) data was captured using a Kistler 

force plate embedded in an 8.4-meter walkway. Motion analysis data was also collected. 

Results indicated that rifle carriage significantly altered walking GRF with the most 

significant effects being an increase in peak impact and mediolateral forces.  

Schulze et al. (2013) investigated differences in equipment-related weight loading 

and load distribution on plantar pressure. They also assessed functional effects of equipment 

loading on changes in foot shape. Thirty-one male soldiers participated in the study. Static 

and dynamic pedobarography was used to evaluate increasing weights based of different 

items of equipment. The study found that the pressure acting on the plantar surface of the 

foot increased as did the foot-to-ground contact area with higher loading under static and 

dynamic conditions. The researchers also observed an influence of load distribution based on 

different ways of carrying the rifle. They concluded that greater load distribution should be a 

goal in developing military equipment to prevent injuries or functional disorders of the lower 

extremity.  

Loverro et al. (2015) evaluated the impact of increasing body armor protection with 

and without a fighting load on soldier performance and mobility. Thirteen male soldiers 

completed four study tasks wearing three body armor configurations (improved outer tactical 

vests (IOTV) of lightweight, a plate carrier system (PC) of heavy weight, and an IOTV of 

heavy weight). One of the study tasks was a 30-meter rush task that was only completed with 

a fighting load combined with all three body armor configurations. The other three tasks 

were all mobility tasks (walking, walking over a 30 cm obstacle, and ducking under a 

shoulder height obstacle), which were performed with both body armor configurations and 
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fighting load conditions. Motion capture was used to conduct a biomechanical analysis. 

Results indicated that increasing armor protection decreased soldier performance in the 30-

meter rush tasks. Increasing protection was also found to significantly decrease the maximum 

trunk flexion during the ducking task. The addition of the fighting load was found to 

negatively impact soldier mobility.  

To summarize the military-focused research, there is an abundance of studies on 

soldier load carriage. The literature reviewed in this section, illustrates the impact of load 

carriage and body armor on soldier biomechanics and soldier performance. Lindner et al. 

(2012) found that increasing loads increased soldiers muscle activity, implying that 

equipment load should be minimized to reduce the risk of musculoskeletal injuries. Loverro 

et al. (2015) found that increasing body armor protection decreased soldier performance as 

30-meter rush times were longer with more protection. Birrell and Haslam (2008) found that 

rifle carriage significantly alters walking GRF with the most significant effects being an 

increase in peak foot impact and mediolateral forces. Schulze et al. (2013) investigation of 

rifle carriage and load distribution concluded that improving load distribution should be a 

goal for developing military equipment to prevent injuries or functional disorders of the 

lower extremity. This finding is of interest as load distribution, specifically related to 

equipment placement on the duty belt, has not been previously investigated. The findings of 

the military-focused research emphasize the need to conduct similar studies with law 

enforcement. There is a need to better understand biomechanical implications of duty belt 

design and equipment configuration on officers in performance a common patrol duties. 
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1.5. Problem Statement 

1.5.1. Limitations of Existing Literature 

The literature review on law enforcement officer fatality and injury rates revealed higher 

rates than all other occupations. The rate of musculoskeletal disorders, such as low-back 

pain, was also higher. Burton et al. (1996) found that low-back pain was significantly 

associated with wearing equipment and a higher number of hours in vehicles. In addition, 

Gyi and Porter (1998) found that officers believe that the patrol car and the duty belt/body 

armor were primary contributors to low-back pain. This finding was also supported by 

Brown et al. (1998).  

 The officer duty belt can weigh up to 20 lbs. when fully loaded. Limited studies have 

assessed the biomechanical implications of the duty belt. Two studies examined police 

vehicle and duty belt design (Holmes et al., 2013; McKinnon et al., 2014). In studies that 

primarily investigated load carriage mechanisms for law enforcement officers, researchers 

focused on dependent variables relating to gait, including stride length, mobility, 

acceleration, and ROM. Lewinski et al. (2013) and Dempsey et al. (2013) also examined the 

impact of load carriage on relevant tasks related to an officer’s performance (i.e., maximal 

sprints, acceleration exiting a vehicle, maneuverability, etc.); however, neither of these 

studies examined muscle activity or GRFs. Furthermore, while a load-bearing vest has been 

investigated in a few of these studies, many departments have yet to adopt this equipment 

due to its militaristic appearance. There is also no current literature on the biomechanical 

implications of suspender additions to the traditional duty belt.  
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 Finally, Birrell and Haslam (2008) found that rifle carriage significantly alters 

walking GRFs and Schulze et al. (2013) recommended that improving load distribution 

should be a goal in developing military equipment to prevent injuries. On this basis, the 

design and placement of equipment on law enforcement duty belts needs to be further 

investigated for muscle activation and gait implications. Recommendations should be made 

on how to potentially improve load distribution in order to further prevent injuries.  

1.5.2. Objectives of Present Research 

With the duty belt being a potential contributor to musculoskeletal problems suffered by law 

enforcement officers, there is a need to improve current belt design, if at all possible. In 

addition, as equipment placement on the duty belt is often left up to individual officers, an 

ergonomic configuration should be developed that improves the load distribution of required 

equipment in order to further reduce the frequency and severity of musculoskeletal problems 

for officers.  

 The present study was divided into two phases with the overall objective being to 

recommend a duty belt design for minimizing biomechanical loading as well as a system of 

equipment placement that reduces the load on the lower back and body muscles. The first 

phase of the study aimed to identify: (1) the most commonly carried equipment by officers, 

(2) current equipment placement configurations, and (3) the standard duty belt currently used 

by departments. This information was used to select specific belt designs for testing and to 

formulate an ergonomic layout of the equipment on the duty belt that addresses the load 

distribution. The second phase of the research involved a biomechanics study which 

consisted of two experiments one in which the participants completed a walking study where 



 

50 

comparisons of GRFs were made and a second study in which participants completed a 

running task where comparisons of muscle activities were made for two selected belt designs 

(with and without suspenders) as well as three variations on equipment placement on the belt 

(officer preference, Officer Hindi’s system, and the ergonomic recommendation from Phase 

1). The goal of this study was to develop evidence of any benefit of contemporary belt 

designs and to assess the ergonomic equipment placement configuration. 

2. Police Belt Redesign 

2.1. Objectives of Phase 1 

The first phase had four main objectives. The first objective was to identify the equipment 

most commonly carried by officers on duty belts.  The second objective was to identify a 

standard configuration of equipment on the belt based on officer preference. The third 

objective was to select a standard duty belt to be used as the control condition in the Phase 2 

study as well as an advanced belt design that advertises improved load distribution. These 

belts were selected based on polling local officers and determining which belt designs are 

most commonly used in the Raleigh-Durham, North Carolina area. The fourth objective was 

to design an ergonomic configuration of equipment on the belts in order to potentially 

minimize biomechanical impacts on an officer’s body.  

2.2. Methods 

The first phase of the research was a field study. Law enforcement management and 

experienced officers were interviewed on department policies regarding duty belt selection, 

equipment requirements, and equipment layout on the duty belt. This was important in 
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understanding the culture and current situation regarding local equipment use and duty belt 

regulations. Currently, individual precincts and departments can select the duty belt and 

equipment to be carried by the officer. Some departments have recommendations regarding 

equipment placement on duty belts; whereas, other departments leave it to the individual 

officer to determine where to place equipment.  

 This phase also included researchers conducting interviews and observations of law 

enforcement officers in their daily activities paying particular attention to interactions with 

duty belts. Six ride-alongs were conducted during the field study. Fourteen officers from the 

NC State Police Department were questioned and observed. Ideally, officers from multiple 

departments will be questioned and observed in order to understand interdepartmental 

differences. Officers were asked to complete a demographic and background questionnaire. 

The questionnaire, Appendix C, included questions about: the officer (i.e., age and gender), 

their job experience and training (e.g., did they attend police academy), their day-to-day 

activities (e.g, amount of time in a patrol vehicle), and musculoskeletal discomfort 

experienced on the job. A duty belt specific questionnaire, Appendix D, asked about current 

items on their duty belt, frequency of use of the items, satisfaction with the duty belt, 

problems with the current belt design, and any musculoskeletal discomfort from the duty 

belt. A picture of each officer’s duty belt was taken as a basis for developing the current 

equipment configuration for the study. The duty belt was reviewed with each officer in order 

to understand equipment placement on the belt, current problems with the belt, and any other 

issues with the current duty belt. Each loaded duty belt and all of the individual pieces of 

equipment were weighed in order to understand the biomechanical loading occurring from 
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the loaded belt. Anthropometric measurements, including height, weight, and waist 

circumference, were taken for each of the officers to see how these factors affect officer 

configuration of equipment on the duty belt. Lastly, officers were asked to rate the life-saving 

capability of each item on the belt. A simple Likert scale was modified for this purpose. 

Officers were also asked to rate the frequency of use of each item on the duty belt. A 

modification of a hazard assessment frequency scale was used for this purpose. The ratings 

from these scales were used as bases for expected value analysis to determine the priority of 

item placement on a belt. The rating scales appear in Table 6.  

Table 6: Scales to be used for expected value analysis for the frequency of equipment use and 

equipment life-saving capability 

Rating Frequency of use Life-saving capability 

5 Frequent/routine occurrence (“daily”) Very likely 

4 Likely (“weekly”) Likely 

3 Occasional or expected (“happens a few times a 

year”) 

Somewhat likely 

2 Seldom but not extraordinarily rare (1 in 100) Unlikely 

1 Exceptional/extraordinarily rare (“1 in a million”) Rare 

  

This phase also involved reviewing literature and product websites to determine 

guidelines and best practices that should be employed when using duty belts. Guidelines 

intended to reduce the impact of belts on an officer’s low-back will be captured. The 

literature review and results of the surveys and interviews were combined as bases for 

recommending an ergonomic belt equipment configuration.  

2.3. Results 

This phase of the research yielded several additional observations on the configuration of 

belts as well as use. The weight of a duty belt is often unevenly distributed across the waist 

of an officer with each individual officer typically using a different configuration of 
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equipment. In general, officers try to avoid placing equipment at the location of their back as 

mounted devices create high pressure on soft tissues when sitting in a patrol car. Officers also 

seek to prevent injury from landing on equipment after a fall. The field study also revealed 

that officers are constantly pulling-up their belt as their pants slip down their pelvis over the 

course of a shift. In addition, officers frequently adjust equipment on the belt to prevent 

devices from “digging” into their body when driving a patrol car. Many officers also 

complained about the vest-to-belt interface as their skin gets pinched between the two.  

With respect to musculoskeletal discomfort suffered by police officers, the university 

campus officers were asked to rate the average discomfort they experienced in different body 

regions on a regular basis. Figure 19 illustrates the labelling of the body systems and the 

respective aggregate ratings for each region. The back and the hip-thigh region yielded the 

highest discomfort ratings. 

  
 

Figure 19: Body region breakdown and respective average discomfort ratings 

In addition to the discomfort ratings, officers were asked a variety of open-ended 
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those answers were determined. Figure 20 presents the responses to the open-ended question, 

“Do you experience musculoskeletal discomfort from the belt?” Every officer reported 

experiencing musculoskeletal discomfort from their duty belt with the most common 

complaints being low-back discomfort/tightness/pain, hip pain/discomfort, and that the 

equipment “digs” into their legs.  

 

Figure 20: Responses to the open-ended question on the occurrence of musculoskeletal discomfort with 

the percentages of officer responses 

Officers were also asked an open-ended question about what problems they have with 

their current belt. Figure 21 presents the results to the question “What problems do you have 

with your current belt?” 
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Figure 21: Responses to the open-ended question on problems officers experience with their current belts 

with the percentage of officer responses 

Additionally, officers were asked for recommendations they would make for duty belt 

design and configuration. Figure 22 presents the results to the question “What 

recommendations do you have to improve your current belt?” 

 

Figure 22: Responses to the open-ended question about recommendations for improvements that can be 

made with the percentages of officer responses 
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The ride-alongs and interviews allowed for an understanding of the equipment 

required by one department and their respective regulations regarding duty belt 

configuration. Each officer was surveyed as to the equipment they carry on their duty belts. 

Figure 23 shows the percentage of surveyed officers, who carry each piece of specific 

equipment.  

 

Figure 23: Percent of surveyed officers that carry specific equipment on their duty belts 

 The results from Figure 23 were used to select which equipment would be tested in 

Phase 2 of the study. A simple majority (>50%) was used. The equipment placed on the duty 

belts in the second phase of the study includes: baton, flashlight, gun, handcuffs, magazines, 

OC Spray, Radio and TASER. Gloves were not included because many officers place gloves 

in their pockets. In addition, gloves are lightweight and are often placed in a pouch over the 

lumbar region. This placement would have interfered with the apparatus used in the second 

part of the study.  
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To determine the police preferred belt configuration, officer placement of equipment 

on their personal duty belts was observed and recorded. The duty belt was conceptually 

divided into seven regions: front dominant side, dominant side, back dominant side, back, 

front non-dominant side, non-dominant side, and back non-dominant side. The percentage of 

officers that place a specific piece of equipment in a particular region was determined and is 

shown in Table 7.  

Table 7: Percentage of officers placing specific equipment in designated regions 

  Baton Flashlight Gloves Gun Handcuffs Magazines OC Spray Radio Taser 

Front 

Dominant 

Side 

0% 0% 0% 0% 0% 15% 69% 0% 0% 

Dominant 

Side 

31% 15% 0% 100% 0% 0% 0% 0% 0% 

Back 

Dominant 

Side 

38% 0% 8% 0% 23% 0% 0% 0% 0% 

Back 

Center 

0% 0% 62% 0% 0% 0% 0% 0% 0% 

Back Non-

dominant 

Side 

8% 23% 0% 0% 15% 0% 0% 23% 0% 

Non-

dominant 

Side 

23% 54% 0% 0% 15% 31% 8% 77% 23% 

Front Non-

dominant 

Side 

0% 0% 0% 0% 46% 54% 8% 0% 54% 

 

For the police preference configuration, each piece of equipment was assigned to the region 

in which the highest percentage of officers had placed that specific piece of equipment.  

In addition to the questions on musculoskeletal discomfort and belt recommendations, 

officers were asked a series of questions about the equipment on their duty belts. Appendix E 

presents the rationales officers provided for placement of each piece of equipment on their 
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duty belts. The officers were also asked to rate their frequency of use and perceived life-

saving capability for each piece of equipment. Using the officers’ ratings, the expected utility 

of each piece of equipment was calculated using Equation 1.   

 

Frequency of use rating * Life-saving capability rating = Expected Utility         (1) 

 

The pieces of equipment were subsequently ordered according to expected utility value from 

greatest to smallest and assigned a priority number. Table 8 shows the mean for the 

frequency of use ratings and the life-saving capability ratings, which were used to determine 

expected utility values.  

Table 8: Results of the equipment specific questions regarding frequency of use ratings and life-

saving capability ratings with the subsequent calculated expected utility values 

Priority 

Number 

Equipment Frequency of 

Use Rating 

Life-Saving 

Capability Rating 

Expected  

Utility 

1 Radio 5.0 4.9 24.3 

2 Flashlight 4.6 4.7 21.3 

3 Gloves 4.0 4.4 17.6 

4 Handcuffs 3.9 3.9 15.0 

5 Gun 2.8 5.0 13.9 

6 Magazines 1.8 4.9 8.6 

7 Baton 1.3 3.2 4.1 

8 Taser 1.2 2.8 3.3 

9 OC Spray 1.5 1.3 1.9 

 

2.4. Design of Ergonomic Configuration of Equipment on Duty Belt 

Based on the results from the first two phases of research, we developed a flowchart of 

considerations to be made in duty belt equipment configuration. The flowchart is presented in 

Figure 24 and is intended to serve as a guide for officers in developing an ergonomic 
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configuration of duty belt equipment. An officer can apply this flow process to each piece of 

equipment to be mounted on a duty belt in order of priority number (or based on expected 

device utility values). The process yields a location for each item.   

 

Figure 24: Process flowchart for developing an ergonomic belt configuration 
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dominant side to allow for cross-draw of the device. The taser and its holster weight would 

be added to the non-dominant side of the belt. Once all items with an applicable department 

policy have been positioned, the officer would move to the next step in the flow process.  

In the second step, the officer would note if they have any holsters accommodating 

multiple devices, such as a dual handcuff case or a joint magazine/handcuff case. If so, the 

objects would be paired together in the remaining equipment list. For instance, if a joint 

handcuff and magazine case is used, the item with the lower priority number would be placed 

on the list next to the one with the higher number so the magazines would move up the list to 

join the handcuffs.  

The entire process for equipment carried by the campus police department (under study) 

is shown in Figure 25. The resulting ergonomic belt configuration was used in the 

biomechanics phase of the study. The items that were positioned on the duty belt in each 

phase appear with a “check mark”. The remaining equipment items passed to the next phase 

for further evaluation. The placement of each device and rationale are detailed in Table 9.  
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Figure 25: Process phases in which each device achieves a placement on the belt (see check marks) 

 

Table 9: Common belt equipment list, recommended device location and justification 

Equipment Rationale Location 

1 Gun Department policy must go on dominant side Dominant side 

2 Taser Department policy must go on non-dominant side to prevent 
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Non-dominant side 
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for the lumbar spine, most officers wear the glove pouch in the 

center of their back 

Center of the back 

6 Flashlight Some officers have a preference, but there is no consensus on 

where this item should be place. It is often placed on the dominant 

side to balance the weight. 

Dominant Side 

7 Baton Some officers have a preference, but there is no consensus on 

where this item goes. It is often placed on the dominant side to 

balance weight. 

Dominant side 

8 OC Spray Most officers limit use of spray because it often impacts them as 

well. This item is typically placed where there was space on the 

belt and to balance weight.  
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2.5. Discussion 

The first phase of this research centered on understanding the current situation with duty 

belts. Relevant literature was reviewed, and a field study was conducted as a basis for 

developing a design framework to facilitate ergonomic configuration of equipment on police 

duty belts. Management and law enforcement officers were interviewed and given 

questionnaires to frame the problem.  

The results of the field study were in agreement with the findings of the literature 

review. From the questionnaires and ride-alongs, a high incidence of low-back and hip pain 

was reported by campus police officers with every surveyed officer reporting having 

experienced musculoskeletal discomfort from their job duties. When specifically asked to 

detail the musculoskeletal discomfort that the officers experienced, 64% of officers stated 

they experience low-back discomfort, 57% stated they experience hip pain, 57% stated that 

equipment “digs into” their legs, 21% noted they experience numbness in their legs often 

from equipment digging into their legs, and 21% stated they have scars on their hips or have 

flattened spots on their hips as a result of wearing their belt too tight to prevent it from 

falling.  

Military literature illustrates the importance of balancing load carriage for an 

individual to reduce body pain and the likelihood of falls and associated injuries. 

Unfortunately, the literature also revealed a lack of consensus on the placement of equipment 

on the police duty belt. In addition, alternative mechanisms to relocate some items from the 

duty belt to other areas of the body are often rejected by departments. The literature revealed 
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that many departments favor a traditional, non-militaristic appearance and are reluctant to 

adopt, for example, load-bearing vests. 

One of the goals of this phase of the study was to identify the necessary equipment 

required for carry by a law enforcement officer while on duty. The types of equipment that 

are most commonly carried by the campus police surveyed for this study, included: baton, 

flashlight, gun, handcuffs, magazines, OC Spray, Radio and TASER. Many of the officers 

noted that the duty belt was too rigid and heavy. In general, officers prefer a more flexible 

material to carry equipment and to distribute some of the weight from their duty belt across 

other parts of the body, possibly through a vest or suspenders. The likelihood of a uniform 

consensus on departments opting for a load-bearing vest is low as these items are perceived 

as militaristic and departments tend to favor a more traditional appearance. With each 

department opting for different equipment and with different policies regarding what 

equipment is required for carry, a general consensus on duty belt equipment configuration is 

unlikely. The campus police department, which was surveyed as part of this study, generally 

stipulates that officers are to carry every item for which they have received training. 

However, many of the officers in this department chose to only carry one set of handcuffs 

(vs. two) as they do not regularly arrest people on a college campus. The officers often elect 

to carry a dual magazine/handcuff case. As another case, a local city police department near 

the campus police department only requires that officers carry two nonlethal weapons on 

their duty belts, including the taser and either the baton or the OC spray. Officers in this 

department often carry two sets of handcuffs as they arrest people on a more regular basis 

and often have a need for a second pair.  
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With these departmental and individual preferences in mind, the duty belt design 

framework needed to be general enough, such that it could be applied across departments and 

officers, while still supporting ergonomic belt equipment configuration. The information 

gathered from the officer survey and subjective ratings of equipment utility allowed each 

belt-mounted device to be given a priority number that could be used in sequencing device 

placement on a belt. In addition, observations made on officer belt configurations and their 

rationales for device placement were recorded as bases for identifying general potential 

locations of devices. Consequently, multiple design factor considerations were identified in 

the flow process, including department policies, device dependencies, equipment access and 

safety issues, officer preferences and the resulting weight and balance of a fully configured 

belt. For instance, all officers agreed that the radio should go on the non-dominant side to 

allow for access to call for help when the officer has their gun drawn. However, for many 

items, like the baton and flashlight, there was no consensus among officers regarding 

placement with some officers noting that they placed the items according to instruction as 

part of basic law enforcement training or just where the devices would fit on a belt. The 

design framework requires that each piece of equipment be evaluated in terms of all design 

factors. The objective is to ensure that officers achieve a safe and healthful configuration of 

all the equipment provided by a department as well as officer personal choices or preferences 

on equipment (e.g., more than one set of handcuffs).  

This phase of the research culminated in the development of a framework to guide 

officers in an ergonomic configuration of equipment on the duty belt. The new design 

framework is expected to aid officers in appropriate equipment configuration across a belt 
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and balancing of belt weight. A balanced belt configuration is expected to reduce the 

potential for low-back pain in addition to reducing the probability of slips and falls 

attributable to imbalanced belts. Using the framework, an ergonomic belt configuration was 

developed for the campus police department.  

The results of this phase yielded both a police preference configuration for a duty belt 

and the ergonomic configuration. Both options were evaluated in the second phase of the 

research along with another alternative from the literature. The three belt layouts included: 

the preferred design, Officer Hindi’s design, and an ergonomic configuration. (The 

experiment also included a no-belt control condition, discussed later.) The participants in the 

second phase who were from seven different municipalities were surveyed regarding their 

equipment usage, frequency, life-saving opinion, and rationale to placement. These surveys 

yielded similar results as the first phase further illustrating the generality of the design 

framework. With many departments favoring a traditional appearance, suspenders were also 

investigated as a mechanism to distribute the weight of the duty belt across an officer’s torso. 

The existence of undershirt suspenders increases the likelihood that departments will be more 

likely to adopt suspenders than a load-bearing vest.  

3. Biomechanics Study 

3.1. Objectives of Phase 2 

The main objective of the second phase of the research was to compare biomechanical, 

muscular and subjective responses to the duty belt designs and equipment configurations 

during walking and in the performance of a physical task commonly used to test officers. In 
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specific, the comparisons were made in terms of EMG or muscle activation levels, GRFs, 

officer perceived exertion, and survey responses.  

3.2. Participants 

Twenty-two participants were recruited for the study. All participants were recruited from 

local police departments throughout the greater Raleigh-Durham area with seven police 

departments in total represented. In specific, college campus and city police officers were 

recruited for the study. Given the variations in officer duty set among different agencies, this 

subset of the police officer population was used to eliminate confounding variables and to 

allow for targeted recommendations for city and campus police belt design. The study sample 

inclusion criteria included male police officers between 20 and 39 years of age, who passed 

their department’s required physical tests (e.g., the CI Test or the POPAT) and were making 

use of a right-handed holster. Participants were also required to have no injury or surgery 

within the past 6 months prior to the study.  

Nowicki (2005) discussed the importance of considering male and female body types 

in duty belt selection and equipment placement, specifically noting that female officers may 

need to keep their belts at slightly different positions than larger male officers with beltlines 

that can accommodate more items. With only 13.6% of police officers being female (U.S. 

Bureau of Labor Statistics, 2015), female officers were excluded from the study and duty belt 

recommendations and equipment configuration were developed for male officers. 

The age range for participants was selected based on data from the Cooper Institute. 

In assessing fitness level for applicants, the Raleigh Police Department uses a 300-meter 

sprint, which influenced the task chosen in this study. However, there are different 
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requirements that the Police Department uses based on the age of applicants. The Department 

recommends at least a “fair” rating based on performance determined by the Cooper Institute. 

There is approximately a 12 sec. difference in performance times to receive a fair rating for a 

person in the 20-39 age range and those 40 and up. On this basis, the age range for the 

present study was restricted in order to limit a potential confounding effect of substantial 

between-officer performance differences.  

 Only a limited number of studies have been conducted on biomechanical and 

performance implications of duty belts. These studies were referenced as a basis for 

estimating the study sample size. Table 10 presents the sample sizes for prior studies with 

participant samples ranging from 12 to 52 participants. The present study followed a split 

plot study design in which every officer tested every combination of variable levels.  Three 

of the previous studies have used a similar design with sample sizes around 20.  

Table 10: Number of participants recruited in previous studies 

Reference Participant Sample Size 

Holmes et al. (2013) 20 

Dempsey et al. (2013) 52 

Larsen et al. (2016) 20 

Ramstrand et al. (2016) 21 

McKinnon et al. (2014) 30 

Lewinski et al. (2015) 12 

Derafshi (2017) 11 

 

For the 22 officers, who participated in the study, anthropometric and background 

data were collected. Table 11 presents the anthropometry data collected for the participants. 

Using the Durnin and Womersley method (1974), the body fat was calculated for each 
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participant based on caliper measurements of skinfold thickness at four different locations 

across the body, including: biceps, triceps, subscapular, and supra-iliac.  

Table 11: Mean and standard deviation values for the anthropometric measurements collected 

on participants 

Measurement Mean ± Standard Deviation 

Age  28.45 ± 3.97 years 

Height 181.38 ± 6.63 cm 

Weight 92.50 ± 16.49 kg 

Waist Circumference 95.83 ± 11.48 cm 

Leg Length 103.28 ± 5.97 cm 

Shoe Length 32.97 ± 2.01 cm 

Shoe Width 12.57 ± 0.79 cm 

Body Fat Percentage 21.94 ± 4.38% 

Body Mass Index (BMI) 28.28 ± 4.44 

 

The participants had an average of 5.15 ± 3.48 years in law enforcement. The officers 

reportedly spent on average 57.71 ± 16.46% of their daily work shift in a patrol vehicle and 

on average 36.20 ± 12.24% of their shift on foot.   

The lab study was split into two experiments that were completed on the same day. 

For one participant, the data for the first experiment revealed that there was an error with the 

apparatus being used. This issue was addressed before subsequent experiments were 

conducted. Consequently, the participant’s data was excluded from the first experiment 

analysis. An additional participant was recruited and completed the first experiment only to 

ensure a complete dataset was acquired for each of the experiments as part of the study.  
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3.3. Apparatus 

The study occurred in the North Carolina State University Ergonomics Lab.  Two 

apparatuses were used during the biomechanics and muscle activation analysis study portion 

of this study. The first apparatus will be force plates, and the second will be a surface EMG 

system. 

3.3.1. Force Plates 

The instrumented force plate is recognized as a “gold standard” for balance and gait analysis 

(Sample et al., 2017). Gait analysis involves the acquisition and analysis of kinematic and 

kinetic data to provide information on fundamental gait characteristics. Multicomponent 

force plates provide dynamic and quasistatic measurement of three orthogonal components of 

a force acting in any direction on the top of the plate. With the usage of evaluation software 

(e.g., Bioware) force plate data can be used to calculate moments about the three orthogonal 

components, coordinates for the center of pressure (COP), the torque (free moment) about an 

axis normal to the force plate surface, center of mass displacement and acceleration, physical 

power and work, and the coefficient of friction.  

The biomechanics study as part of the current study used an overground walkway 

with four Kistler Portable Multicomponent Force Plates (Type 9286B, Figure 26). This 

system has a sampling frequency of 100 Hz. Each 40 cm by 60 cm force plate has four 

piezoelectric transducers for measuring forces and moments with the output voltages from 

the force plate being proportional to the GRF.  
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Figure 26: Kistler Portable Multicomponent Force Plate used in the study (from 

https://www.kistler.com/en/product/type-9286b/) 

Figure 27 illustrates the normal vertical GRF of a gait event for the right foot of a 

person while walking at a pace of 3 miles per hour. In walking and slow running, the force 

waveform for a step includes two peaks, including “heal-strike” and “toe-off” forces. As a 

person runs at a faster pace, the dip between the two peaks decreases leading to basically one 

peak per step.  

 

Figure 27: Gait profile with the Peak 1, mid-stance, and Peak 2 events marked 
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3.3.2. Electromyography (EMG) 

Surface EMG provides a safe, easy, and noninvasive method for objectively quantifying the 

energy of a muscle (Cram & Kasman, 2010). The methodology tracks the response patterns 

of muscles at rest and how they change over the course of body segment movement. Motor 

neurons transmit electrical signals that cause muscle fibers to contract. The EMG signal is 

generated by the electrical activity at muscle fibers active during a contraction (Farina at al., 

2016). As the motor unit of a muscle is activated, the amplitude of the activation signal at the 

muscle fiber, as tracked by EMG, will increase. Increasing the number of active motor units 

and concurrent modulation of rates at which action potentials are discharged also causes 

progressive increases in EMG signal amplitude (Enoka & Duchateau, 2016). A raw surface 

EMG signal is processed to extract information about the amplitude of the signal (root mean 

square value, RMS) and its power spectral density, which is used to obtain the mean and 

median frequency of muscle response to stimulation (Clancy et al., 2016). The amplitude and 

frequency of the signal provides information about the muscle contraction strength and can 

also provide information occurrence of fatigue in the muscle (Clancy et al., 2016). 

 Surface EMG is a common methodology used to assess muscle activities. In 

investigating the influence of the police car compartment during simulated police patrol 

duties, McKinnon et al. (2014) used surface EMG to track the activation of various shoulder 

muscles. The researchers compared the levels of muscle activation across the settings of the 

study independent variables. This study illustrates that EMG is an effective methodology that 

has previously been used in studies on law enforcement to draw conclusions on muscle 

activity and potential occupational safety issues. White et al. (2017) used surface EMG to 
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understand how the weight of upper limb exoskeletal orthotics designed for rehabilitation 

impacts the muscular loading of the shoulder. The surface EMG results of the study 

illustrated that heavier upper-extremity orthotics led to an increase in the amplitude in the 

EMG signals of the biceps brachii and the anterior deltoid muscles of the shoulder. This 

study revealed the impact of body loading on muscle activation. Similarly, the present study 

will use surface EMG to develop a further understanding of how duty belt loading on the 

back, under various design and equipment configurations, impacts police officer muscle 

activation levels.  

 The biomechanics study for the current study used the BIOPAC MP150 EMG system 

(Figure 28). This system has a sampling frequency of 1000 Hz. The NC State Ergonomics 

Lab installation can track the activity of four muscles. The four muscles selected for analysis 

for this study include the left and right latissimus dorsi, and the left and right external 

obliques. The specific back muscles were determined upon identification of the duty belt 

conditions through the Phase 1 work. Muscles were selected to limit EMG equipment 

interference (surface electrodes) with the study belt conditions. Cram et al’s (2010) Atlas for 

Electrode Placement was used to determine electrode placement on the selected muscle 

bellies.  



 

73 

 

Figure 28: BIOPAC EMG system to be used in the study 

3.4. Independent Variables 

The independent variables manipulated in this study included: (1) the duty belt design (with 

or without suspenders); and (2) the equipment layout on the duty belt. There were two levels 

for the duty belt, including a standard belt currently being used by departments and an 

advanced design identifying load distribution as a key feature through the use of suspenders 

(see Figure 29). 

 

  

Figure 29: Suspenders used by the participants in the study 
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There were three levels of the equipment layout on the belt (see Figure 30), including: a 

layout based on current police officer preference, Officer Hindi’s layout, and an ergonomic 

layout based on recommendations of the Phase 1 work. All of the belts used the same 

equipment, including: training taser, training magazines, OC spray, extendable baton, 

flashlight, training pistol, and handcuffs. The combined weight of the equipment and their 

respective holsters is presented in Table 12. 

Table 12: Equipment used in the study and their weights with their respective holsters 

Equipment  Weight of Equipment and Holster (oz) 

Baton 19.2 

Flashlight 12.6 

Gun 46.2 

Handcuffs 11.4 

Handcuffs and 

Magazine Case 

28.6 

Magazines 18.1 

OC Spray 5.2 

Radio  36 

Taser 17 

  

The police preference configuration and the ergonomic configuration used a joint 

magazine/handcuff case, while the Hindi configuration used separate holsters. The training 

equipment used by police departments was lighter than the real equipment used on duty, thus 

lead weights were attached to the holsters to represent the weights of the actual equipment. 

The lead weights added to the holsters did not exaggerate the sizes of any of the devices.  
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Figure 30: Belt configurations used in the study 

3.5. Study Design 

A split-plot experiment design was chosen for this study. A complete crossing of the levels of 

the two independent variables resulted in a total of six treatment combinations. Participant 

exposure to each treatment was replicated in order to identify within-subject performance 

Police Preference 

Hindi 

Ergonomic 
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variability. Consequently, there were a total of 12 test trials for each participant. To account 

for any potential fatigue carryover effects, an adequate rest period was provided between 

trials. Changing the equipment configuration of a belt took anywhere from 5 to 10 minutes. 

Therefore, in order to be conscientious of timing, participants completed all four trials with 

one belt configuration before moving onto the next. The belt configuration served as the 

whole plot factor with the design enhancement condition being the split plot factor.  While a 

trial order effect was not expected, test condition trial number was recorded and included in 

initial statistical models of responses. In addition, various anthropometric covariates were 

considered. Any covariate found to be significant was included in the final statistical model. 

 With respect to the study randomization procedure, three groups were created based 

on the order in which the belts were to be presented to limit the impact that the sequence of 

belts could have on results. The three groups and the sequence of belt configurations is 

presented in Table 13.  

Table 13: The three groups defined for the study based on sequence of belt configurations 

GROUP BELT 1 BELT 2 BELT 3 

A Police Preference Hindi Ergonomic 

B Hindi Ergonomic Police Preference 

C Ergonomic Police Preference Hindi 

 

Each participant completed four trials with each belt: two with suspenders and two without. 

The order of those four trials was randomized using a random number generator program. An 

example of a full trial with randomization can be seen in Table 14. 
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Table 14: An example randomization for a participant for each trial with the belt configuration 

and the design enhancement (0: without suspenders, 1: with suspenders) 

Trial number 1 2 3 4 5 6 7 8 9 10 11 12 

Belt 

Configuration 

Hindi Ergonomic Police Preference 

Design 

Enhancement 

0 1 1 0 1 0 1 0 1 1 0 0 

 

3.6. Dependent Variables 

Three types of dependent variables (DVs) were collected during this study, including: muscle 

activation, physiological and subjective responses.  

3.6.1. Physiological Responses 

The first measurement methodology used in this study facilitated the biomechanical analysis 

for each testing condition. GRF data was collected through use of the force plates. Vertical, 

anterior-posterior, and medial-lateral ground reaction forces will be collected. With a high 

correlation between a person’s bodyweight and GRFs, the GRF data will be normalized to an 

officer’s weight. The normalized GRFs (nGRFs) were calculated by dividing all observed 

GRFs by each officer’s body weight while donning the loaded duty belt (Eq. 1). 

𝐺𝑅𝐹

𝐵𝑜𝑑𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 + 𝑏𝑒𝑙𝑡 𝑤𝑒𝑖𝑔ℎ𝑡
       (Eq. 1) 

The nGRFs were compared among the study conditions in order to understand the 

biomechanical implications of the belt design and equipment configurations.  

3.6.2. Muscle Activation 

EMG data was recorded to capture information on the activation of different muscles in the 

back. The data provided insight on the impact of suspenders and equipment placements on 
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back muscle loading and use metrics extracted from the EMG data to support analysis and 

comparison across testing conditions, specifically the root mean squared amplitude. With 

EMG signals varying across participants, Maximum Voluntary muscle Contractions (MVCs) 

and resting EMG signals were recorded and used to normalize all test trial EMG data 

according to the equation below, where trial data refers to the mean amplitude of the EMG 

signal under any given belt and equipment configuration setting. MVCs are a reliable 

indicator of strength (Kroemer and Marras, 1980). 

𝑇𝑟𝑖𝑎𝑙 𝐷𝑎𝑡𝑎

𝑀𝑉𝐶 𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒
       (Eq. 2) 

3.6.3. Subjective Responses 

The Borg CR10 (continuous rating, 10-point) scale (Borg, 1990; Borg, 1998) will be used to 

collect information regarding a participant’s perceived level of exertion in each experiment 

during the study. The Borg scale (see Appendix E) asks participant to rate their level of effort 

on a 0 to 10 scale with descriptors representing each rating. The scale is a general method for 

measuring perceptions and experiences of demands on the body, such as pain and exertion. 

The scale is commonly used for measuring breathlessness, musculoskeletal pain, and other 

kinds of somatic symptoms (Borg at al., 2010; Zamunér et al., 2011).  

3.7. Tasks 

The participant activities required by this study included walking and sprinting. Foot patrols 

are usually required at some point in every officer’s career and may remain part of their daily 

work activities. Therefore, the first experiment in the study featured a walking task using the 

force plates to collect GRF data. In addition, sprinting is a typical task required in assessment 
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of officer applicants. The POPAT (see Appendix B) includes four 100-yard sprints in a 

physical assessment to simulate on-the-job scenarios. The CI recommends assessing 

employees using a 300-meter sprint, as it tests anaerobic power, which is an important 

component when in pursuit of suspects. With no national database on the physical fitness 

level of first responders, the fitness standards developed by the CI have become a standard of 

evaluation of fitness levels of law enforcement officers. Consequently, the sprinting task as 

part of the CI was also selected for this study, as it imposes a high physical demand on 

officers. This task has not been previously investigated in relation to duty belt design. A 

treadmill was used for the sprinting task. The speed of the treadmill was fixed to 220 meters 

(the fastest speed of the treadmill) per 60 seconds. According to CI standards (see Appendix 

C), a fair rating (40th percentile) on the 300-meter sprint for a 20-29year-old male is 59 

seconds. For a 30-39 year-old male, the sprint time is 58.9 seconds. These fair ratings are 

also used as a minimum criterion for applicants to the Raleigh Police Department, Police 

Academy. 

 During the experiment, participants completed both tasks wearing either no belt or a 

loaded duty belt. During a normal work shift, officers would normally be wearing body 

armor. For the present study officers completed the tasks without wearing body armor as if 

would interfere with the EMG electrodes and heart rate monitor.  In addition to the 12 test 

trials in which participants were required to wear a duty belt. There were also two control 

condition trials in which participants complete the identified tasks without a duty belt. The 

control condition trials increased the total trial count to 14. The participants always 

completed all trials of the walking task before completing the sprinting trials. This was done 



 

80 

in order to reduce the impact of a carryover effect as the running task would require greater 

exertion than the walking task. A 5-minute rest period was provided between each sprinting 

trial to reduce the potential for fatigue carryover effects on subsequent trials (Astrand and 

Rodahl, 1986). During the walking trials a 1 to 2-minute break was provided between each 

trial.  

3.8.Procedure 

Police officers interested in participating in the experiments contacted the research team. The 

team sent a copy of the consent form to the participant and verified that the participant met 

the inclusion/exclusion criteria for the study. The participant was subsequently scheduled to 

visit the Ergonomics Lab (Daniels Hall, Room 457) for participation in the study. The 

researcher told volunteer officers to wear his work boots (hard sole shoes) for the study. This 

action was taken to ensure that all participants wore the same type of shoe during test trials, 

as shoe sole compression can substantially influence ground impact force profiles captured 

by force plates. Each officer was also asked to bring his current duty belt, which was 

photographed and weighed for comparison with the defined test conditions. 

Upon arriving at the lab, participants were once again presented with a consent form 

and asked if he consents to participate in the study. If a participant had not recently passed a 

department fitness test, he would be tested in the lab using the requirements of the Raleigh 

Police Department (1-min sit-ups, 1-min push-ups, 300-meter run). If a participant failed to 

pass the physical exam, he was not permitted to participate in the experiments. However, this 

was never the case for any of the volunteer officers. Once written consent was obtained, 

participant anthropometry was measured (i.e., height, leg length, weight, shoe length and 
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width, and waist circumference). The body fat pinch test was also conducted in order to 

characterize officer body composition. While X-ray procedures (e.g., DEXA Scan), whole 

body plethysmography and hydrostatic weighing are more accurate, these methods are all 

impractical with the current NC State Ergonomics Laboratory setup or are very expensive. 

Bio-impedance is quick and easy to apply but readings are often affected by hydration status 

and skin temperature, making results less accurate. Skinfold calipers are reasonably accurate, 

low-cost and less likely to be impacted by hydration or skin temperature. Skinfold tests can, 

however, be inaccurate when collected by multiple researchers; therefore, in this study the 

same trained researcher conducted all tests on participants.  

In preparation for training, a heart rate (HR) monitor (Polar V800, Figure 31) with 

accompanying chest strap (Polar H7 heart rate sensor) was attached to the participant. This 

device was used to track participant HR over the course of the study in order to characterize 

fitness level. (HR was ultimately one of the variables that was evaluated as a potential 

covariate in statistical analyses of the effects of the controlled manipulations on the EMG, 

GRF and subjective rating responses.)  The HR monitor was worn for the entire study and 

cardiac data was collected for all trials. This equipment was expected to interfere with the 

EMG equipment, as muscles were selected to reduce adjacency or overlap of sensors used in 

the study. In addition, duty belt suspenders typically run down the parasagittal plane of an 

officer’s body; whereas, the transmitting portion of the HR monitor sits centrally on a 

wearer’s chest. This donning reduced the likelihood that the HR monitor interfered with the 

EMG equipment or the belt suspenders.  
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Figure 31: Polar V800 Heart Rate Monitor and Polar H7 Heart Rate Sensor (from 

https://www.polar.com/) 

Using the participant’s anthropometry, an overground walkway in the ergonomics lab 

was marked for the participant’s stride length. During the walking study trials, participants 

were asked to step at locations of tape on the overground walkway to ensure a consistent gait 

patterns (among subjects) and that his feet stuck the center of a force plate during each walk. 

A researcher subsequently demonstrated the study protocol to a participant. The researcher 

walked across the walkway embedded with the force plate. A metronome was used to control 

the cadence of the walk (speed). The metronome was set to 3 miles per hour (normal walking 

speed) and participants were instructed to take one stride for each beat of the metronome. 

Participants practiced walking across the walkway to the beat of the metronome. A 

researcher adjusted participant leading leg position on the walkway in order to increase the 

likelihood of footfalls on the center of the force plate with the desired leg. Data was captured 

for both legs for this study. Once a starting foot position was determined and a participant 

completed a few rounds of practice on the walkway, the participant began the baseline trials 

in which they did not don a duty belt. The participant subsequently completed two rounds of 

walking trials. Each trial consisted of five subsamples of “good strikes.” A “good strike” 

meant that both of the participant’s foot landed directly in the center of the respective force 

plate with the correct leg. The five “good strikes” for the right and left foot had to occur in 
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the same trials. After completing the baseline trials, the participant was familiarized with the 

duty belt configurations. During a short break, the participant donned the first duty belt 

configuration. The participant completed four trials with each belt configuration in which 

two of the trials involved wearing suspenders. The order of the suspender trials was 

randomized within each configuration for each participant. The suspenders were adjusted to 

the participant’s body size to ensure perception of some of the belt weight at the shoulders. 

The participant then walked across the walkway until they recorded approximately five good 

strikes. Once a trial was completed, the participant reported their perceived level of exertion 

to the researcher and prepared for the next trial by either putting suspenders on or switching 

to belt keepers. After four trials were completed with a belt configuration, the participant 

took off the duty belt and a researcher adjusted the equipment on the belt for the 

configuration to be tested. The participant repeated the same procedure for the new duty belt 

configuration. This process was repeated until all three belt configurations were tested.  

Participants were subsequently familiarized with the EMG system for muscle 

activation measurement. The EMG electrodes used in this study were applied as follows:  

(1) prepare skin locations for electrode placement (if necessary, shave the skin); 

(2) exfoliate the electrode placement site using abrasive gel, mark body locations for 

electrode placement (Appendix G); 

(3) press electrodes onto marked skin locations (muscle group and bony surface); 

(4) connect leads to the electrodes, and  

(5) tape-over the leads and electrodes to ensure they are secure at the surface of the skin.  
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Maximum Voluntary muscle Contractions (MVCs) were collected immediately after 

electrode placement to allow for standardization of the test trial EMG signals. Collecting the 

MVCs involved targeting specific back muscles to be monitored during the study. Haliki and 

Ginn’s (2012) literature review on MVCs was used to determine body segment movements 

that were used for this study.  In collecting the MVCs for the external oblique muscles, the 

participant performed a side plank with a hip hike, while a researcher was applying resistance 

at the top hip. The green arrow in Figure 32 shows the direction in which the participant 

moved their hip, while the red arrow denotes where the researcher applied resistance. This 

movement produces an MVC for the external oblique for the side nearest to the ground. The 

process was repeated on the opposite side of the body.   

 

Figure 32: MVC movement to isolate external obliques  

For the latissimus dorsi, participants completed two movements (see Figure 33) and the 

maximum value of the two different movements was used as the MVC. In the first 

movement, the participant completed a shoulder depression for the MVC which was 

accomplished through a seated pull-up with a researcher ensuring the shoulder blades were 
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being depressed and applying resistance to further activate the muscle. The second 

movement involved participants laying on their stomach with their arms at their side and 

participants raising their arms straight up. The MVC trials lasted 3-5 seconds with 3 trials per 

muscle. Breaks of 1-2 minutes were provided between each contraction.  

   

Figure 33: MVC movements used for the latissimus dorsi muscles: (1) participants completed a straight 

legged pull up in which they depressed their scapula and a researcher applied a downward resistance at 

the participant's shoulders (left); and (2) the participant laid on their stomach with hands at their sides 

raising them straight up while resistance was applied down on their arms (right) 

Participants subsequently completed physical task training (i.e., a 60 second sprint on 

the treadmill at a pace of 220 meters/60 seconds). Figure 34 shows the treadmill used in the 

study. Participants could use this time to warm-up/stretch if they so choose. Participants then 

completed baseline trials in which they ran on the treadmill with no equipment for 60 

seconds with EMG being collected. After the first baseline trial, participants were provided a 

5-minute break during which they completed the Borg CR-10 subjective workload survey 

(Borg, 1998). Once the rest period was completed, the participant performed the second 

baseline trial and repeated the process.  
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Figure 34: Biodex RTM400 treadmill used for the second experiment in this study 

After the participant completed the Borg survey, the participant donned the first belt 

configuration that was used during the running trials. The participant then ran on the 

treadmill for 300 meters. Once the running trial was complete, the participant filled-out the 

two surveys and the belt was set-up for the next experiment trial. The participant repeated 

this cycle of events until all repetitions for the three belt configurations were completed. 

During the final rest period, participants completed an open-ended interview regarding the 

testing of the belts. The questions focused on the equipment configurations (personal 

preference), including positive and negative comments on all configurations (i.e., discomfort, 

equipment access, etc.), thoughts on the two duty belt designs, recommendations to improve 

the belts, opinions on belt adoption, and which of the equipment configurations/duty belts did 
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they personally prefer. Participants were also asked information on their current duty belt 

layout and rationale on all equipment placement. EMG electrodes were removed from 

participants. The participants were then compensated for their time at a rate of $35 per hour. 

The study took between 4 to 5 hours for each participant. 

3.9. Hypotheses 

Based on the findings in the existing literature on law enforcement and military operators, the 

following hypotheses (H) were formulated:  

• With regards to the first experiment and the three equipment placement 

configurations, specifically the ergonomic configuration compared to the other two 

conditions: the ergonomic layout was expected to decrease the nGRFs (H1) and 

decrease perceived exertion ratings (H2).  

• With respect to the first experiment and to the two duty belt designs: it was expected 

that the addition of suspenders would decrease the nGRFs (H3) and decrease the 

perceived exertion ratings (H4).  

• Additionally, it was expected that the nGRF values will be positively correlated with 

the perceived exertion results (H5).  

• With regards to the second experiment and the three equipment placement 

configurations, specifically the ergonomic configuration compared to the other two 

conditions: the ergonomic layout was expected to decrease the mean EMG as a 

percentage of MVC (H6) and decrease perceived exertion ratings (H7).  
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• With respect to the second experiment and to the two duty belt designs: it was 

expected that the addition of suspenders would decrease the mean EMG as a 

percentage of MVC (H8) and decrease the perceived exertion ratings (H9).  

• Lastly, it was expected that the EMG values will be positively correlated with the 

perceived exertion results (H10).  

3.10. Data Analysis 

3.10.1. Data Processing 

3.10.1.1. Ground Reaction Force Data 

Prior to data analysis, the GRF responses were normalized in accordance with Eq. 1. Each 

trial consisted of 5 subsamples for each foot. An example of a GRF profile for a complete 

stride profile is shown in Figure 35 with the blue line representing the vertical GRFs, the red 

representing the medial-lateral GRFs, and the green representing the anterior-posterior GRFs. 

The dashed profile represents the right foot in this example, while the solid line is the left 

foot. During data processing, Peak 1 and Peak 2 for each foot were determined for each 

subsample of vertical nGRF. Corresponding points were identified for the anterior-posterior 

and the medial-lateral nGRFs. For each trial, the 5 subsamples for Peak 1 were averaged 

together. This process was repeated for Peak 2, the opposite foot, and the other nGRF 

responses. For each trial for each foot, the maximum point (Peak 1 or Peak 2) was identified 

for each trial. For the medial-lateral and anterior-posterior GRFs, the absolute value of all 

data points for each trial was found and the maximum value was identified for each 

subsample. The five subsamples of each trial’s three nGRFs were averaged together to obtain 

a mean vertical nGRF, mean medial-lateral nGRF, and mean anterior-posterior nGRF for 
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each foot. For the medial-lateral response (red), the data less than zero represents medial 

forces while greater than zero represents lateral forces (Wannop et al., 2012). 

 

Figure 35: Stride profile (right foot dashed, left foot solid) for a gait event with the vertical GRF profiles 

in blue, the medial-lateral in red, and the anterior-posterior in green 

3.10.1.2. Electromyography Data 

The EMG data was also processed prior to data analysis. The raw EMG data for each muscle 

was first submitted to a 2nd order band-pass filter between 10 and 400 Hz. The data was then 

rectified (the absolute value was taken) and then passed through a linear envelope, which 

consisted of a low-pass filter with a cut-off frequency of around 2.5 Hz. After the linear 

enveloping, the data was smoothed. This filtering procedure is standard according to the 

Department of Health and Human Services (1992). With the noise removed, the EMG data 

were normalized using the MVCs for each muscle for each participant. In the event that a 

trial produced a higher value than the MVC, the maximum value across all the test trials for 

that muscle was replaced as the MVC for the participant.  
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3.10.2. Data Cleaning 

3.10.2.1. Ground Reaction Force Data 

Regarding the GRF data, the observations from one participant were excluded from the first 

experiment as there was an error with the apparatus being used. The participant also failed to 

follow instructions. The participant’s data was excluded from the first experiment data 

analysis.  

3.10.2.2. Electromyography Data 

In total, three participant datasets were excluded from the EMG data analysis. Despite 

controlling the temperature of the room, one participant sweated off too many electrodes and 

therefore his data was excluded from the analysis. One participant suffered from knee pain 

towards the end of the study and had to terminate early. As his knee pain could have led to 

compensation in the back muscles, the officer’s entire dataset was excluded from the 

analysis. The last participant’s dataset was excluded due to a recording error by an 

experimenter in which some of the data was overwritten for the participant. A total of 18 

participants were included in the EMG data analysis. Various test trials were excluded from 

the analysis in the event that an electrode fell off a participant. Table 15 describes the number 

of trials excluded for each muscle.  

Table 15: Number of data points excluded from the analysis for the EMG dataset 

Muscle Number of Points Excluded 

Left Latissimus Dorsi 14 

Right Latissimus Dorsi 23 

Right External Oblique 10 

Left External Oblique 13 
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3.10.3. Variance analytics  

Analysis of Variance (ANOVA) was applied to all cleaned response measures collected 

during the experiments. Prior to application of the ANOVA procedure, diagnostics on 

response data were performed to determine if the assumptions of the parametric procedure 

were met, including: homoscedasticity and normality of response residuals across 

experimental conditions. Barlett’s test (Snedecor & Cochran, 1989) was used to assess data 

conformance to homoscedasticity and Shapiro-Wilk’s test (Shapiro & Wilk, 1965) was used 

to assess data conformance with normality. While some of the response measures conformed 

to the parametric assumptions, many of the responses did not. For the response measures that 

did not conform, transformations (e.g., log, square root, or cube root) were applied and were 

effective for ensuring parametric assumptions for some response measures. In cases where 

neither the raw or transformed data conformed to parametric assumptions, ranked 

observations were submitted to the parametric procedure (ANOVA). When the 

nonparametric results were similar to the results of the ANOVAs on the raw response 

measures, the parametric analyses are considered valid (Montgomery, 2017) and are reported 

below. Various covariates were explored in the statistical models including: body fat 

percentage, age, years on force, height, weight, and trial number. Significant covariates were 

retained in the final statistical models.  

With three levels of the belt configuration variable, post-hoc analyses were conducted 

to identify any significant differences among the specific configurations. Tukey-Kramer or 

Steel Dwass post-hoc analyses were used to identify those equipment configurations that 

were not statistically equivalent in terms of the identified response measures. 
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3.10.3.1. Statistical Model for Experiment 1 

The below statistical model was used to assess the effects of the belt design 

enhancement and equipment configurations as well as the interaction of these variables on 

the dependent variables. Various covariates were also tested in this statistical model but were 

removed as they were not found to be significant. 

𝑦𝑖𝑗𝑘𝑙𝑚 = µ + 𝐶𝑖 + 𝐺𝑗 + 𝑆(𝐺)𝑘(𝑗) + 𝑒(𝑊𝑃)𝑗𝑘 + 𝐷𝑙 + (𝐶𝐷)𝑖𝑙 + 𝑒(𝑆𝑃)𝑖𝑗𝑘𝑙𝑚 

 Where:  

 i= 1, 2, 3 

 j= 1, 2, 3 

 k= 1,…, 21 

 l=  1, 2 

 m= 1,2 

 µ: overall mean 

C: main effect of equipment configuration on the duty belt 

G: main effect of participant group 

 D: main effect of design enhancement (without suspenders/with suspenders) 

 S: subject blocking factor 

DC: interaction between the main effects duty belt and equipment configuration 

e(WP): iid random error with distribution (0, σw
2) 

e(SP): iid random error with distribution (0, σs
2) 

 

3.10.3.2. Statistical Models for Experiment 2 

The below statistical model was used to assess the effects of the belt design 

enhancement and the equipment configurations as well as the interaction of these variables 

on the Borg CR-10 data. Various covariates were tested in the model. A trial covariate was 

ultimately included in the statistical analysis for the Borg CR-10 subjective data.    

𝑦𝑖𝑗𝑘𝑙𝑚 = µ + 𝐶𝑖 + 𝐺𝑗 + 𝑆(𝐺)𝑘(𝑗) + 𝑒(𝑊𝑃)𝑗𝑘 + 𝐷𝑙 + (𝐶𝐷)𝑖𝑙 + 𝑇𝑚 + 𝑒(𝑆𝑃)𝑖𝑗𝑘𝑙𝑚𝑛 

 Where:  

 i= 1, 2, 3 

 j= 1, 2, 3 
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 k= 1,…, 18 

 l=  1, 2 

 m= 1,…,10  

 n= 1,2 

 µ: overall mean 

C: main effect of equipment configuration on the duty belt 

G: main effect of participant group 

 D: main effect of design enhancement (without suspenders/with suspenders) 

 S: subject blocking factor 

T: trial order covariate 

DC: interaction between the main effects duty belt and equipment configuration 

e(WP): iid random error with distribution (0, σw
2) 

e(SP): iid random error with distribution (0, σs
2) 

 

In preliminary analysis of the EMG data, the group variable was significant. Group 1 

had a higher mean normalized EMG amplitude than the other groups. Consequently, the 

anthropometry data was aggregated for each group to see if any covariates should be 

included in the statistical model (Table 16). The mean measurements for each group revealed 

that Group 1 had the highest body fat percentage compared to the other groups. As a result, 

body fat was tested as a covariate in the statistical model and was revealed to be significant 

for some of the muscles. Therefore, body fat was retained in the final statistical model. 

Table 16: Mean anthropometry and descriptive characteristics for each of the groups 

GROUP 1 2 3 

AGE 30.50 28.17 26.50 

WEIGHT 196.17 210.83 182.67 

HEIGHT INCHES 69.83 72.83 71.17 

BMI 28.25 27.94 25.34 

WAIST CIRCUMFERENCE 37.83 38.70 33.75 

BODY FAT % 23.19 20.93 19.88 

LEG LENGTH 39.83 41.83 39.92 

SHOE LENGTH 12.25 13.17 12.25 

SHOE WIDTH 4.83 5.00 4.92 
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The following statistical model was used to assess the effects of the belt design 

enhancement and the equipment configurations as well as the interaction of these variables 

on the normalized EMG responses:  

𝑦𝑖𝑗𝑘𝑙𝑚 = µ + 𝐶𝑖 + 𝐺𝑗 + 𝑆(𝐺)𝑘(𝑗) + 𝑒(𝑊𝑃)𝑗𝑘 + 𝐷𝑙 + (𝐶𝐷)𝑖𝑙 + 𝐹𝑚 + 𝑒(𝑆𝑃)𝑖𝑗𝑘𝑙𝑚𝑛 

 Where:  

 i= 1, 2, 3 

 j= 1, 2, 3 

 k= 1,…, 18 

 l=  1, 2 

 m= 1,…,10  

 n= 1,2 

 µ: overall mean 

C: main effect of equipment configuration on the duty belt 

 D: main effect of design enhancement (without suspenders/with suspenders) 

 S: subject blocking factor 

F: Body fat percentage covariate 

DC: interaction between the main effects duty belt and equipment configuration 

e(WP): iid random error with distribution (0, σw
2) 

e(SP): iid random error with distribution (0, σs
2) 

  

3.11. Results 

A significance level of α=0.05 was used as a criterion for establishing statistical significance 

of all ANOVA and post-hoc test results. All graphs presented of response measures include 

untransformed mean values at the top of bars. All error bars represent +/- 1 standard 

deviation. All physiological responses were normalized with the GRFs normalized to each 

participant’s body weight. The EMG data was normalized to each participant’s MVC for that 

muscle; therefore, the normalized EMG data could span from 0 to 1.  
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3.11.1. Experiment 1 

The descriptive statistics for both the subjective Borg CR-10 ratings and the nGRF responses, 

in relation to the specific belt configurations, are shown in Table 17.  

Table 17: Descriptive Statistics for the Dependent Variables for the Various Belt 

Configurations for Experiment 1 

 

Police Preference Hindi Ergonomic 

Mean SD Mean SD Mean SD 

Borg 0.7857 0.8548 0.7976 0.8033 0.7738 0.8155 

Vertical GRF 

Left 1.1145 0.0461 1.1178 0.0489 1.1109 0.0499 

Right 1.1065 0.0431 1.1094 0.0454 1.1023 0.0459 

Medial-Lateral GRF 

Left 0.0944 0.0177 0.0888 0.0155 0.0885 0.0139 

Right 0.0893 0.0230 0.0844 0.0214 0.0841 0.0189 

Anterior-Posterior GRF 

Left 0.2220 0.0272 0.2212 0.0268 0.2208 0.0278 

Right 0.2178 0.0237 0.2163 0.0231 0.2169 0.0249 

 

The descriptive statistics for both the subjective Borg CR-10 ratings and the nGRF responses, 

in relation to the levels of belt design enhancement, are shown in Table 18.  
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Table 18: Descriptive Statistics for the Dependent Variables for the Design Enhancement 

Condition for Experiment 1 

 

Without Suspenders With Suspenders 

Mean SD Mean SD 

Borg 0.8015 0.8296 0.7698 0.8165 

Vertical GRF 

Left 1.1117 0.0474 1.1171 0.0491 

Right 1.1045 0.0443 1.1077 0.0453 

Medial-Lateral GRF 

Left 0.0907 0.0163 0.0904 0.0157 

Right 0.0860 0.0215 0.0858 0.0210 

Anterior-Posterior GRF 

Left 0.2206 0.0269 0.2220 0.0275 

Right 0.216565 0.0234 0.2175 0.0244 

 

The Borg CR-10 ratings failed to meet the assumptions of the ANOVA procedure; however, 

the results of the nonparametric analysis and the parametric analysis revealed similar results, 

thus the parametric results are reported. The ANOVA on the Borg CR-10 ratings for the first 

experiment did not reveal a statistically significant difference among the belt configurations 

(F (2,38) = 0.12, p= 0.8870) or the design enhancement conditions (F(1,177)=2.33, p= 

0.1283).  

The vertical nGRF data for the right foot met the assumptions of the ANOVA 

procedure, while the left foot met the parametric assumptions after a log transformation. An 

ANOVA on the vertical nGRFs for both the right and the left foot were found to be 

statistically significant with respect to the belt configuration (F(1,40)= 5.05, p=0.0111 and 

F(1,40)= 4.83, p=0.0132, respectively). The average vertical nGRF for the left foot was 

greater than that of the right foot for all configurations. In regard to the average vertical 
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nGRF for each belt, the Hindi belt configuration resulted in the greatest vertical nGRF 

followed by the police preference configuration with the ergonomic configuration resulting 

in the lowest vertical nGRF values for both feet. Tukey’s HSD post-hoc tests revealed that 

the Hindi configuration resulted in a statistically significant difference from the ergonomic 

belt configuration, but not the police preference configuration. Figure 36 shows the mean 

vertical nGRF for both the right and left foot with respect to the belt configuration.  

 

 

Figure 36: Mean vertical nGRF response measures for both the left and the right feet for each belt 

configuration 

An ANOVA on the vertical nGRFs for both the left and right foot revealed a statistically 

significant effect of the belt design (F(1,186)= 10.67, p=0.0013).  On average, the addition of 

the suspenders resulted in a higher vertical nGRF for both feet; however, the left foot saw a 

greater increase in the mean vertical nGRF with the addition of the suspenders than the right. 

Figure 37 shows the mean vertical nGRF for both the right and left foot with respect to the 

design enhancement condition. 0 
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Figure 37: Mean vertical nGRF response measures for both the left and the right feet for the belt design 

conditions 

The medial-lateral nGRF data for the left foot met the assumptions of the ANOVA 

procedure after a log transform; however, the right foot failed to meet the parametric 

assumptions after transformations. The results of the nonparametric and parametric analyses 

for the right foot medial-lateral nGRF response were similar and did not reveal any 

statistically significant effects. The ANOVA on the medial-lateral nGRF revealed a 

statistically significant effect of belt configuration (F(1,40)= 3.95, p=0.0272). The average 

medial-lateral nGRF for the left foot was greater than that of the right foot for all 

configurations. With respect to the average medial-lateral nGRF for each belt, the police 

preference belt resulted in the greatest medial-lateral nGRF followed by the Hindi 

configuration with the ergonomic configuration resulting in the lowest medial-lateral nGRF 
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Hindi configuration. Figure 38 shows the mean medial-lateral nGRF for both the right and 

left foot with respect to the belt configuration.  

 

 

Figure 38: Mean medial-lateral nGRF response measures for both the left and the right feet for the belt 

configuration condition 
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nGRF there was no statistical significant difference for either foot.  On average, the addition 

of the suspenders resulted in a slightly lower medial-lateral nGRF for both feet. The anterior-
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Table 19: Descriptive Statistics for the Dependent Variables for the Various Belt 

Configurations for Experiment 2 

 
Police Preference Hindi Ergonomic 

 
Mean SD Mean SD Mean SD 

Borg 4.7976 1.7060 4.5366 1.5729 4.6667 1.6598 

Latissimus Dorsi 

Left 14.90% 7.70% 15.82% 8.09% 15.34% 7.26% 

Right 14.62% 6.20% 15.23% 7.36% 16.55% 8.65% 

External Obliques 

Left 27.61% 9.13% 27.54% 9.85% 27.68% 10.36% 

Right 24.81% 13.72% 25.86% 12.05% 25.28% 12.84% 

 

The descriptive statistics for both the subjective Borg CR-10 ratings and the EMG responses, 

in relation to the belt design conditions, are shown in Table 20.  

Table 20: Descriptive Statistics for the Dependent Variables for the Design Enhancement 

Configuration for Experiment 2 

 
Without Suspenders With Suspenders 

 
Mean SD Mean SD 

Borg 4.6480 1.6277 4.6880 1.6676 

Latissimus Dorsi 
    

Left 15.39% 7.76% 15.31% 7.60% 

Right 15.83% 7.64% 15.11% 7.35% 

External Obliques 
    

Left 27.98% 9.81% 27.25% 9.71% 

Right 25.44% 12.74% 25.17% 13.00% 

 

The Borg CR-10 ratings failed to satisfy the assumptions of the ANOVA procedure; 

however, the results of the nonparametric analysis and the parametric analysis revealed 

similar results; thus, the parametric results are reported here. The ANOVA on the Borg CR-

10 ratings for the first experiment did not reveal a statistically significant difference among 

the belt configurations (F (2, 38.11 = 1.06, p= 0.3572) or the belt design conditions 

(F(1,175.11) =1.50, p= 0.2219); however, the trial covariate (Figure 39) was statistically 
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significant (F(11, 179.3) = 3.69, p < 0.0001). There was an increasing trend in ratings 

towards the latter trials. 

 

Figure 39: Mean Borg CR-10 ratings for each trial 

The results for the post-hoc analysis is presented in Table 21. Trials not connected by the 
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Table 21: Post-hoc analysis results for trial effect seen in Borg CR-10 responses. (Note: Trials 

not connected by the same letter are significantly different.) 

Trial Related Groups 

1    D 

2    D 

3   C D 

4  B C D 

5 A B C D 

6 A B   

7 A B   

8 A B C  

9 A B   

10 A    

11 A    

12 A    

 

The EMG data for all four muscles failed to meet ANOVA assumptions. For the left 

latissimus dorsi, the results of the nonparametric analysis and the parametric analysis 

revealed no significant findings. For the right latissimus dorsi, the results for the parametric 

and nonparametric analysis were not similar; thus, only the nonparametric results are 

presented here. The analysis on the right latissimus dorsi revealed significant effects of the 

belt configuration (F(1,33.08)= 3.54, p=0.0403) and body fat (F(1,14.05)= 20.10, p=0.0005). 

Post-hoc tests revealed no statistically significant differences between the belt configurations. 

Figure 40 shows the mean normalized EMG as a percentage of the MVC for both the right 

and left latissimus dorsi for each belt configuration. While the design enhancement 

manipulation was not statistically significant, the average normalized EMG signal (see 

Figure 41) for both, the right and left, latissimus dorsi were lower when wearing the 

suspenders.  
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Figure 40: Mean normalized EMG as a percentage of MVC for both the left and the right latissimus dorsi 

for each belt configuration 

 

Figure 41: Mean normalized EMG as percentage of MVC response measures for both the left and the 

right latissimus dorsi for each belt design condition 
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For the right external oblique, the results of the nonparametric analysis and the 

parametric analysis revealed no significant findings. For the left external obliques, the results 

for the parametric and nonparametric analyses were similar; thus, only the parametric results 

are presented here. The analysis on the left external obliques revealed a significant effect of 

the belt design condition (F(1,148)= 5.57, p=0.0196). Figure 42 shows the mean normalized 

EMG as a percentage of the MVC for both the right and left external obliques for each belt 

design condition. While the design condition did not produce a statistically significant effect 

for the right external oblique, the average normalized EMG signal for both, the right and left, 

external obliques were lower when officers were wearing suspenders. 

 

Figure 42: Mean normalized EMG as percentage of MVC for both the left and the right external obliques 

for each belt design condition 
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3.11.3. Survey Responses 

In addition to the EMG, nGRF, and subjective perceived exertion ratings, participants were 

asked a variety of open-ended questions. Similar answers were identified and the percentages 

of officers responding with those answers were determined. Many of the survey questions 

were the same as those posed to officers during the Phase 1 ride-along portion of the 

research. It is important to note that the ride-alongs were conducted with officers all from the 

same police department; whereas, the GRF and EMG analysis experiment included officers 

from seven different departments. All seven departments have different duty belt 

requirements including what equipment is placed on a belt and what type of belt is required 

for officer use. Figure 43 presents the responses to the open-ended question, “What do you 

like about your current duty belt?” All of the officers who used a nylon belt reported that 

they liked the belt design. In addition, the officers who used a nylon belt often noted that the 

belt was breathable and that they liked the buckle. Few positive belt comments were 

provided by those officers who did not use a nylon belt.  

 

Figure 43: Responses to the open-ended question on what participants reportedly liked about their 

current duty belt 
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Figure 44 presents the responses to the open-ended question, “Do you experience 

musculoskeletal discomfort from your belt?” Approximately 90% of participants reported 

experiencing musculoskeletal discomfort from their duty belt with the most common 

complaints being low-back discomfort/tightness/pain, hip pain/discomfort, and tingling in the 

legs and hips.  

 

Figure 44: Responses to the open-ended question of whether officers experience discomfort from their 

belts with the percentage of participant responses 

Figure 45 presents the responses to the open-ended question, “What problems do you 
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Figure 45: Responses to the open-ended question on current problems officers experience with their belts 

with the percentage of participant responses 

Additionally, officers were asked for recommendations they would make for duty belt 

design and configuration. Figure 46 presents the results to the question “What 

recommendations do you have to improve your current belt?” Eighty-six percent of officers 

stated that they would like to use suspenders to reduce the load on their lower back or to use 

a combination of a load-bearing vest and a traditional duty belt.  
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Figure 46: Responses to the open-ended question about recommendations for improvements that could 

be made with the percentages of participant responses 

Participants were also asked specifically about belt suspenders. When asked if the 

officers liked the suspenders (Figure 47), 82% were favorable in response while the 

remaining 18% did not like the suspenders or were indifferent. All the officers, who stated 

they liked the suspenders, also stated that they would be interested in using suspenders 

during their shifts. Many officers also stated that they would be researching the suspenders 

on their own to order a pair. Officers were also asked for their overall opinions on the 

suspenders (Figure 48). Eighty-two percent of officers said that the suspenders reduced stress 

on the lower half of their body.  

 

Figure 47: Responses to the question of whether participants liked their experience with the suspenders 
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Figure 48: Responses to the open-ended question about participants’ overall thoughts on suspender use 

during the study 
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represent a form of functional asymmetry. According to the theory, the non-dominant lower 

limb contributes more to support the body during movement, while the dominant lower limb 

contributes more to forward propulsion (Allard et al., 1996; Herzog et al., 1989; Sadeghi et 

al., 1997; Seeley et al., 2008).  In the present study, this phenomenon of bilateral asymmetry 

was observed with the non-dominant left foot (for all participants) resulting in higher nGRFs 

than the right foot.  

The first hypothesis posited that with respect to equipment placement, the ergonomic 

configuration would serve to decrease the nGRFs (H1). This hypothesis was partially 

supported by the results. The ergonomic configuration resulted in a decreased vertical nGRF 

across both feet and a decreased medial-lateral nGRF in the left foot in comparison to the 

Hindi and Police Preference configurations. While not statistically significant, the right foot 

showed a decrease in the medial-lateral nGRFs as well, when the ergonomic configuration 

was compared to the other configurations. With respect to the anterior-posterior nGRFs for 

both feet, the hypothesis was refuted. Table 22 depicts the weight distributions across the 

participant dominant and non-dominant sides for each of the belt configurations.  

Table 22: Weight distributions across dominant and non-dominant sides of participants for 

each belt configuration 

Belt Configuration Weight Distribution (oz) 

Dominant Side  Non-dominant side 

Police Preference 64 100.8 

Hindi 75.4 90.3 

Ergonomic 83.2 81.6 

 

For the vertical nGRF response measures for both feet, the Hindi configuration resulted in 

the greatest nGRF followed by the police preference condition with the ergonomic 
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configuration resulting in the lowest nGRF responses. The post-hoc analysis revealed a 

statistically significant difference between the Hindi and ergonomic belt configurations. In 

general, the higher the vertical GRF forces are on the body (Elftman, 1938), the more 

activation of back muscles that is required to stabilize the upper body or trunk. Therefore, the 

ergonomic belt producing the lowest vertical nGRFs across both feet could alleviate back 

pain by requiring smaller muscle moments to stabilize the body (Zahraee et al., 2014). 

Another explanation could be that the ergonomic belt configuration has a nearly even weight 

distribution across the two sides of the body; thus, there is less of an unevenness requiring a 

compensatory movement that could have resulted in higher nGRFs for the other two belt 

configurations. 

For the medial-lateral nGRF response measures for both feet, the police preference 

belt resulted in the greatest nGRFs followed by the Hindi configuration with the ergonomic 

configuration resulting in the lowest nGRF responses. The post-hoc analysis on the left foot 

revealed a statistically significant difference between the police preference and ergonomic 

belt configurations. Several studies have found that changes in medial lateral nGRF measures 

are insignificant in response to body loading (Harman et al., 2000; Lloyd & Cooke, 2000; 

Polcyn et al., 2002). The results from the present study are not in line with these previous 

findings as a significant increase in medial-lateral nGRF was observed with body loading. 

These results agree with Birrell et al. (2008). The increase in the medial-lateral nGRFs could 

be due to a decrease in stability that may be caused by the continual shift (in both the 

horizontal and vertical direction) of the body’s center of mass further away from its neutral 

position, when the duty belt is worn. The police preference condition had the greatest 
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discrepancy in load distribution with more weight being placed on the left side, while the 

ergonomic configuration differed by less than 2 ounces between sides. This means that the 

center of mass would have been shifted the most when the police preference belt was worn. 

A study has shown that the less the body center of mass is displaced, the greater the static 

stability of the individual during load carriage (Schiffman, 2004).  

The next hypothesis posited that the addition of the suspenders was also expected to 

decrease nGRFs (H3). The hypothesis was not supported by the results. The addition of 

suspenders increased the vertical nGRFs for each foot. This outcome is likely due to the 

relocation of the weight of the duty belt from the hips to the shoulders; thus, causing the 

weight of the duty belt to be closer to the body’s center of mass versus at the hips. The 

medial-lateral nGRFs were slightly smaller with suspenders than without, which could also 

likely be attributed to shifting the weight to the participant’s center of mass. The test 

condition absence of suspenders often led to officer pants sliding down and equipment 

weight was located on the participant’s hips.  

With respect to the perceived exertion levels, it was posited that the ergonomic belt 

configuration would decrease perceived exertion levels (H2) and that addition of the 

suspenders would also decrease perceived exertion (H4). Both hypotheses were not 

supported by the results as there was no statistically significant effect of the belt 

configuration or the design enhancement condition on the subjective perceived exertion 

ratings. The mean perceived exertion rating for all belt configurations and design 

enhancement combinations was above 0.5 but less than 1 on the Borg CR-10 perceived 

exertion scale. This means that the participants’ perceived exertions throughout the 
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experiment to fall between “very, very weak (just noticeable)” to “very weak.” In general, 

the length of a law enforcement officer’s shift is 8 to 12 hours depending on the role of the 

officer and the scheduling structure of the department. For the participants in this study, the 

mean shift length was 11.39 hours with approximately 36.2% (approximately 4.12 hours) of 

the shift spent on their feet. The average trial length to acquire five good strikes for each foot 

took approximately 2 minutes before the officers were given a rest period, which is 

significantly different than the break schedule for an on-duty officer. The participants were 

asked to rate the perceived exertion level at the end of each trial. The insignificant effect is 

likely due to the short duration of each trial and the overall nature of the task. The 

participants were completing a walking task, which for the short trial duration did not require 

a high level of exertion. Nearly every participant rated each individual trial with the same 

exertion level. This outcome means that if a participant rated their perceived exertion for the 

no equipment control condition as 0.5 or “very, very weak (just noticeable)”, they also rated 

every one of the 12 loaded experimental trials as a 0.5. This outcome means that the officers 

did not notice a difference in their perceived exertion levels in relation to the belt 

configuration or design enhancement condition.  

  Lastly it was expected that the nGRFs would be positively correlated with the 

subjective ratings (H5). Since, the perceived exertion ratings did not show any sensitivity to 

the independent variables in the experiment, a correlation analysis was not performed.  

3.12.2. Experiment 2 

The hypotheses for the second experiment posited that with respect to equipment placement, 

the ergonomic configuration was expected to decrease the mean EMG percentage of the 
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MVC (H6). This hypothesis was not supported by the results. For the latissimus dorsi 

muscles, there was no significant difference among belt configurations for the left side of the 

body. For the right latissimus dorsi, there was a significant difference in the muscle 

activation levels with the ergonomic belt resulting in the highest EMG amplitude followed by 

the Hindi configuration with the police preference configuration resulting in the lowest EMG 

activation levels. The latissimus dorsi muscles are impacted by arm swing during running 

with a positive correlation between muscle activation and treadmill speeds (Shin et al., 2013). 

The significant effect observed for the right latissimus dorsi may be attributed to the 

equipment location on the belt. For the ergonomic configuration, both the baton and the 

flashlight were positioned behind the pistol. The pistol size impacts participant arm swing 

and the ergonomic belt was the only configuration in which the baton was positioned behind 

the pistol. This configuration likely further altered the arm swing as the arm often hits the 

baton or the baton is hitting the participant’s back. The equipment distribution on the left side 

of the body likely did not have as great of an impact on arm swing as the right side. The 

external obliques did not show any sensitivity to the belt configuration.  

The research also posited the addition of suspenders would decrease the mean EMG 

percentage of the MVC (H8). This expectation was partially supported. While only the left 

external oblique revealed a significant difference between the design conditions, the general 

trend for both external obliques was that the addition of suspenders decreased the mean EMG 

percentage of MVC. In general, the duty belt lies across an officer’s waist directly on the 

external obliques.  Without the suspenders, the muscles across one’s waist are supporting the 

duty belt, including: the erector spinae, internal obliques, external obliques, gluteus maximus, 
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and rectus abdominus. The addition of the suspenders shifted some of the weight of the duty 

belt to the upper back and shoulders, likely resulting in lower external oblique muscle 

activation. While the latissimus dorsi muscle activations levels did not reveal a significant 

effect of the design enhancement condition, they did reveal the same response trend as the 

external obliques. On average, the suspenders lowered the muscle activation levels, likely 

due to the shift in weight distribution from the low back to the shoulders.  

Preliminary EMG data analysis revealed a group effect. It was discovered that one of 

the groups had a higher body fat percentage than the other groups. Consequently, body fat 

was included as a covariate in the statistical model for responses with the group with the 

greatest body fat percentage producing the largest EMG signal amplitudes. The analysis of 

the right latissimus dorsi muscle response revealed the body fat percentage to be statistically 

significant. In general, research has shown that a greater skin to muscle distance or skinfold 

measurement leads to a decrease in the EMG signal amplitude (Enrique & Milner, 1994; 

Nordander er al., 2013). Our results contradict this statement but are in line with Colim et al. 

(2016). It is also possible that officers with a higher body fat percentage experience more 

pain from the duty belt and were more likely to volunteer for the study.  

With respect to the perceived exertion levels, it was posited that the ergonomic belt 

configuration would decrease perceived exertion levels (H7) and that the addition of the 

suspenders would also decrease perceived exertion (H9). Both of these hypotheses were not 

supported by the results as there was no statistically significant effect of the belt 

configuration or design condition on the subjective perceived exertion ratings. However, the 

trial covariate included in the statistical model was found to be statistically significant. While 
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a 5-minute rest period was provided to allow participants to recover, the rest period may not 

have been sufficient to address fatigue, as there was likely a carryover effect from one trial to 

the next. When investigating the maximum heart rate experienced by each participant, there 

was no trial effect; however, the heart rate at the beginning of each trial tended to be higher 

than the previous trials. This outcome means that a participant took longer to recover in 

between trials for the latter trials. However, ratings of perceived exertion are likely not purely 

a measure of physical exertion, but likely also reveal an affective component (Baden et al., 

2005). In their study of the effect of unknown exercise duration and an unexpected increase 

in exercise duration on ratings of perceived exertion, Baden et al. (2005) found that the 

unexpected increase in duration led to higher perceived exertion ratings than overall longer 

trials despite treadmill speed remaining consistent. This finding suggests that there is likely 

an anticipatory factor that contributes to the ratings of perceived exertion. This anticipatory 

factor may explain why participants perceived their peak mean exertion at Trial 10, directly 

before a drop in their perceived exertion levels in Trials 11 and 12. Participants likely 

anticipated the end of the experiment “was in sight”, which contributed to their overall 

perceived exertion ratings.  

Lastly it was expected that the mean normalized EMG results would be positively 

correlated with the subjective ratings (H10). Since, the perceived exertion ratings did not 

show any sensitivity to the independent variables in the experiment, correlation analyses 

were not performed.  
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3.12.3. Survey Responses 

In regard to officer “likes and dislikes” for duty belts, all of the officers that presently use a 

nylon belt liked the flexibility, buckle, and breathability of the belt. Those who did not have a 

nylon belt had few positive comments on their belt. One officer who was permitted to use a 

load-bearing vest could only use it when working the night shift, as public perception of the 

appearance was not considered to be critical. Six of the departments that participated in the 

study require their officers wear a leather belt despite nylon being more comfortable. This 

illustrates the fact that appearance of equipment is an important issue for departments when 

choosing mechanisms to carry equipment. This observation is in line with Derashi’s (2017) 

results stating that some officers sacrifice their own comfort to maintain a professional 

appearance.  

 In addition, the officers in the present study listed problems they were experiencing 

with their duty belts. These responses agreed with responses from the officers in Phase 1 of 

the research. The most common problems noted by officers included: the duty belt causing 

hip pain or hurting the low back, or equipment digging into the legs. Officers also reported 

belts being too rigid and that they had to constantly pull-up their belts. When asked what 

recommendations officers would make to improve load carriage, 86% stated that they would 

prefer a load-bearing vest but stated that the likelihood of departments adopting it would be 

slim due to militaristic appearance. These same officers then said that departments would 

more likely implement suspenders as the undershirt type exist and would not impact the 

overall outward appearance of officers.  
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 In general, participants were in favor of the suspenders worn during study with 82% 

expressing a preference for the suspenders with an additional 9% being indifferent, if their 

departments were to adopt suspenders. Many of the officers expressed a desire to purchase 

their own set of undershirt suspenders due to the relief they felt in their low back during the 

study. These results agree with the findings presented in a report by the Blackhawk Products 

Group (2010) submitted to the U.S. Department of Justice for funds provided to develop and 

test an ergonomic load-bearing system with the goal of alleviating discomfort, fatigue and 

chronic physical problems suffered by law enforcement officers due to the weight of loaded 

duty belts. In an iterative design approach to the development of an ergonomic load-bearing 

system, Blackhawk Products Group used patrol officers to field test a design over a period of 

a few weeks to 8 months. With a few exceptions, the majority of testers stated that 

suspenders provided a significant improvement in comfort in wearing duty belts and relieved 

back/hip pain that was often experienced when wearing duty belts. The comments from the 

patrol officers regarding suspenders were akin to the results of this study. Participants in the 

present study noted that they did not have to wear the belt as tight, were not constantly 

hiking-up their belt, and that the design caused less stress on the lower half of the body. 

Many officers noted the importance of appearance at work and the necessity to have a pair of 

suspenders that can be concealed. Problems with outer suspenders include: their appearance, 

the possibility of catching on things and trapping an officer, and the risk that an assailant 

could use the straps to manhandle the officer. A priority of the Blackhawk Product Groups 

design was to develop an undershirt suspender with one user stating, “they’re concealable – 

there’s no safety risk from someone grabbing on to them.”  The suspender systems that are 
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currently being recommended to police departments are undershirt suspenders to prevent the 

safety risks caused by outer suspenders.  

4. Conclusion 

4.1. Research Summary 

Lower back pain is one of the leading causes of lost productive work time across the 

workforce (Stewart et al., 2003). Police officers are more likely to suffer from nonfatal 

injuries and experience more days away from work than all other occupations. In the course 

of law enforcement duties, police officers carry various pieces of equipment on their person 

to maintain public and personal safety. Duty belts provide a mechanism for carrying such 

equipment; however, a full duty belt loaded with all recommended equipment can weigh up 

to 20 to 30 lbs. Related to this, each law enforcement department can select the type of duty 

belt to be used by officers and identify requirements for equipment layout on the belt (e.g., 

having the gun near the dominant hand). This lack of standardization across departments can 

lead to an unbalanced belt, equipment being inconvenient to access, and compromises in 

officer performance and safety. A loaded duty belt can also lead to officer muscle fatigue and 

overexertion injuries, and reduced officer performance resulting in injuries from violence.  

The present study was divided into two phases with the overall objective being to 

recommend a duty belt design for minimizing biomechanical loading as well as a system of 

equipment placement that reduces the load on the lower back and body muscles. The first 

phase of the study aimed to identify: (1) the most commonly carried equipment by officers, 

(2) current equipment placement configurations, and (3) design an ergonomic belt 
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configuration. The literature review and field study were used as a basis for developing a 

design framework for police officers to use in developing ergonomic configurations of 

equipment placement on duty belts. With a high prevalence of low-back pain among police 

officers and a lack of standardization of equipment placement on belts, duty belt equipment 

and weight are often identified as sources of low-back pain. The new design framework 

developed in this research is expected to aid officers in appropriate equipment configuration 

across a belt and balancing of belt weight. A balanced belt configuration is expected to 

reduce the potential for low-back pain in addition to reducing the probability of slips and 

falls attributable to imbalanced belts.  

The second phase of the research involved a biomechanics study which consisted of 

two experiments one in which participants completed a walking study where comparisons of 

GRFs were made and a second study in which participants completed a running task where 

comparisons of muscle activation levels were made for two selected belt designs (with and 

without suspenders) as well as three variations on equipment placement on the belt (officer 

preference, Officer Hindi’s system, and the ergonomic belt configuration from Phase 1). The 

goal of this study was to develop evidence of any benefit of contemporary belt designs and to 

assess the ergonomic equipment placement configuration. The walking study measured the 

GRFs and revealed the ergonomic belt configuration to reduce the vertical nGRFs and the 

medial-lateral nGRFs, when compared to the other belt configurations. These outcomes 

support the implementation of the design framework developed in the first phase of this 

research. However, the addition of suspenders increased the vertical nGRFs but reduced the 

medial-lateral nGRFs likely due to a shift in some of the weight distribution from the low back 
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to the shoulders and closer to the center of mass of the body. Perceived exertion ratings in belt 

use were shown to be insignificant in difference for among the conditions explored in either 

experiment. The results of the running study supported the implementation of suspenders in 

the workplace as it successfully reduced some of the muscle activation for the external 

obliques. In addition, feedback from officers indicated that they liked the suspenders and would 

recommend them to improve duty belt use. These findings all lead to the recommendation that 

police departments should investigate undershirt suspenders to reduce some of the low back 

pain experienced by law enforcement officers from the duty belts.  

4.2. Limitations 

There are several aspects of the experiments conducted as part of this study that may 

limit the generalizability of findings. To begin, depending on the location of the police 

department and the type of department, the nature of an officer’s work shift will vary. For 

instance, highway patrol officers tend to spend a majority of their day in the patrol vehicle; 

therefore, the running experiment in this study may not provide insightful results for the 

circumstances of highway patrol.  

Another limitation of this research is related to the new design framework. Application 

of the framework may only be effective for new officers and initial belt configurations. 

Changing a belt configuration for more senior and experienced officers can pose a safety risk 

as they likely have developed muscle memory for a particular configuration.  

Yet another limitation of this study is that only one campus police department was 

observed in the field study. The present research methodology should be verified with 

additional departments. Modifications to the design framework should be made, if additional 
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rationales are provided for equipment placement, particularly those relating to safety and 

accessibility issues.  

Finally, there was a limitation of this study in the recording of EMG signals. First, 

only four muscles were tracked due to the number of available channels as part of the EMG 

system used in the experiment. Other muscles that could have potentially shed light on 

officer low-back discomfort were not collected. For example, erector spinae activity was not 

observed due to the running task. Many people sweat where the erector spinae are located 

and pilot studies revealed that the electrodes would likely fall off frequently, resulting in lost 

data points. The rectus abdominus activity was also not observed as body fat content would 

impact the EMG signals. Finally, the EMG electrodes captured a substantial amount of noise 

due to participant clothing and/or suspenders interacting with the electrodes and sweat.  

4.3. Future Work 

With respect to the design framework for developing a balanced belt, a tool should be 

developed that will allow officers to input the desired equipment for carry and the respective 

weights of the equipment. The tool should then output a balanced ergonomic belt 

configuration.  

 Additional studies should be conducted to evaluate the ergonomic belt layout and 

suspenders with a population who has not developed “muscle memory” in their body for the 

duty belt.  

Furthermore, any efforts to reduce the size and weight of the equipment while 

maintaining similar lethality and protection capabilities should be pursued.  
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In the Blackhawk Products Group (2010) study, the majority of negative comments 

on belt design came from female officers, who noted that suspenders were uncomfortable for 

them and that a “one-size fits all” design may not be appropriate for everyone. This situation 

further illustrates the rationale of this study to focus on recommendations for male officers 

with future work investigating the impact of equipment placement and suspenders on female 

officers. The design of such equipment should be specialized to the female body.  

Beyond these directions, a longitudinal field study should be conducted to understand 

the impact of a balanced belt and the implementation of suspenders on officer biomechanical 

responses and muscle activity during typical work shifts.  
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APPENDIX A: The Cooper Institute Physical Fitness Assessment 
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APPENDIX B: POPAT Test for the Town of Chapel Hill Police Department 
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APPENDIX C: Phase 1 Questionnaire for Officer History and Discomfort 

Part 1: Anthropometry 

Height:___________________  Weight: ________________  Gender:________________ 

Waist Circumference: _____________________________ 

Part 2: Work History 

What is your current job title? 

_____________________________________________________________________ 

How long have you been in your current position? 

______________________________________________ 

How long have you been a law enforcement 

officer?_____________________________________________ 

What kind of training did you complete in order to be a law enforcement officer (i.e. police 

academy, community college program, etc.)? 

 

How often do you complete a physical agility exam (i.e. POPAT) for you current position? 

 

Do you currently suffer from any work-related conditions (i.e. low back pain)? 

 

Have you suffered from any work-related conditions (i.e. low back pain tunnel) in the last 3 

months? 

 

Within the last year? 

 

Part 3: Frequency of Exposure 

Do you work day or night 

shift?_____________________________________________________________________ 

Of your 12 hour shift, how many hours do you spend in the patrol 

vehicle?____________________ 

Of your 12 hour shift, how many hours do you spend on your 

feet?_____________________________ 

Please characterize what a typical shift looks like for you (i.e. what activities do you do, 

documentation, domestic violence cases, traffic stops, etc.).  
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Part 4: Body Discomfort Beginning of Work Day

 
 



 

151 

APPENDIX D: Phase 1 Questionnaire for Duty Belt Equipment and Related Problems 

Rating Scales 

Rating Frequency of use Life-saving capability 

5 Frequent/routine occurrence (“daily”) Very likely 

4 Likely (“weekly”) Likely 

3 Occasional or expected (“happens a 

few times a year”) 

Somewhat likely 

2 Seldom but not extraordinarily rare (1 

in 100) 

Unlikely 

1 Exceptional/extraordinarily rare (“1 

in a million”) 

Rare 

Equipment on Belt (moving 

clockwise from belt buckle) 

Weight  Frequency of 

Use Rating 

Life-saving 

Capability Rating 

    

    

    

    

    

    

    

    

How satisfied are you with your current duty belt? 

 

What problems do you have with your current duty belt design? 

 

Do you have any recommendations to improve the current duty belt? 
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Do you experience any musculoskeletal discomfort from the duty belt? If so, please 

characterize.  

 

Please explain your equipment configuration on your duty belt. Rationale behind equipment 

placement on the belt (i.e. easy access, used frequently, etc.) 

 

APPENDIX E: Equipment Placement Comments from Phase 1 

General "Place equipment with restraints or locking mechanism towards the front because it is harder 

for an attacker to grab my baton when he has to reach behind me." 

"Arrange my equipment for comfort and ease of access-being able to access all equipment 

without looking. I wear my belt tight so items don't move and always in the same place, so I 

can get what I need without looking or thinking." 

"My waist is too small to fit everything. So I do not carry everything" 

“All weapons on dominant side.” 

“I place things based on my training.” 

"Places nothing on my back to avoid falling on it and leaning on it when in the patrol vehicle." 

Gun "Placed on dominant hand side per department policy." 

Radio "Non-dominant side in order to communicate if gun is drawn." 

Baton "Place my baton on my dominant hand side"  

"Place my baton on my non-dominant side so I can cross-draw and expand as I pull it with my 

dominant hand." 

Flashlight "Placed on non-dominant hand side so I can draw it while I also have my gun drawn." 

Magazines "Place such that the non-dominant hand can grab and reload the gun held in the dominant 

hand." 

OC Spray "I put it where I have room." 

"I do not carry the spray anymore because I will never use it. I always get some in my eyes 

when I use it." 

Taser "Per department policy is placed on the non-dominant side to allow for cross-draw." (do not 

put TASER and gun on same side as it could lead officer to grab the wrong weapon) 

"I am ambidextrous. My gun goes on my right side and my TASER uses a lefty holster on my 

left. If a weapon is in my right hand then I know it’s my gun, and in my left hand, then I know 

it’s the TASER." 

"I angle the TASER as much as I can to avoid it digging into my leg." 

"I do not carry the TASER because I have no room for it."  

"I do not carry a TASER because it digs into my leg when I sit down and I never use it."  

Handcuffs "Place on non-dominant hand to allow for gun to be drawn. Was trained at BLET (or police 

academy) to handcuff with their non-dominant hand." 

"Quit carrying an extra set of handcuffs because never used them, and injured myself when I 

fell on them." 

Gloves "I put it in the center of my back as it fits nicely there." 

"The gloves are kept in my pocket, not on my belt." 

"I put the glove case upside down in the center of my back to avoid it unbuttoning every time I 

sit down." 
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APPENDIX F: Borg CR -10 

Please circle the rating which you think best describes how much effort you 

exerted for this task. 
 

Borg Rating Perceived Exertion Scale 

0 Nothing at all 

0.5 Very, very weak (just noticeable) 

1 Very weak 

2 Weak (light) 

3 Moderate 

4 Somewhat strong 

5 Strong (heavy) 

6 - 

7 Very Strong 

8 - 

9 - 

10 Maximal 
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APPENDIX G: EMG Placement Guide 

Regions where EMG will be placed 

• Latissimus Dorsi 

• Obliques 

 

1. Latissimus Dorsi 

Location: Palpate the scapula. Two active electrodes are placed (2 cm apart) 

approximately 4 cm below the inferior tip of the scapula, half the distance between 

the spine and the lateral edge of the torso. They are oriented in a slightly edge of 

approximately 25 degrees.  

 

Behavioral Test: Extend, adduct, or medially rotate the arm 

 

2. Obliques 

Location: Palpate the twelfth rib, the iliac crest,   and the belly of the erector spinae 

muscle. Two active electrodes are placed 3 cm apart, approximately 4 cm lateral from 

the vertebral ridge or the belly of the erector spinae muscle, and at a slightly oblique 

angle at half the distance between the twelfth ribs and the ilium. 
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Behavioral test: Hip hiking on the left, then the right; lateral bending; rotation 
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APPENDIX H: Demographic 

Part 1: Work History 

What is your current job title? 

_____________________________________________________________________ 

How long have you been in your current position? ____________________________ 

How long have you been a law enforcement officer?___________________________ 

What kind of training did you complete in order to be a law enforcement officer (i.e. police 

academy, community college program, etc.)? 

 

 

What kind of training have you completed during you employment as a law enforcement 

officer? 

 

 

How often do you complete a physical agility exam (i.e. POPAT) for you current position? 

 

 

 

Part 2: Frequency of Exposure 

Do you work day or night 

shift?_____________________________________________________________________ 

Of your 12 hour shift, how many hours do you spend in the patrol 

vehicle?____________________ 

Of your 12 hour shift, how many hours do you spend on your 

feet?_____________________________ 

Please characterize what a typical shift looks like for you (i.e. what activities do you do, 

documentation, domestic violence cases, traffic stops, etc.).  

 

 

 

 

 

Part 3: Lifestyle 

What are your daily activities when you are not on duty? 

 

 

 

Do you exercise or engage in physical activities regularly? 

 

 

What kind of physical activities do you do and how long per week do you engage in each of 

these activities? 
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APPENDIX I: Equipment Placement Comments from Phase 2 

General "Place equipment with restraints or locking mechanism towards the front because it is harder 

for an attacker to grab my baton when he has to reach behind me." 

"Arrange my equipment for comfort and ease of access-being able to access all equipment 

without looking. I wear my belt tight so items don't move and always in the same place, so I 

can get what I need without looking or thinking." 

"My waist is too small to fit everything. So I do not carry everything" 

“All weapons on dominant side.” 

“I place things based on my training.” 

"Places nothing on my back to avoid falling on it and leaning on it when in the patrol vehicle." 

Gun "Placed on dominant hand side per department policy." 

Radio "Non-dominant side in order to communicate if gun is drawn." 

Baton "Place my baton on my dominant hand side"  

"Place my baton on my non-dominant side so I can cross-draw and expand as I pull it with my 

dominant hand." 

Flashlight "Placed on non-dominant hand side so I can draw it while I also have my gun drawn." 

Magazines "Place such that the non-dominant hand can grab and reload the gun held in the dominant 

hand." 

OC Spray "I put it where I have room." 

"I do not carry the spray anymore because I will never use it. I always get some in my eyes 

when I use it." 

Taser "Per department policy is placed on the non-dominant side to allow for cross-draw." (do not 

put TASER and gun on same side as it could lead officer to grab the wrong weapon) 

"I am ambidextrous. My gun goes on my right side and my TASER uses a lefty holster on my 

left. If a weapon is in my right hand then I know it’s my gun, and in my left hand, then I know 

it’s the TASER." 

"I angle the TASER as much as I can to avoid it digging into my leg." 

"I do not carry the TASER because I have no room for it."  

"I do not carry a TASER because it digs into my leg when I sit down and I never use it."  

Handcuffs "Place on non-dominant hand to allow for gun to be drawn. Was trained at BLET (or police 

academy) to handcuff with their non-dominant hand." 

"Quit carrying an extra set of handcuffs because never used them, and injured myself when I 

fell on them." 

Gloves "I put it in the center of my back as it fits nicely there." 

"The gloves are kept in my pocket, not on my belt." 

"I put the glove case upside down in the center of my back to avoid it unbuttoning every time I 

sit down." 

 

  


