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Abstract 

Law enforcement agents often carry gear or equipment loads, which have a history of 

causing low back pain. Traditionally, police equipment is carried along a belt, which 

loads the pelvis and lower limbs. Over the shoulders, through a vest is an alternative 

method of load carriage for law enforcement agents. The aim of this study was to 

evaluate the differences in gear load carriage for law enforcement agents while walking. 

We hypothesize that there will be a difference in forces on the feet, timing of forces on 

the feet and trunk angle while distributing weight in a belt and a vest carriage strategies. 

Methods: Twenty-nine healthy participants were recruited to perform load carriage in 

three different conditions: a control trial (C) with no gear weight, a loaded nylon tactical 

gear belt (TB), and an anterior-loaded gear vest (ALV). The gear load carriage conditions 

had a total of 9.07 kg (20 lbs.) of weight. Moticon force sensors were placed in each shoe 

before participants walked on a treadmill for three minutes per condition. Data included 

gait timing and ground reaction forces that were measured using the Moticon force 

sensors. Trunk flexion/extension excursion was captured by a motion capture system. 

Results: Trunk flexion/extension excursion was significantly lower in the TB condition 

when compared to the C condition (p= 0.002). Double support time in the ALV condition 

was significantly longer when compared to the C condition (p= 0.023). Stance duration in 

the ALV condition was significantly longer when compared to the C and TB condition 

(p= 0.008 and 0.009, respectively). Mean ground reaction force was significantly greater 

in both the TB and ALV conditions, both with p= 0.00. Conclusion: There were 

differences found in mean trunk flexion/extension excursion, and gait timing when 

participants carried a gear load, demonstrating that participants walked in a more stable 

posture when they carried a load. 



1. Introduction 

Law enforcement agents often carry gear or equipment loads, which have a 

history of causing low back pain (Ershad et al.,2009, Filtness et al., 2014, Rodriguez et 

al., 2013). Lentz et al., (2020), reported that injuries to the low back contributed to the 

19.6 % of law enforcement injuries reported from the Canadian police service. Factors 

that attribute to low back pain of agents could include how they carry equipment across 

their bodies and how the vehicle seat interacts with their equipment (Filtness et al., 2014, 

Gyi et al., 1998). Most loads are typically carried on the shoulders or around the pelvis 

(Coombes et al., 2005). Traditionally, law enforcement equipment is carried along a belt, 

which loads the pelvis and lower limbs (Filtness et al., 2014). Other forms of load 

carriage can be performed over the shoulders with a backpack or a vest (Liu et al., 2013, 

Merati et al., 2001, Schulze et al., 2013). When comparing the two load carriage 

appointments, the belt method resulted in significant discomfort when compared to the 

vest when participants sat in police issued vehicle seats (Filtness et al, 2014). Although 

past studies have examined standard issued police equipment, no previous study has 

examined the effects of how the equipment load affects gait patterns and ground reaction 

forces. 

Other past studies have assessed the effects of asymmetrical load carriage while 

walking (Liu et al., 2013, Watson et al, 2008). Watson et al. (2008) found that walking 

with a symmetrical load, had a decreased oxygen consumption rate when compared to 

asymmetrical loading. Another past study, done by Liu et al., (2013), investigated short-

term and long-term postural stability, using with an accelerometer, to determine the 

effects of symmetrical load carriage in a vest. They found a short-term effect in the 

anterior-posterior direction of stability, while a long-term effect was found in anterior-



posterior, mediolateral and vertical stability. Liu et al., (2013) stated that load carriage 

placement affects trunk kinematics while walking.  

Trunk angle has been used to characterize differences in walking trials (Silder et 

al., 2013). For example, past studies have evaluated symmetrical load carriage, but a 

limited number of have studies have assessed front-loaded gear carriage while walking. A 

past study, by Andersen et al., (2007), showed a significant effect of both walking speed 

and load height on trunk posture and trunk muscle activity levels in two different 

conditions: the barbell and bucket experiments. In the barbell experiment, the walking 

trials generated 43% more trunk muscle activity than the standing trials. Alamoudi et al., 

(2018), found that trunk flexion increased based off of load positioning, with the most 

trunk flexion found when load carriage was placed in the frontal compartment. Although 

load distribution affects trunk posture and trunk muscle activity, other past studies have 

shown that force distribution at the feet changes as load distribution changes. 

One way to evaluate specific load carriage appointments is by examining the 

forces at the feet. Schulze et al., (2013), evaluated the forces at the feet while adding load 

to a solider to total traditional military equipment carriage. Researchers started with an 

unweighted control, and implemented piece-by-piece additions of standard issued 

military equipment, until standard equipment is being carried, weighing 31.13 kg in total. 

Schulze et al., (2013), found that as load carriage equipment increased in weight, the 

pressure contact area at the foot grew as necessary to help stabilize walking. However, 

the load carriage weight amounts are larger in this past study done by Schulze et al. 

(2013) then the typical 9.07 kg (20 lbs.) gear load for law enforcement. 



Amount of activity for law enforcement agents can be sporadic, with long 

amounts of sedentary time accompanied by short durations of standing, along with the 

possibility of high intensity shorter duration bursts. Understanding how gear load can 

affect trunk posture and forces at the foot, could possibly help law enforcement agents 

reduce injury and prolong healthy careers. One way to alter health outcomes for law 

enforcement agents would be to change how their equipment is loaded on their body. The 

aim of this study is to evaluate the difference in gear load between the belt and vest 

strategy for law enforcement agents while walking. We hypothesize that there will be a 

difference in magnitude of forces on the foot, timing of forces on the foot and trunk 

flexion/extension angle while distributing equipment weight around the body in the belt 

and vest load strategies. 

2. Methods 

2.1 Participants 

 

Twenty-nine (15 females and 14 males) healthy, participants were recruited as a 

convenience sample from California State University San Marcos. Subject characteristics 

are listed below in Table 1. We obtained written consent from all participants using forms 

and protocols approved by the California State University San Marcos Internal Review 

Board. Participant were instructed to wear athletic clothing and footwear in order to 

participant. Foot length was then measured for the foot sensors to determine the correct 

foot sensor size. Exclusion was assessed by a health history questionnaire, where each 

participant self-reported their ability to perform the study. Participants were excluded if 

they had a history of orthopedic surgery of the back, neck or shoulder within the past 5 



years that would interfere with load carriage. Subjects were also excluded if they had a 

history of heart disease, neurological disorders, stroke or a traumatic brain injury that 

could interfere with exhaustion exercise.  

 

Table 1: Subject Characteristics 

Characteristics Age (years) Height (cm)  Weight (lbs) Shoe Size 

(US)  

Female (n=15) 26.47 ± 4.78 165.4 ± 7.54 161.25 ± 25.31 8.03 ± 0.896 

Male (n=14) 

 

 25.21 ± 4.02 177/50 ± 5.65 178.98 ± 26.43 10.46 ± 0.692 

2.2 Conditions 

 

 Load carriage was be performed in three different conditions: a control trial (C) 

with no gear weight, a nylon tactical gear belt (TB), and anterior-loaded vest (ALV, 5.11 

TacTech Vest). The gear load carriage conditions had 20 lbs. (9.07 kg) of weight 

distributed throughout. The conditions were completed in a randomized order. The TB 

condition had the 20 lbs. weight distributed across the pelvis of the participant 

symmetrically around the belt. Equipment holders around the belt were filled with small 

weights to total 20 lbs. For the ALV condition, 75% of the weight was loaded in an 

anterior compartment of the vest (Rogue Weight Plates), with the remaining 25% loaded 

to the posterior compartment of the vest. The TB and ALV were properly fit to each 

participant according to size. Trials consisted of treadmill walking at 1.1 m/s (2.5 mph) 

for a duration of 3 minutes.  



 

2.3 Foot Force Sensor 

Moticon Force Sensors (Munich, Germany) of the correct size (five sizes 

available) were placed in the shoes of both feet of each participant to calculated the 

magnitude of forces and gait timing at the feet. Before trials were collected, each 

participant had to calibrated zero force on each foot force sensor. This was collected by 

participants standing on one foot at a time to calibrate zero force. The sampling rate for 

the Moticon sensors is 50 Hz. Magnitude of force and gait timing were measured for 

several complete gait cycles. 

 

2.4 Motion Capture 

 Qualisys Motion Capture System (OQUS5+ Qualisys AB, Goteborg, Sweden) with 

8 cameras was used to acquire trunk flexion angle while performing walking. 12 Reflective 

markers were placed on the thorax in each corresponding condition: on each shoulder (left 

and right acromial processes), cervical spine (C7), sternum, left and right ASIS, left and 

right PSIS and left and right greater trochanters. Rab et al. (2000), thorax model was used 

to complete trunk flexion analysis due to the blockage from the ALV condition. Reflective 

markers were not removed between conditions. Visual 3D software (C-Motion, 

Germantown, MD) was used to compute trunk angle from the recorded marker positions 

relative the vertical axis in the laboratory (Kauffman). Positive angles were indicated as 

anterior trunk flexion. 

2.5 Data Analysis 



Trunk flexion, along with gait timing and ground reaction force were compared 

among gear conditions. Measurements of left and right foot were compared for force 

magnitude and gait timing. The middle minute of each three-minute trial of data was 

analyzed. Mean and standard deviations were computed for force magnitude and gait 

timing measures. Gait timing measurements included mean gait cycle time, mean cadence, 

double support time, step duration and stance duration. Trunk flexion/extension excursion 

was calculated by finding the difference between the minimum and maximum trunk angle 

and was computed to compare means and standard deviations across each condition. 

Microsoft Excel (Microsoft, Redmon, WA.) and SPSS (IBM, Armonk, NY.) for statistical 

analysis. Repeated measures ANOVA was used with a Bonferroni’s post-hoc test to 

compare among conditions. Significance level was set at p<0.05. 

3. Results 

 

3.1 Trunk Flexion/Extension 

 

The mean trunk flexion while walking was greatest for the C condition, with an 

average of 0.98 ± 3.04 degrees of anterior trunk flexion. Trunk flexion was lower in both 

weighted conditions, with an average for the TB and the ALV, respectively, -0.37 ± 2.98 

and 0.55 ± 3.54 degrees of anterior trunk flexion. When comparing each weighted 

condition to the C condition, only the TB condition (p=0.002) was significantly different 

(ALV p=0.507). There was no significant difference found between the TB and ALV 

condition when comparing mean trunk flexion. The mean trunk flexion excursion while 

walking was greatest for the C condition, with an average of 7.94 ± 1.74 degrees of 



anterior trunk flexion (Figure 1). Mean trunk flexion excursion for the ALV condition 

was 7.17 ± 2.03 degrees of anterior trunk flexion, which was not significantly difference 

compared to either the C or TB condition (p= 0.109 and 1.00). The TB condition had a 

mean trunk flexion/extension excursion of 7.31 ± 1.61 degrees and was significantly 

different when compared to the C condition (p=0.034). 

3.2 Gait Timing 

 

Mean gait cycle time in seconds for the ALV condition, with a mean of 1.13 ± 

0.06 s. The TB had an average of 1.14 ± 0.05 s, with the C condition having a mean of 

1.14 ± 0.06 s. No significant differences were found in mean gait cycle when comparing 

the C condition to the weighted conditions (p= 0.886 and 0.332 for the TB and ALV 

conditions, respectively). Mean gait cadence was greatest in the ALV condition, with a 

mean of 53.9 ± 3.5 steps per minute. The TB had a mean gait cadence of 53.2 ± 2.73 

steps per minute, followed by the C condition having the lowest mean gait cadence with 

52.99 ± 2.70 steps per minute. When compared the C condition, neither the TB condition 

nor the ALV condition were significantly different (p-value= .0972 and 0.053, 

respectively). Double support time was greatest in the ALV condition, with an average of 

0.35 ± 0.08 s, followed by the TB condition (0.34 ± 0.06 s) then the C condition (0.32± 

0.08 s, Figure 2). Double support in the ALV condition was significantly different when 

compared to the C condition, with a p= 0.023. There was no significant difference when 

comparing the TB condition to the either the C or the ALV condition (p= 0.367 and 

0.628, respectively). Step duration for the left foot and right foot for the C condition was 

0.558 ± 0.006 s and 0.572 ± 0.007 s. When comparing the means for the left and right 



foot of the ALV condition (0.553 ± 0.007 s and 0.563 ± 0.007 s) to the C condition, both 

feet were significantly different (p= 0.002). The TB conditions with a mean step duration 

on the left and right foot had a mean of 0.560 ± 0.006 s and 0.567 ± 0.006 s (Figure 3), 

and both feet were significantly different compared to the C condition (p= 0.002). Step 

duration in the TB condition was also significantly different when compared to the ALV 

condition for both left and right foot (p= 0.003 and 0.002, respectively). Stance duration 

had the lowest value was in the C condition, with an average of 0.717 ± 0.009 s for the 

left foot and 0.740 ± 0.013 s for the right foot. Stance duration in the TB condition had an 

average of 0.738 ± 0.011 s for the left foot and 0.734 ± 0.009 s for the right foot (Figure 

4), and was significantly different when compared to the C condition (p= 0.005 and 

0.009, respectively). Stance duration was greatest in the ALV condition, with an average 

of 0.739 ± 0.013 s for the left foot and 0.747 ± 0.012 s for the right foot. The ALV 

condition was significantly different for both the left and right foot when compared to C 

condition (p= 0.008). When comparing stance duration in the TB condition to the ALV 

condition, there was a significant difference found in both left and right feet (p= 0.010 

and 0.009, respectively). 

 

  



3.3 Ground Reaction Force 

 

There were significant differences found in two categories of ground reaction 

force, GRF mean and GRF max. Both weighted conditions (TB and ALV) for GRF mean 

were significantly greater from the control, both with p= 0.00 (Figure 5). There was no 

significant difference found between the left and right foot when examining GRF mean in 

all three conditions (p= 0.27). The percent change from the control was 9.7% for the left 

foot and 8.8% for the right foot in the TB condition, while the percent change in the ALV 

condition was 8.3% for the left foot and 9.2% for the right foot. GRF max was increased 

significantly when comparing the TB and ALV condition to the C condition with p-

values of 0.00 and 0.00, respectively. 

 

4. Discussion 

 The results of this study demonstrated that adding a gear load resulted in 

differences in walking patterns compared to when the subject walked with no load. 

Specifically, double support time and stance duration increased when comparing 

weighted conditions to the control trial. Also, ground reaction force increased as expected 

when weight was added. Although adding weight changed timing and force at the feet, 

the position of the weight can also have effects on the body while walking. By changing 

the positioning of the load, the trunk flexion/extension excursion changed when the load 

was applied, specifically for the belt compared to the control. We hypothesized that a 

difference would be observed in gait timing, force on the foot and trunk flexion while a 

gear load was assessed. Our hypothesis was supported by the findings in this study by 

changes observed in the double support and stance duration compared to the control trial. 



Our hypothesis was also supported by changes in ground reaction forces observed when 

adding a gear load to walking participants 

 This study’s findings were similar to previous research that showed trunk angle 

changed when carrying a gear load (Alamoudi et al., 2018). Two main differences 

between past research and the current study are how the gear load was appointed, along 

with the amount of gear load weight. Past research had the participants carrying the load 

by hand, while the current study appointed gear by wearing the load in the TB or ALV 

condition. Another difference from past research is that the amount of load weight was 

different from the current study. The past study had two different weights (10 and 30 

lbs.), carried in four separate carriage positions, frontal, lateral, bilateral and posterior 

(Alamoudi et al., 2018). The participants in the current study carried 20 lbs. of gear load. 

Alamoudi et al., (2018) also examined the amount of trunk flexion/extension with load 

carriage. The past research stated that the anterior load created an unstable position, 

resulting in compensation compared to unloaded walking, with an increase in trunk 

flexion. The difference with the current study is a more balanced load, with 75% of the 

20 lbs. load anteriorly on each subject, which resulted in less trunk flexion/extension 

excursion when compared to the anterior load hand weight load applied in past research 

(Alamoudi et al., 2018). The results from this study found that people changed upright 

trunk angle in order to increase stability or to walk ergonomically efficient with a gear 

load. 

Gait timing results were consistent with previous research on double support time, 

which was shown to change due to load carriage. Alamoudi et al. (2018), reported that 

double support time increased due to a load being applied while walking, but only in the 



heavier load. Their findings are supported by the current study, which found that double 

support time increased significantly while walking with load, although the load applied 

differed from past research. Another study collected in firefighters examined how load 

carriage over one shoulder changed timing at the feet, and found that gear load carried 

asymmetrically caused an increase in double support time (Park et al., 2018). Although 

Alamoudi et al. (2018) stated that gait parameters became unstable, specifically in the 

anterior load, a more balanced appointment of the gear load in the current study limits 

instability. With decreased trunk flexion/extension excursion, stance phase and double 

support time exhibited adaptations while walking loaded with gear.  

 In this study, the same gear load weight was added to each participant in both the 

TB and ALV condition. Results of this research demonstrate that the ground reaction 

force didn’t increase by the total load added to the participants. Similarly, Silder et al., 

(2013) found that with a 10% increase in load, ground reaction force increased by only 

6% which agrees with the current findings. Therefore, our findings for ground reaction 

force are in agreement with past research, as ground reaction force didn’t increase by the 

88.98 N of gear load. 

 This research did have limitations. Moticon force sensors were used, which have 

been shown to have a 13-30% difference between a calibrated force platform (Stöggl et 

al., 2017). The current study made comparisons between each of the three conditions, and 

reported the percent change from control, per participant to emphasize comparison rather 

than force recorded. Another limitation is the variation of shoes worn by each participant. 

The only guidelines given were to wear comfortable athletic shoes. Moticon force sensors 



fit in all shoes without causing discomfort and therefore should have provided accurate 

data for all participants. 

 In conclusion, changes in the gait timing, forces at the feet, and trunk 

flexion/extension excursion were observed with the addition of a 9.07 kg gear load 

carried on either a tactical belt or an anterior-weighted gear vest while walking. 

Positioning and weight of the load contributed to adaptations in gait parameters. 

Participants changed their trunk posture and gait timing to a more ergonomically efficient 

gait with additional load.  
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6. Figures 

 

 
Figure 1: Mean flexion/extension excursion in the sagittal plane while walking. The 

control condition had the greatest average when compared to both the TB and ALV 

conditions, but was significantly different to only the TB condition, p=0.002; when 

control compared to ALV p= 0.507. *denotes significantly different from the control.  



Figure 2: As load was applied to each participant, mean double support time increased 

compared to the C condition. The ALV was significantly longer when compared to the C 

condition, p=0.023. *denotes significantly different from the control.  



 
Figure 3: Step duration decreased as weight was applied to the participants with the C 

condition having the greatest means for both the left and right foot, followed by the TB 

condition then the ALV condition. The ALV condition was significantly shorter when 

compared to both the C condition (p= 0.002 for both feet) and the TB condition (p= 0.003 

for the left foot and 0.002 for the right foot). *denotes significantly different from the 

control. +denotes significantly different from the TB.  



Figure 4: The ALV condition was significantly longer for both the left and right foot 

when compared to C condition (p= 0.008). When comparing stance duration in the TB 

condition to the ALV condition, there was a significant longer found in both left and right 

feet (p= 0.010 and 0.009, respectively). *denotes significantly different from the control. 

+denotes significantly different from the ALV.  



 
Figure 5: Mean ground reaction while walking with load. Both weighted conditions (TB 

and ALV) for GRF mean was significantly greater from the control, both with p=0.000. 

*denotes significantly different from the control.  
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