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Can handling a weapon make soldiers more unstable?

Abstract: Gait stability in soldiers can be affected by task constraints that may lead to injuries. 

This study determined the effects of weapon handling and speed on gait stability in seventeen 

soldiers walking on a treadmill with and without a replica weapon at self-selected (SS), 3.5 km⸱h-

1, 5.5 km⸱h-1, and 6.5 km⸱h-1 while carrying a 23-kg load. Local dynamic stability was measured 

using accelerometry at the sacrum (LDESAC) and sternum (LDESTR). No significant weapon and 

speed interaction were found. A significant effect of speed for the LDESAC, and a significant effect 

of speed and weapon for the LDESTR were found. Per plane analyses showed that the weapon effect 

was consistent across all directions for the LDESTR but not for LDESAC. Weapon handling increased 

trunk but did not affect pelvis stability. Speed decreased stability when walking slower than SS 

and increased when faster. These findings can inform injury prevention strategies in the military.

Keywords: load carriage; weapon handling; Lyapunov; stability

Practitioner Summary:

We determined the effects of two constraints in soldier’s walking stability, weapon handling and 

speed, measured at the trunk and sacrum. No constraints interactions were found, however, lower 

stability when walking slow and greater stability with the weapon at the trunk can inform 

preventive strategies in military training.
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1. Introduction

Carrying load is an essential component of military operations, which includes carrying 

weapons while in combat and during approach marches1. Soldiers’ locomotor performance during 

load carriage can be affected by several factors including speed, load, type of armour, and load 

placement 2. Load carriage in the military has been widely investigated from a biomechanical 

perspective with the aim of not only improving performance, but also to prevent the high incidence 

of musculoskeletal injuries3. For example, walking and training while carrying loads have been 

identified as modifiable and preventable non-battle causes of fall-related injuries4-6. Although 

spatiotemporal gait changes (e.g. stride length reductions) have been previously reported 7, a recent 

review concluded that there is minimal effect of load on these measures and that lower limb and 

trunk kinematic and kinetic adaptations are consistent across studies 8. 

Fighting loads of 27-36 kg are recommended 1 for load optimization, of which the weapon is 

not a significant proportion 9. Weapon carriage displaces the human-weapon-system centre-of-

mass (CoM) forward10 while also restricting the arms’ natural swing, leading to increased in-phase 

pelvis-trunk coordination and its variability in the transverse plane, indicating an “en bloc” and 

variable rotatory movements 9. Further, most gait kinetic changes have been associated with arm-

swing restriction rather than the added mass during weapon handling11. Studies exploring the 

effects of arm swing have found that active swinging increases stability of the trunk when 

compared with normal and restricted arm swing, particularly in the mediolateral (ML) direction 12-

14. Although restricting arm swing does not decrease stability during walking, it may impair the 

ability to recover from an external perturbation15, which may increase subsequent risk of falling 

or injury. 

In addition to restricted arm swing, walking speed also exerts changes in walking patterns 

while carrying loads 7 and can be a major confounder when comparing groups or conditions. 

Speed, load, and their interaction have been found to significantly affect whole-body CoM and 

joint stiffness when walking 16. Joint stiffness has been suggested to be a mechanism by which 

CoM excursion is controlled, which most likely improves the stability of walking. Gait stability 

can be assessed using several measures, however, using the local divergence exponent (LDE; ) 

seems to be a more valid and sensitive method than, for example, step width variability 15,17. The 

LDE “quantifies the average logarithmic rate of divergence of a system after a small 

perturbation”15. In other words, larger LDE values indicate more divergence and lower local 
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dynamic stability, which has been associated to a decreased neuromuscular control of walking and 

increased risk of falling in older adults and neurological populations18,19. The LDE belongs to a 

set of measures aimed at quantifying the dynamic behavior of a system over time, which cannot 

be captured by linear metrics such as the coefficient of variation or standard deviation 20,21.      

Studies of LDE have found that walking with relative (20% and 40% of body mass (BM)) 

and absolute (8.5 kg and 20 kg) loads lead to lower CoM stability in the ML direction17. 

Conversely, LDE of the CoM in the ML direction was found to be significantly lower when 

carrying a backpack which was associated with a less stable behaviour of motor outputs, when 

compared with an unloaded condition 22. However, to date, no studies have explored the effects of 

weapon handling on local dynamic stability while walking at different speeds. 

Assessing the stability of walking is paramount to understand the capacity of the 

neuromuscular system to deal with internal and external perturbations21. Weapon handling, speed, 

and load carriage impose external constraints that may lead to decreased gait stability and 

potentially increased risk of falling and injuries23,24 during walking and training activities in the 

military 4. In this regard, non-linear analysis of gait measures is a potentially useful tool not only 

in the assessment but also in the risk reduction of musculoskeletal injuries 25. Non-linear analysis 

could assist instructors and clinicians to improve training programs to reduce the occurrence of 

instability-associated injuries. Therefore, the primary aim of this study was to determine the effects 

of weapon handling and walking speed on gait stability in soldiers. Since previous studies have 

found per-direction differential effects of external constraints on walking stability14,17,22,26, a 

secondary aim was to determine whether weapon handling and walking speed effects are similar 

across different directions of motion.  

2. Materials and Methods

2.1.  Participants

Seventeen active-duty Australian Army soldiers (5 females, 12 males; age: 25 ± 6 years; height: 

177.6 ± 9.3 cm; mass: 80.7 ± 15.6 kg; military experience: 22.6 ± 21.3 months [13.0 – 32.1 95% 

CI range]) with no history of musculoskeletal or neurological injury in the six months prior to data 

collection participated in this study. Thirteen participants were trainees from the Australian Army 

School of Signals, whereas the other four participants were qualified soldiers from the Australian 

Army School of Artillery.  The study was conducted according to the guidelines of the Declaration 
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of Helsinki and approved by the Departments of Defence and Veterans’ Affairs Human Research 

Ethics Committee and La Trobe University (302-20 and 02-2021, respectively).

2.2. Walking tasks

 Participants performed eight 12-minute walking trials on an instrumented treadmill (AMTI, 

Watertown, MA, USA) while carrying 23 kg that was evenly distributed in a weighted vest. Trials 

were conducted with and without a 3.2 kg replica F88-Austeyr rifle held in two hands across their 

body in a patrol carry position (weapon and no-weapon conditions) at four different speeds: self-

selected (SS), 3.5 km⸱h-1, 5.5 km⸱h-1, and 6.5 km⸱h-1. Self-selected speed was determined prior 

to experimental trials by having the participants walk on the treadmill and gradually increasing 

speed from 3.5 km⸱h-1 until they reached their preferred speed. The speed was then set at 6.5 

km⸱h-1 and gradually decreased until a second preferred speed was reached. The final SS speed 

was taken as the mean of the two preferred speeds 27. Participants were instructed to walk in the 

middle of the treadmill without holding the front bar of the treadmill. They were instructed to 

report any discomfort or fatigue that may have restricted them from finishing the trial, but no 

participant reported any issues. This study is part of a larger study exploring the effects of different 

physical constraints on soldiers’ load carriage performance. Hence, due to the number and intensity 

of the trials, the conditions in this study were recorded over two sessions each one week apart in a 

counterbalanced design, this is; Session one (four trials) included trials at 5.5 km⸱h-1 and SS 

speeds with and without weapon and Session two (four trials) included trials at 3.5 km⸱h-1 and 

6.5 km⸱h-1 speeds with and without weapon. 

2.3. Instruments

Four inertial sensors (APDM, Portland, OR, USA) sampling at 128 Hz were placed on the 

sternum (manubrium), sacrum, and feet (dorsal) using double sided tape and additional velcro 

straps for the feet sensors (Figure 1). Data were recorded and then exported for further analysis 

using APDM Moveo Explorer software. 

2.4.  Data Analysis

Gait stability was assessed using the short-term LDE (Lyapunov) using 3D linear 

accelerations. The LDE measures the ability of a person to deal with step-to-step perturbations, 

where higher LDE values (greater divergence) indicate lower stability 21. Data from the foot 

sensors were used to determine heel contacts and extract sacrum and trunk acceleration time-series 
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for the first 200 consecutive strides. Extracted data were normalised to 100 data points x 200 strides 

(20000 samples). 3D-LDEs for both sensors were calculated using a 9D state-space (3 x 3D 

delayed copies) with a time delay (t) of t = 6 for the LDESAC and t = 10 for the LDESTR. Time 

delays for each sensor were calculated as the median value across all trials and directions using 

the average mutual information algorithm. 3D short-term LDEs were calculated using the 

Rosenstein’s algorithm28 over the recommended 0-0.5 stride interval 29. 

The secondary analysis in this study involved calculating LDE for each acceleration direction. The 

median embedding dimension (m) and delay (t) for each direction and for each sensor were used 

across all trials to calculate the sacrum and sternum vertical (VT), mediolateral (ML) and 

anteroposterior (AP) LDEs (Table 1). The rest of the steps for the LDE calculation were the same 

as for the 3D LDE. All calculations were performed in Matlab 2020b (Natick, USA).

2.5. Statistics

Linear mixed model analyses were conducted to determine the main effects and interaction of 

weapon handling and speed for each of the sensors LDE (3D, VT, ML and AP) with a random 

effect of participant. Model residuals were assessed for normality using a Shapiro-Wilk tests and 

visually inspecting Q-Q plots. Post-hoc analyses with Bonferroni corrections were conducted to 

determine differences between speed conditions. For all analyses significance was set at p < .05. 

All analyses were conducted in Jamovi v.2.0.0.

3.  Results

All participants were able to complete all trials, however, due to technical difficulties, data for 

some  no weapon trials (2.2% of trials) were missing (two trials at 5.5 km⸱h-1 and one at 6.5 

km⸱h-1; Supplementary Table 1). Participant’s self-selected walking speed was on average 5.02 

± 0.23 km⸱h-1 (females: 5.04 ± 0.30 km⸱h-1 [4.87 – 5.21, 95% CI range]; males: 5.02 ± 0.22 

km⸱h-1 [4.81 – 5.24, 95% CI range]). Descriptive statistics for 3D LDE measures are presented in 

Table 2 and Figures 2 and 3. There were no interactions between speed and weapon handling on 

LDESAC nor LDESTR (p > .05). We found a significant effect of speed on 3D LDESAC (F = 5.681, 

p = .001) but no effect of weapon handling (F = .318, p = .546). Post-hoc tests showed a 

significantly larger LDESAC at 3.5 km⸱h-1 when compared with 5.5 km⸱h-1 (p = .003) and SS (p 

= .004). There was a significant effect of both weapon handling (F = 24.963, p < .001) and speed 
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(F = 106.057, p < .001) on LDESTR. Post-hoc tests showed that LDESTR was significantly lower 

(more stable) when handling a weapon when compared with no weapon, and as walking speed 

increased (p < .001), except between SS and 5.5 km⸱h-1 (p = .338) and 6.5 km⸱h-1 and 5.5 km⸱h-1 

(p = .052).

There were no interactions between speed and weapon handling on LDESAC nor LDESTR (p > .05) 

when analysed per direction of acceleration. For LDESAC, a significant effect of weapon handling 

was only observed in the VT direction (p = .0048). We found a significant effect of speed for the 

VT (F = 8.296, p < .001) and AP (F = 15.960, p < .001) directions. Post-hoc comparisons showed 

that differences in LDESAC occurred between 3.5 km⸱h-1 (p < .001) and SS (p = .045) compared 

to 6.5 km⸱h-1 in the VT direction and between 3.5 km⸱h-1 and all other speeds in the AP direction 

(p < .001). For LDESTR, significant effects of weapon handling and speed were found in all three 

directions (p < .001). Post-hoc comparisons revealed that LDESTR was significantly lower (more 

stable) when handling a weapon when compared with no weapon, and differences for speed 

occurred between 3.5 km⸱h-1 and all other speeds across all directions (p < .001), between SS and 

6.5 km⸱h-1 in all directions (p < .0451) and 5.5 km⸱h-1 and 6.5 km⸱h-1 in the ML and AP 

directions (p < .016). A table with all post-hoc comparisons per sensor and per direction is provided 

in supplementary table 2.

4. Discussion

The primary aim of this study was to determine the effects of weapon handling and walking 

speed on overall (3D) gait stability in soldiers. Our secondary aim was to determine if stability in 

any direction was also affected by these changes in task constraints. We found that handling a 

weapon increased stability at the sternum (lower LDESTR) but had no effect at the sacrum 

(LDESAC). Faster walking speeds, on the other hand, increased stability (lower LDE values) at both 

the sacrum (LDESAC) and sternum (LDESTR). The main effect of speed on LDESAC was mainly due 

to lower stability when walking at 3.5 km⸱h-1 when compared with 5.5 km⸱h-1, while LDESTR 

differences occurred between all speeds except SS (5.3 km⸱h-1) and 5.5 km⸱h-1.

A speed of 3.5 km⸱h-1 is considered a slow-to-moderate marching speed in soldiers 30 and it 

was slower than the SS speed of our participants. Since stability was the lowest at this speed, 

walking at this speed on a flat uniform surface may be an intrinsically more unstable condition, 

regardless of the load and weapon carried 31. In fact, walking slowly may be avoided when dealing 

with stability-threatening perturbations that may lead to a fall, for example, 32 even when slow 
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walking may allow more time to find the best way to sort obstacles 14. On the positive side, lower 

kinetic energy when walking slow may reduce the consequences of a fall 14. 

On the other hand, time constraints to respond to internal/external perturbations during fast 

walking may indicate an increased cortical control, which is thought to prime the sensorimotor 

system for performing timely gait adjustments 33. Hence, it is possible that there is an increasing 

involvement of voluntary control and cognitive resources as speed increases, which is reflected in 

the stability increases found with increasing walking speed. Although young adults’ walking 

performance as speed increases does not seem to be affected by cognitive tasks 34, in the military 

context, cognitive resources may be in greater demand and be affected by increasing walking 

speed. 

LDESAC were relatively similar across SS, 5.5 km⸱h-1, and 6.5 km⸱h-1, whereas LDESTR 

decreased with increasing speed. This effect discrepancy between sacrum and sternum LDE may 

be due to the proximity of the former sensor to the CoM, which despite its greater excursion when 

carrying a weapon 11 or loaded, is more tightly controlled through increased stiffness16, for 

example, in order to maintain stability35. The latter also extends to explain similar findings in the 

LDE directional analyses and may further supports the notion of the CoM as the main controlled 

variable in human motion36. A study exploring the effects on stability (LDE) of a backpack 

carrying an in- or out-of-phase inverted pendulum found a reduced motion of the CoM and 

increased stability in both conditions compared to a fixed pendulum 35. These results further 

emphasize the direct control exerted over  the CoM to maintain stability and are in line with our 

interpretation of the need to prioritise CoM control to maintain stability when dealing with external 

constraints and perturbations 35. 

Increased stability at the trunk (LDESTR) may be due to movement restrictions imposed by the 

weighted vest, which may be further restricted when handling a weapon. Weapon carriage 

displaces the CoM forward 10 while simultaneously constraining the arms’ natural swing, leading 

to increased pelvis-trunk coordination, coupled with increased variability in the transverse plane 
9. We found that restricting arm swing through carrying a weapon increased stability, however, 

this effect has also been found when, conversely, actively (exaggerated) swinging the arms 12,13. 

Taken together, this may indicate a non-linear effect of arm swing on stability of the trunk when 

walking13,15,37. We found that stability increased with speed even when with no weapon, 
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corroborating findings from previous studies in which stability was associated with speed and arm 

swing increases 13,15,37.

The combination of load carriage and weapon handling constraints may also impose a more 

direct control (voluntary) of trunk musculature to increase stability38, particularly when walking 

at the fastest speeds33. This mechanism may allow a tighter control of balance in potentially more 

unstable conditions where similar magnitude perturbations may have a larger effect15. 

Interestingly, Walsh et al. (2021) found that stability of trunk-muscle activation was lower when 

carrying an 11-kg webbing when compared with no load22. It has been proposed previously that 

restricting arm swing does not decrease stability and that unrestricted arm swing may be helpful 

in recovering after a perturbation 15. Our finding of greater trunk stability when handling a weapon 

may, therefore, make it difficult for soldiers to stabilize after a perturbation due to restrictions of 

the arms’ movements. However, it is also possible that trunk stabilization may be a proactive 

measure in the case of having to cope with potentially destabilizing external forces. 

For the sacrum LDEs, speed affected stability in a similar fashion as in previous studies in 

which VT LDE increased and AP LDE decreased as speed increased 14,26. However, these studies 

used a broader range of speeds and data type to calculate the LDE, for example, Bruijn et al (2009) 

used thorax marker velocity (T6 level) and Punt et al (2015) used lower back velocity. When 

comparing to Bruijn et al’s results we found an opposite direction of the speed effect on the 

sternum’s VT LDE, this is; stability increased as speed increased.  This may be explained by the 

fact that our participants were carrying a 23-kg vest that may have forced a greater vertical control 

of the CoM when loaded 11,35. This increased vertical displacement control is likely the result of a 

greater activation of trunk musculature 22 and not stepping behaviour adjustments 35 and may also 

be associated to an increased cost of walking as weapon carriage limits arms swing 39. The opposite 

effect of speed on the VT LDE at the sacrum and sternum may indicate a compensatory 

relationship to deal with speed and weapon handling, nonetheless, this relationship may not be 

linear and is yet to be explored.

For the ML direction, we only found speed and weapon handling effects for the ML LDESTR 

showing greater stability when carrying a weapon and increased stability (lower LDE values) as 

speed increased. The latter sped effect has been previously reported 31, yet differs from an inverted 

U pattern in LDE values with peak at about 4.6 km⸱h-1 (2.2 km⸱h-1 to 6.2 km⸱h-1 speed range) 

26.  Our results are in line with previous studies suggesting the need for greater ML CoM control 
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as speed increases 40, and to handle the potential destabilizing effect of increasing ML impulse 

when carrying a weapon 11.

Overall, with and without weapon handling our LDESTR directional results follow the same 

trend as in Stenum et al (2014) when utilizing the same LDE calculation methodology and sensor 

location (method C; normalization of n stride data *100 and LDE over the 0-0.5 stride range) 31. 

On the other hand, our per-direction results for the LDESAC have a similar trend to the results 

reported by Punt et al. (2015), who used data collected at a similar location (lower back) and 

analyzed with the same methodology, when comparing similar speed ranges. Interestingly, 

previous studies exploring the effect of speed on stability have employed a broader range of speeds 

(approximately 1 to 7 km⸱h-1) with the steepest LDE changes at speeds <4 km⸱h-1 14,26. However, 

walking speeds slower than 3.5 km⸱h-1 are not commonly employed during military duties and 

were not addressed in the present study.

  The participants in this study were experienced soldiers with no injuries and from whom LDE 

results can be used as the first step in determining LDE reference values for common military 

duties. Although the 3D LDE can provide an overall view of the effects of different constraint 

during military marching on stability, the use of directional LDE values may be useful to determine 

if such constraints may elicit specific balance control responses. This may also help in identifying 

tailored training methods or strategies that can better address the demands of military marching 

and prevent musculoskeletal injuries. For example, asymmetrical frontal-plane loading, or hip-

abductor fatigue/injury may lead to more specific increases of ML LDE (lower ML stability), 

which can be reduced by better loading arrangement or physiotherapy/training interventions of hip 

musculature. Further research should be conducted to determine if the LDE (3D or any direction) 

can be used as a sensitive biomarker of musculoskeletal injuries during training as well as 

stablishing reference values for clinical decision making. 

Limitations 

Our study explored weapon handling and speed effects on gait stability while walking on a 

treadmill, which is known to affect most gait measures, including the LDE, when compared to 

overground walking41. Further studies exploring stability in more representative environments are 

warranted. To note, however, treadmill walking may be more suitable when determining 

rehabilitation effects after an injury in the military as it is a safer and controllable environment. 
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We also used a single load (23-kg weighted vest), which is close to the minimum soldiers carry 

during combat. However, the effects of weapon handling and speed when carrying larger loads 

and in different locations (i.e. backpack) is yet to be explored 1. There are different methods used 

to calculate LDE that may yield different results when exploring the effects of weapon handling 

and speed 31. However, the methods used in the present study are widely accepted, hence, we are 

confident of the results 21,31,42. Non-linear measures of walking, such as the LDE are at least as 

important as linear features and may offer a better understanding of the systems resilience to 

perturbations that may lead to injuries20.   Finally, LDE is not the only measure used to explore the 

effects of external constraints in gait stability43, but its use is supported by its construct, predictive, 

and convergent validity21.

5. Conclusions

This study found that local dynamic stability measured at the sacrum was not affected by 

weapon handling and speed reduced stability only when walking slow. Contrary to what it may be 

thought, weapon handling increased gait stability measured at the sternum, however, this may be 

a strategy to support maintaining stability at the sacrum in conditions that are more vulnerable to 

perturbations. Our findings may help trainers and clinicians to identify soldiers at a greater risk of 

injuries when unable to maintain adequate gait stability during military tasks.

Funding

This work was supported by The Commonwealth of Australia through the Australian 

Defence Force and a Defence Science Partnerships agreement of the Defence Science and 

Technology Group, as part of the Human Performance Research Network.

Declaration of interest 

The authors declare no conflict of interest. 

References

1. Department of the Army (US). Foot Marches. Department of the Army (US); 2017.
2. Fellin RE, Seay JF, Gregorczyk KN, Hasselquist L. Spatiotemporal Parameters are not 
Substantially Influenced by Load Carriage or Inclination During Treadmill and Overground 
Walking. J Hum Kinet. Apr 1 2016;50:27-35. doi:10.1515/hukin-2015-0138

Page 11 of 24

URL: http://mc.manuscriptcentral.com/terg  E-mail: TERG-peerreview@journals.tandf.co.uk

Ergonomics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review Only

3. Orr RM, Coyle J, Johnston V, Pope R. Self-reported load carriage injuries of military 
soldiers. Int J Inj Contr Saf Promot. Jun 2017;24(2):189-197. 
doi:10.1080/17457300.2015.1132731
4. Shuping E, Canham-Chervak M, Amoroso PJ, Jones BH. Identifying modifiable causes of 
fall-related injury: An analysis of US Army safety data. WORK-A JOURNAL OF PREVENTION 
ASSESSMENT & REHABILITATION. 2009;33(1):23-34. doi:10.3233/WOR-2009-0840
5. Canham-Chervak M, Cowan DN, Pollack KM, Jackson RR, Jones BH. Identification of 
Fall Prevention Strategies for the Military: A Review of the Literature. MILITARY MEDICINE. 
DEC 2015;180(12):1225-1232. doi:10.7205/MILMED-D-14-00673
6. Patel AA, Hauret KG, Taylor BJ, Jones BH. Non-battle injuries among U.S. Army soldiers 
deployed to Afghanistan and Iraq, 2001–2013. Journal of Safety Research. 2017/02/01/ 
2017;60:29-34. doi:https://doi.org/10.1016/j.jsr.2016.11.004
7. Boffey D, Harat I, Gepner Y, Frosti CL, Funk S, Hoffman JR. The Physiology and 
Biomechanics of Load Carriage Performance. Mil Med. Jan 1 2019;184(1-2):e83-e90. 
doi:10.1093/milmed/usy218
8. Walsh GS, Low DC. Military load carriage effects on the gait of military personnel: A 
systematic review. Appl Ergon. May 2021;93:103376. doi:10.1016/j.apergo.2021.103376
9. Seay JF, Hasselquist L, Bensel CK. Carrying a rifle with both hands affects upper body 
transverse plane kinematics and pelvis-trunk coordination. Ergonomics. Feb 2011;54(2):187-96. 
doi:10.1080/00140139.2010.538726
10. Birrell SA, Hooper RH, Haslam RA. The effect of military load carriage on ground reaction 
forces. Gait Posture. Oct 2007;26(4):611-4. doi:10.1016/j.gaitpost.2006.12.008
11. Birrell SA, Haslam RA. The influence of rifle carriage on the kinetics of human gait. 
Ergonomics. 2008;51(6):816-26. doi:10.1080/00140130701811859
12. Wu Y, Li Y, Liu AM, et al. Effect of active arm swing to local dynamic stability during 
walking. Hum Mov Sci. Feb 2016;45:102-9. doi:10.1016/j.humov.2015.10.005
13. Hill A, Nantel J. The effects of arm swing amplitude and lower-limb asymmetry on gait 
stability. PLoS One. 2019;14(12):e0218644. doi:10.1371/journal.pone.0218644
14. Punt M, Bruijn SM, Wittink H, van Dieën JH. Effect of arm swing strategy on local 
dynamic stability of human gait. Gait & Posture. 2015/02/01/ 2015;41(2):504-509. 
doi:https://doi.org/10.1016/j.gaitpost.2014.12.002
15. Bruijn SM, Meijer OG, Beek PJ, van Dieen JH. The effects of arm swing on human gait 
stability. J Exp Biol. Dec 1 2010;213(Pt 23):3945-52. doi:10.1242/jeb.045112
16. Holt KG, Wagenaar RC, LaFiandra ME, Kubo M, Obusek JP. Increased musculoskeletal 
stiffness during load carriage at increasing walking speeds maintains constant vertical excursion 
of the body center of mass. Journal of Biomechanics. Apr 2003;36(4):465-471. 
doi:10.1016/S0021-9290(02)00457-8
17. Ignasiak NK, Ravi DK, Orter S, Nasab SHH, Taylor WR, Singh NB. Does variability of 
footfall kinematics correlate with dynamic stability of the centre of mass during walking? Plos 
One. May 2019;14(5)doi:10.1371/journal.pone.0217460
18. Rispens SM, Van Dieen JH, Van Schooten KS, et al. Fall-related gait characteristics on the 
treadmill and in daily life. J Neuroeng Rehabil. Feb 2 2016;13:12. doi:10.1186/s12984-016-0118-
9
19. Zagrodny B, Ludwicki M, Wojnicz W. The Influence of External Additional Loading on 
the Muscle Activity and Ground Reaction Forces during Gait. APPLIED BIONICS AND 
BIOMECHANICS. JUL 29 2021;2021doi:10.1155/2021/5532012

Page 12 of 24

URL: http://mc.manuscriptcentral.com/terg  E-mail: TERG-peerreview@journals.tandf.co.uk

Ergonomics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

https://doi.org/10.1016/j.jsr.2016.11.004
https://doi.org/10.1016/j.gaitpost.2014.12.002


For Peer Review Only

20. Guastello SJ. Nonlinear dynamical systems for theory and research in ergonomics. 
ERGONOMICS. 2017;60(2):167-193. doi:10.1080/00140139.2016.1162851
21. Bruijn SM, Meijer OG, Beek PJ, van Dieen JH. Assessing the stability of human 
locomotion: a review of current measures. Journal of the Royal Society, Interface. Jun 6 
2013;10(83):20120999. doi:10.1098/rsif.2012.0999
22. Walsh GS, Harrison I. Gait and neuromuscular dynamics during level and uphill walking 
carrying military loads. European Journal of Sport Science. 
2021;doi:10.1080/17461391.2021.1953154
23. Qu XD. Effects of cognitive and physical loads on local dynamic stability during gait. 
Applied Ergonomics. May 2013;44(3):455-458. doi:10.1016/j.apergo.2012.10.018
24. Senier L, Bell NS, Yore MM, Amoroso PJ. Hospitalizations for fall-related injuries among 
active-duty Army soldiers, 1980-1998. Work. 2002;18(2):161-170. 
25. Strongman C, Morrison A. A scoping review of non-linear analysis approaches measuring 
variability in gait due to lower body injury or dysfunction. Human Movement Science. Feb 
2020;69doi:10.1016/j.humov.2019.102562
26. Bruijn SM, van Dieën JH, Meijer OG, Beek PJ. Is slow walking more stable? J Biomech. 
Jul 22 2009;42(10):1506-1512. doi:10.1016/j.jbiomech.2009.03.047
27. Martin PE, Rothstein DE, Larish DD. Effects of age and physical activity status on the 
speed-aerobic demand relationship of walking. Journal of Applied Physiology. 1992/07/01 
1992;73(1):200-206. doi:10.1152/jappl.1992.73.1.200
28. Rosenstein MT, Collins JJ, De Luca CJ. A practical method for calculating largest 
Lyapunov exponents from small data sets. Physica D: Nonlinear Phenomena. 1993/05/15/ 
1993;65(1):117-134. doi:https://doi.org/10.1016/0167-2789(93)90009-P
29. Reynard F, Terrier P. Local dynamic stability of treadmill walking: Intrasession and week-
to-week repeatability. Journal of Biomechanics. 2014/01/03/ 2014;47(1):74-80. 
doi:https://doi.org/10.1016/j.jbiomech.2013.10.011
30. Drain J., Orr R., Attwells R., D. B. Load Carriage Capacity of the Dismounted Combatant 
- A Commander's Guide. Vol. DSTO-TR-2765. 2012. 
31. Stenum J, Bruijn SM, Jensen BR. The effect of walking speed on local dynamic stability 
is sensitive to calculation methods. Journal of Biomechanics. Nov 28 2014;47(15):3776-3779. 
doi:10.1016/j.jbiomech.2014.09.020
32. Hak L, Houdijk H, Steenbrink F, et al. Speeding up or slowing down?: Gait adaptations to 
preserve gait stability in response to balance perturbations. Gait & Posture. 2012/06/01/ 
2012;36(2):260-264. doi:https://doi.org/10.1016/j.gaitpost.2012.03.005
33. Nordin AD, Hairston WD, Ferris DP. Faster Gait Speeds Reduce Alpha and Beta EEG 
Spectral Power From Human Sensorimotor Cortex. IEEE Transactions on Biomedical 
Engineering. MAR 2020;67(3):842-853. doi:10.1109/TBME.2019.2921766
34. Kline JE, Poggensee K, Ferris DP. Your brain on speed: cognitive performance of a spatial 
working memory task is not affected by walking speed. Frontiers in Human Neuroscience. MAY 
8 2014;8doi:10.3389/fnhum.2014.00288
35. Best AN, Martin JP, Li QG, Wu AR. Stepping behaviour contributes little to balance 
control against continuous mediolateral trunk perturbations. Journal of Experimental Biology. Dec 
2019;222(24)doi:10.1242/jeb.212787
36. Winter DA. Human balance and posture control during standing and walking. Gait & 
Posture. 1995/12/01/ 1995;3(4):193-214. doi:https://doi.org/10.1016/0966-6362(96)82849-9

Page 13 of 24

URL: http://mc.manuscriptcentral.com/terg  E-mail: TERG-peerreview@journals.tandf.co.uk

Ergonomics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

https://doi.org/10.1016/0167-2789(93)90009-P
https://doi.org/10.1016/j.jbiomech.2013.10.011
https://doi.org/10.1016/j.gaitpost.2012.03.005
https://doi.org/10.1016/0966-6362(96)82849-9


For Peer Review Only

37. Wu Y, Li Y, Liu AM, et al. Effect of active arm swing to local dynamic stability during 
walking. Human Movement Science. Feb 2016;45:102-109. doi:10.1016/j.humov.2015.10.005
38. Schulze C, Lindner T, Woitge S, et al. Biomechanical study of the influence of the weight 
of equipment on selected trunk muscles. Acta of Bioengineering and Biomechanics. 
2013;15(3):45-51. doi:10.5277/abb130306
39. Collins SH, Adamczyk PG, Kuo AD. Dynamic arm swinging in human walking. 
Proceedings of the Royal Society B: Biological Sciences. 2009/10/22 2009;276(1673):3679-3688. 
doi:10.1098/rspb.2009.0664
40. Orendurff MS, Segal AD, Klute GK, Berge JS, Rohr ES, Kadel NJ. The effect of walking 
speed on center of mass displacement. J Rehabil Res Dev. Nov-Dec 2004;41(6a):829-34. 
doi:10.1682/jrrd.2003.10.0150
41. Terrier P, Dériaz O. Kinematic variability, fractal dynamics and local dynamic stability of 
treadmill walking. J Neuroeng Rehabil. Feb 24 2011;8:12. doi:10.1186/1743-0003-8-12
42. Raffalt PC, Kent JA, Wurdeman SR, Stergiou N. Selection Procedures for the Largest 
Lyapunov Exponent in Gait Biomechanics. Annals of Biomedical Engineering. 2019/04/01 
2019;47(4):913-923. doi:10.1007/s10439-019-02216-1
43. Arellano CJ, Layne CS, O'Connor DP, Scott-Pandorf M, Kurz MJ. Does Load Carrying 
Influence Sagittal Plane Locomotive Stability? Medicine and Science in Sports and Exercise. Mar 
2009;41(3):620-627. doi:10.1249/MSS.0b013e31818a0ea4

Figure 1. Representative data collection set-up with participant walking on an instrumented 
treadmill while carrying a 23 kg weighted vest and a 3.2 kg replica F88-Austeyr rifle. To note, in 
this study we only utilized inertial sensors at the sacrum and sternum for the LDE calculations, 
whilst the foot sensors were used for heel strike identification.

Figure 2. Boxplots presenting local divergence exponent (LDE) values for the sacrum sensor in 
each direction (VT, ML and AP) and 3D for both no weapon (blue) and weapon (yellow) 
conditions across all speeds. * Post-hoc significant speed differences.

Figure 3. Boxplots presenting local divergence exponent (LDE) values for the sternum sensor in 
each direction (VT, ML and AP) and 3D for both no weapon (blue) and weapon (yellow) 
conditions across all speeds. * Post-hoc significant speed differences.
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Dear Xingda Qu
Editor Ergonomics Journal
 
Once again, we would like to thank the reviewers for their insightful comments and suggestions. We are 
also very thankful for the positive comments from reviewers #2 and #3, who are happy with our revised 
document. We have carefully read the feedback, particularly from Reviewer 1, to which we have replied on 
a point-by-point basis as follows: 

Reviewer 1 (R1)

Authors have addressed reviewers’ comments with more detail descriptions on data collection and 
analysis. New references have been added to justify the study design and support study findings. 
While the overall readability has been improved by revision, the manuscript still suffers from following 
limitations or concerns.
Q1. As authors mentioned, the evaluation of dynamic stability during walking has been a common method 

to assess individual’s walking balance capacity or fall risks. An issue regarding the evaluation of LDE in 
this study is the lack of evidence that justifies the need for balance assessment. Authors have listed a 
reference that shows the high incidence of musculoskeletal injuries of soldiers during load carriage or 
marching training. However, the reference does not show any evidence that such injuries resulted 
from falls or impaired walking balance while walking with load. That is, the need for the evaluation of 
dynamic walking balance for this specific population and the specific operations (walking with loads) 
was not justified.

To directly address the issue of falls, injuries, load carriage, walking and falls associations, the 
following text (and citations) has been added to Paragraph 1 in the Introduction:
“For example, walking and training while carrying loads have been identified as modifiable and 
preventable non-battle causes of fall-related injuries1-3”

Q2. One of major issues that were mentioned by multiple reviewers is the lack of a clear association 
between study findings and injury prevention. The new paragraph in Discussion does not explain well 
the association. 

a) How can we use the LDE values of the current study as reference values in future studies? 
Specifically, considering the small sample size, it is not convincing that the data of the current study 
would serve as normative data or reference values. 

We have stated that “…LDE results can be used as the first step in determining LDE reference 
values for common military duties”. We do not intend, considering our sample size and 
composition, to provide a definitive value for the LDE. In the military, as well as in the neurology 
field, non-linear metrics rely on a few parameters including number of embedded dimensions 
and time delay, which allow to properly capture walking dynamic stability. Consensus regarding, 
at least, these parameters needs to be achieved before suggesting normative values. However, 
under the current (fully described and justified) parameters we are able to provide a first picture 
about how speed and load constraints affect dynamic walking.

b) In addition, how can we use the study findings to identify tailored training methods? 
To make this point more explicit, the following text has been added:
“For example, asymmetrical frontal-plane loading or hip-abductor fatigue/injury may lead to 
more specific increases of ML LDE (lower ML stability), which can be reduced by better loading 
arrangement or physiotherapy/training interventions of hip musculature.”

c) Is it always better to lower the LDE values to lower risks for musculoskeletal injuries?
The LDE “quantifies the average logarithmic rate of divergence of a system after a small 
perturbation”. Hence, in a cyclic task such as walking (or running) reducing the LDE values is an 
indication of a greater ability to deal with ongoing perturbations arising at every step, which is 
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the most likely reflection of indemnity of the neuromuscular system and reduced risk of MSK 
injuries. 
It is noteworthy, however, that the current study design does not intend to answer this question, 
which can be addressed by a follow-up or a pre-post intervention study. Nevertheless, as a 
reference a few studies in clinical populations have shown that the LDE improves after 
rehabilitation and is associated to prospective falls 4,5. 

Q3. The results of LDE evaluation simply indicate the size of directional divergence of the CoM during cyclic 
walking. Fall risk evaluation should be done not only by the CoM tracking but also CoP monitoring. 
Individuals may walk with wider CoP base when walking slowly, and it may result in the greater LDE 
values.

Regarding the first part of the question, we are NOT intending to create a fall risk measure, although 
we acknowledge that due to the LDE’s construct validity in other populations it may well serve as 
one. Biomechanical measures of the CoM or CoP have long shown to be reflective of walking 
stability, however, they are constrained to lab settings. Perhaps a further validation step, in the 
military context, would be to determine the associations between mechanical and non-linear 
dynamic measures, however, that’s beyond the scope of this study.

In the second part of the question, the reviewer hypothesises about the effect of mechanical 
adaptations on dynamic behaviour. To our knowledge, in the military context, there is no evidence 
of such association. However, from clinical studies (6-8, as examples) it has been shown that the LDE 
is affected even in the absence of spatiotemporal measures differences, which indicates its potential 
as a more sensitive measure of dynamic behaviour. 

Reviewer 2 (R2)

The authors have answered my comments thoughtfully. I have no further comments.

Thank you

Reviewer 3 (R3)

Congratulations to the authors for their revisions. This reviewer has a few suggestions which will hopefully 
improve the readership of the manuscript:

Thanks for the positive comment
Q1. Results section, recommend adding a sentence after first sentence which describes that data for one 

participant was missing during the 6.5 km*h-1 condition with no weapon, and two values were missing 
during 5.5 km*h-1 speed with no weapon condition. If this can be added the reader will not have to 
refer to the supplemental Table 1.

To address this comment, the text at the beginning of the Results section has been modified and 
now read as follows:
“…..no weapon trials (2.2% of trials) were missing (two trials at 5.5 km⸱h-1 and one at 6.5 km⸱h-1; 
Supplementary Table 1).”

Q2. Figure 1. Upon reflection, since these data were analyzed from a subset of sensors that were on the 
participants, this reviewer recommends the authors somehow indicate the approximate location of 
the IMUs that were used for current study (using the current photo).

Please refer to figure 1 (copy below), which has been modified to address this comment.
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Figure 1. Representative data collection set-up with participant walking on an instrumented treadmill while 
carrying a 23 kg weighted vest and a 3.2 kg replica F88-Austeyr rifle. To note, in this study we only utilized 
inertial sensors at the sacrum and sternum for the LDE calculations, whilst the foot sensors were used for 

heel strike identification. 
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Boxplots presenting local divergence exponent (LDE) values for the sacrum sensor in each direction (VT, ML 
and AP) and 3D for both no weapon (blue) and weapon (yellow) conditions across all speeds. * Post-hoc 

significant speed differences. 

2469x1795mm (72 x 72 DPI) 

Page 19 of 24

URL: http://mc.manuscriptcentral.com/terg  E-mail: TERG-peerreview@journals.tandf.co.uk

Ergonomics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review Only

 

Boxplots presenting local divergence exponent (LDE) values for the sternum sensor in each direction (VT, ML 
and AP) and 3D for both no weapon (blue) and weapon (yellow) conditions across all speeds. * Post-hoc 

significant speed differences. 
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Table 1. Median embedding dimensions (m) and delay (t) values for each sensor and plane. 

Anteroposterior (AP) Mediolateral (ML) Vertical (VT)

m t m t m t

Sternum 6 12 7 10 6 8

Sacrum 7 6 7 4 6 7

Table 2. Local divergent exponent (LDE) descriptive statistics of the 3D sacrum (LDESAC) and sternum (LDESTR). Values are presented as mean 
(standard deviation (SD)) and 95% confidence interval (CI). *significant effect of speed (p < .05), #significant effect of weapon handling (p < .05).

  No weapon Weapon handling

  3.5 km⸱h-1 SS (~5.3 km⸱h-1) 5.5 km⸱h-1 6.5 km⸱h-1 3.5 km⸱h-1 SS (~5.3 km⸱h-1) 5.5 km⸱h-1 6.5 km⸱h-1

Mean (SD) 1.26 (0.12) 1.19 (0.13) 1.18 (0.12) 1.20 (0.1) 1.25 (0.14) 1.19 (0.18) 1.19 (0.11) 1.24 (0.12)
LDESAC

*#
95%CI [1.20, 1.31] [1.13, 1.25] [1.12, 1.25] [1.15, 1.25] [1.18, 1.32] [1.11, 1.28] [1.14, 1.24] [1.18, 1.29]

Mean (SD) 1.43 (0.14) 1.18 (0.11) 1.15 (0.14) 1.09 (0.13) 1.37 (0.15) 1.11 (0.10) 1.05 (0.10) 1.01 (0.12)
LDESTR

#
95%CI [1.36, 1.49] [1.13, 1.23] [1.07, 1.22] [1.03, 1.15] [1.30, 1.44] [1.06, 1.16] [1.00, 1.09] [0.95, 1.06]
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Supplementary Table 1. Ticks indicate recorded and processed trials whereas crosses indicate 
those trials that were not processed due to technical issues during the recording.

Speed 3.5 kmh-1 Self-selected (SS) Speed 5.5 kmh-1 Speed 6.5 kmh-1

Subject Weapon No Weapon Weapon No Weapon Weapon No Weapon Weapon No Weapon

1 ✔️ ✔️ ✔️ ✔️ ✔️ ✔️ ✔️ ✔️
2 ✔️ ✔️ ✔️ ✔️ ✔️ ✔️ ✔️ ✔️
3 ✔️ ✔️ ✔️ ✔️ ✔️ ✔️ ✔️ ✔️
4 ✔️ ✔️ ✔️ ✔️ ✔️ ✔️ ✔️ ✔️
5 ✔️ ✔️ ✔️ ✔️ ✔️ ✔️ ✔️ ✔️
6 ✔️ ✔️ ✔️ ✔️ ✔️ ✔️ ✔️ ✔️
7 ✔️ ✔️ ✔️ ✔️ ✔️ ✗ ✔️ ✔️
8 ✔️ ✔️ ✔️ ✔️ ✔️ ✔️ ✔️ ✔️
9 ✔️ ✔️ ✔️ ✔️ ✔️ ✔️ ✔️ ✗

10 ✔️ ✔️ ✔️ ✔️ ✔️ ✔️ ✔️ ✔️
11 ✔️ ✔️ ✔️ ✔️ ✔️ ✔️ ✔️ ✔️
12 ✔️ ✔️ ✔️ ✔️ ✔️ ✔️ ✔️ ✔️
13 ✔️ ✔️ ✔️ ✔️ ✔️ ✔️ ✔️ ✔️
14 ✔️ ✔️ ✔️ ✔️ ✔️ ✔️ ✔️ ✔️
15 ✔️ ✔️ ✔️ ✔️ ✔️ ✔️ ✔️ ✔️
16 ✔️ ✔️ ✔️ ✔️ ✔️ ✔️ ✔️ ✔️
17 ✔️ ✔️ ✔️ ✔️ ✔️ ✗ ✔️ ✔️
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Supplementary Table 2. Descriptive statistics and mixed model results. Post-hoc comparisons for speed are presented on the right side of the table. All 
significant effects are highlighted in bold (p<.05). 

Post-hoc speed comparisons (Bonferroni corrected)

3.5 3.5 3.5 SS SS 5.5
No weapon Weapon handling

Weapon* 
Speed

Weapon Speed
vs vs vs vs vs vs

   3.5 
kmh-

1

SS - 
5          

kmh-

1

5.5 
kmh-

1

6.5 
kmh-

1

3.5 
kmh-

1

SS - 
5          

kmh-

1

5.5 
kmh-

1

6.5 
kmh-

1

F p F p F p 5.5 6.5 SS 5.5 6.5 6.5

mean 1.26 1.19 1.18 1.20 1.25 1.19 1.19 1.24 0.55 0.652 0.32 0.574 5.7 0.001 0.003 0.372 0.004 1.000 0.715 0.555
sd 0.12 0.13 0.12 0.10 0.14 0.18 0.11 0.12     
CI upper 1.20 1.13 1.12 1.15 1.18 1.11 1.14 1.18     Sa

cr
um

CI lower 1.31 1.25 1.25 1.25 1.32 1.28 1.24 1.29             
mean 1.43 1.18 1.15 1.09 1.37 1.11 1.05 1.01 0.59 0.624 24.96 < .001 106.1 < .001 < .001 < .001 < .001 0.338 < .001 0.052
sd 0.14 0.11 0.14 0.13 0.15 0.10 0.10 0.12     
CI upper 1.36 1.13 1.07 1.03 1.30 1.06 1.00 0.95     3 

di
m

en
si

on
al

 (3
D)

St
er

nu
m

CI lower 1.49 1.23 1.22 1.15 1.44 1.16 1.09 1.06             
mean 1.20 1.25 1.24 1.29 1.21 1.26 1.27 1.35 0.72 0.543 3.99 0.048 8.3 < .001 0.156 < .001 0.149 1.000 0.045 0.055
sd 0.10 0.12 0.13 0.11 0.12 0.15 0.14 0.12     
CI upper 1.15 1.19 1.17 1.23 1.15 1.19 1.20 1.29     Sa

cr
um

CI lower 1.24 1.31 1.30 1.34 1.27 1.33 1.33 1.41        
mean 1.60 1.45 1.41 1.39 1.54 1.37 1.33 1.35 0.49 0.687 11.19 0.001 21.5 < .001 < .001 < .001 < .001 1.000 0.527 1.000
sd 0.20 0.15 0.16 0.20 0.17 0.13 0.12 0.17     
CI upper 1.51 1.38 1.32 1.29 1.46 1.31 1.27 1.27     

Ve
rt

ic
al

 (V
T)

St
er

nu
m

CI lower 1.70 1.52 1.49 1.49 1.62 1.43 1.39 1.43             
mean 1.72 1.68 1.69 1.66 1.75 1.67 1.68 1.70 0.42 0.742 0.42 0.520 2.0 0.121 0.442 0.310 0.215 1.000 1.000 1.000
sd 0.21 0.19 0.16 0.15 0.21 0.25 0.16 0.18     
CI upper 1.63 1.59 1.61 1.59 1.65 1.55 1.60 1.62     Sa

cr
um

CI lower 1.82 1.77 1.77 1.73 1.85 1.79 1.75 1.79        
mean 1.42 1.13 1.10 1.01 1.26 1.02 0.95 0.88 0.42 0.742 52.20 < .001 85.8 < .001 < .001 < .001 < .001 0.359 < .001 0.014
sd 0.20 0.13 0.13 0.11 0.16 0.09 0.11 0.10     
CI upper 1.33 1.07 1.03 0.95 1.18 0.97 0.90 0.83     M

ed
io

la
te

ra
l (

M
L)

St
er

nu
m

CI lower 1.51 1.19 1.17 1.06 1.33 1.06 1.00 0.93             
mean 1.34 1.24 1.23 1.20 1.36 1.25 1.22 1.23 0.27 0.846 0.62 0.433 16.0 < .001 < .001 < .001 < .001 1.000 1.000 1.000
sd 0.12 0.12 0.10 0.10 0.12 0.16 0.08 0.12     
CI upper 1.29 1.18 1.18 1.15 1.30 1.17 1.18 1.17     Sa

cr
um

CI lower 1.40 1.29 1.28 1.25 1.42 1.32 1.26 1.29        
mean 0.88 0.70 0.65 0.60 0.83 0.61 0.59 0.54 0.48 0.700 33.21 < .001 143.4 < .001 < .001 < .001 < .001 0.115 < .001 0.016
sd 0.10 0.08 0.08 0.09 0.10 0.06 0.05 0.04     
CI upper 0.84 0.66 0.61 0.56 0.78 0.59 0.57 0.52     

An
te

rio
rp

os
te

rio
r (

AP
)

St
er

nu
m

CI lower 0.93 0.73 0.69 0.65 0.88 0.64 0.62 0.57             
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