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ABSTRACT
Background: Footwear and equipment worn by military personnel are crucial for meeting the specific physical
demands of their daily activities. The mileage of the boots significantly influences the risk of injuries during running.
Methods: This study aimed to compare muscle activities while running in polyurethane military boots versus
thermoplastic polyurethane boots among healthy males. Fifteen participants received new pairs of each type of boot
and wore them for six months. Muscle activities of the right leg were recorded while running at a speed of 3.2 m/s.
Two-way ANOVA was applied for statistical analysis at a significance level of 0.05.
Results: Results indicated a significant main effect of "boots" for Gas-Med (p=0.045, n?p=0.136) muscle activity
during the mid-stance phase. Significant main effects of time were observed for ST (p=0.011, n?p=0.211) and Glut-
Med (p=0.032, n*p=0.154) during loading phase, TA (p=0.013, n?p=0.199) and Glut-Med (p=0.049, n*p=0.131)
during mid-stance, and Gas-Med (p=0.026, n?p=0.164), TA (p=0.016, n?p=0.190), and Glut-Med (p=0.014,
N?p=0.187) during push-off. Significant boot-by-time interactions were found for ST (p=0.017, n?p=0.188) during
ush-off.
F()Sonclusions: Wearing new polyurethane boots was linked to less muscle activation and higher mean frequency in
key running-related muscles during long-distance running, suggesting improved muscle function and potential

enhancement of performance while reducing muscle fatigue.
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Introduction

Military boots are primarily designed to protect the foot without interfering with performance
during training and operational activities. This type of shoe is associated with less impact
attenuation and higher plantar pressures than sports shoes (1). Additionally, these boots can alter
the kinematics of the lower extremities, increasing the risk of injury (1, 2). Military and work boots
are constructed with a relatively rigid heel that consists of a rubber sole and cork midsole material
(3). The previous midsole of military boots was made of a steel plate incorporated into the insole
to protect the foot from punctures from nails embedded in the ground. Hamill and Bensel (1996)
addressed in their final report four recommendations that should be improved in a new boot: 1)
shock mitigation; 2) midsole stiffness; 3) mediolateral stability; and 4) superior design. Currently
in Iran, the midsole of military boots is usually made of rubber, thermoplastic polyurethane, and
polyurethane (PU). PU is a polymer that performs well in tests for hardness, tensile strength,
compressive strength, impact resistance, abrasion resistance, and tear resistance. Silva et al.
described that footwear with a cellular structure, such as PU, has appropriate cushioning properties
with lower tear resistance while rubber lasts longer (4). Thermoplastic polyurethanes are a class
of block copolymers consisting of soft rubber segments (giving them their elastic character) and
glassy or crystallizable chain segments (acting as physical cross-links and imparting stiffness and
strength) (5). In service, thermoplastic polyurethanes behave like elastomers and, unlike classical
elastomers, can be processed by conventional techniques and equipment used for common
thermoplastics. The peculiarity of thermoplastic polyurethane is related to the different nature of
the crosslinks in its structure. One of the monomers develops hard or crystalline regions that
function as a thermally stable component (which softens and flows under shear, unlike chemical
cross-links between polymer chains in a conventional thermosetting rubber); the other monomer
develops the soft or amorphous regions, which contribute to its characteristic rubbery nature. A
key attribute of most thermoplastic polyurethanes is the ability to tailor toughness and elasticity to
large strains by varying the type of monomers, the ratio of hard/soft fractions, and the lengths of
hard and soft segments (6). Therefore, thermoplastic polyurethane has often been used in
engineering applications that require high tenacity and high yield strength, as required in
automotive and footwear applications, where conventional elastomers cannot provide the range of
physical properties required. for the products. Thermoplastic polyurethanes are a subcategory of
thermoplastic elastomers and have become a target of great interest in the last decade10-13 due to
their mechanical properties (high elongation at break, high strength, good abrasion resistance, and
high modulus). compared to other elastomers (7).

Previous research had evaluated shoe and load-carrying interactions when participants walked in
their own athletic shoes, safety boots, and military boots (8, 9). Only Dames and Smith (2016)
found interaction effects of shoe and load on hip range of motion. Although two previous studies
focused on military boots and loading, they did not look at both factors together or compare
different military boot designs (e.g., midsole material, hardness, and mass) (9). Therefore, there is
a lack of evidence on how soldiers perform while running while wearing different types of boots.
on the other hand, military boots with thermoplastic polyurethane and polyurethan midsoles were
previously evaluated (1, 9, 10). Previous studies evaluated the effects of additional insoles or
compared military shoes with sports shoes (3, 9). However, only Muniz and Bini (2017) found that
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the boot with the Rubber midsole material had reduced heel strike impact compared to polyurethan,
without influence of midsole hardness or shoe weight (10). However, none of the studies have
compared the lifespan of military boots made of polyurethane and thermoplastic polyurethane.
Therefore, the aim of the present study was to compare muscle activities while running on
polyurethane military boots compared to thermoplastic polyurethane in males’ individuals.

Material and Methods

We used the freeware tool G Power (http://www.gpower.hhu.de/) to calculate a one-sided a priori
power analysis. The power analysis was computed using the F-test family (i.e., ANOVA repeated
measures within-between interaction) (11). The included program variables were an assumed Type
| error of 0.05, a Type Il error rate of 0.20 (80% statistical power), and an effect size of 0.80. The
analysis revealed that at least 15 participants would be needed per group to achieve large-sized
interaction effects for kinetic variables. Fifteen healthy individuals (age: 22.3+1.7 years; body
height: 162.3+6.5 cm; body mass: 62.4+1.3kg) were eligible for inclusion in this study. All
participants were physically active healthy individuals with at least one year of experience of
recreational training such as walking and/or running with 3 sessions per week, each session lasting
50 min. all participants had previously worn the shoe model that was used in this experiment. A
priori defined exclusion criteria comprised a history of musculoskeletal surgery at the trunk and/or
lower limbs, and neuromuscular or orthopedic disorders. The research protocol was approved by
the ethics committee of the Mohaghegh Ardabili University of Ardabil, Iran
(IR.UMA.REC.1401.026) and Iranian Registry of Clinical Trials (IRCT20220714055469N1). All
participants provided their written informed consent to participate in this study.

Participants received new boots before baseline testing (pretests) and were measured with the same
boots (used boots) during posttests. In addition, run characteristics were assessed while running
along a 15-m straight run way at 3.2 run speed (12). Prior to the start of the study, all participants
received a new pair of military boots (Arsan Sanat Aghanezhad (private company), Polyurethane
(PU) and Thermoplastic polyurethane (TPU), made in Iran-Tabriz). The rubber outsole of this shoe
has molded tread patterns that provide enhanced traction and durability. participants were kindly
asked to wear these boots over the upcoming 6 months intervention period during activities of
daily living (13). The researchers made regular phone calls to make sure that they used it and are
ok with the boots. 6 months after the baseline tests, participants returned to the laboratory for a
final biomechanical evaluation. The boot features described in Table 1. For the running trials,
participants were familiarized with the laboratory situation by running three times across the
walkway. A trial was considered successful if the right foot landed in the middle of the force plate
and if EMG signals were artefact free upon visual examination of the online screen. Three
successful running trials were assessed for each condition and used for further data analyses. After
running analysis, muscle specific MVIC testing was performed to normalize EMG data.
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Table 1. Boot characteristics

Boots PU TPU
new Used new used
Mass 336.43 ¢ 384.12 ¢ 380.33 g 392.11¢g
Hardness (Shore 46 48 61 60
A)
Density 0.60 g/cm?® 0.512 g/cm?® 0.45 g/cm?® 0.43 g/cm3
Midsole rear- 32 mm 32 mm 32 mm 32 mm

foot thickness

Pre and post the 6 months intervention period, all participants were asked to running at preferred
speed along a 15-m straight and even running way with new boots (Arsan Sanat Aghanezhad
(private company), Polyurethane and Thermoplastic polyurethane, made in Iran-Tabriz) during
pre-tests and used boots during post-tests (14). A wireless EMG system (Biometrics Ltd., Nine
Mile Point Ind. Est, Newport, UK) with eight pairs of bipolar Ag/AgCl surface electrodes (20 mm
center-to-center distance; input impedance of 100 MQ; and common mode rejection ratio of>110
dB) was used to record activity of the tibialis anterior (TA), gastrocnemius medialis (Gas Med),
biceps femoris (BF), semitendinosus (ST), vastus lateralis (L), vastus medialis (VM), and rectus
femoris (RF), and gluteus medius (Glut-Med) muscles of the right leg (15). These muscles were
selected due to their stabilizing function during running (16). Raw EMG signals were digitized at
1000 Hz and streamed via Bluetooth to a computer for further analysis. According to the European
recommendations for surface electromyography (SENIAM), skin surface was shaved and cleaned
with alcohol over the selected muscles (15). EMG data were synchronized. During the study, the
electromyography (EMG) data was synchronized to accurately align with the movements of the
participants. This synchronization is essential for effectively analyzing muscle activation patterns
associated with specific activities. To create a baseline for muscle activity, we used maximum
voluntary isometric contraction (MVIC) data. This reference point facilitated the normalization of
EMG amplitude during running, enabling a more precise comparison of muscle activation levels
across various conditions and participants (17). To enhance the quality of the EMG signals and
minimize external noise interference, we employed a range of filtering techniques. A bandwidth
filter was set with a frequency range of 10 Hz to 500 Hz, allowing relevant EMG signals to be
transmitted while reducing unwanted frequencies that could introduce noise (18). Additionally, a
notch filter was applied at 50 Hz to specifically eliminate power line interference, which is a
prevalent source of noise in EMG recordings. This combined filtering strategy not only improved
the clarity of the EMG signals but also ensured that the collected data was dependable and
accurately represented the true muscle activity during running tasks (19).

After normal distribution was examined and confirmed using the Shapiro-Wilk-Test, a separate 2
(groups: new vs used boots) x 2 (time: pre vs posttest) ANOVA with repeated measures on time
was computed. Post-hoc analyses were calculated using Bonferroni adjusted paired sample t-tests.
If significant between group baseline differences were identified, the respective parameter was
included as a covariate in our statistical analyses. Additionally, effect sizes were determined by
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partial eta-squared (n2p). The significance level was set at p < .05. All analyses were performed
using Statistical Package for Social Sciences (SPSS) version 26.0.

Results

Results did not demonstrate significant main effect of "boots™ for muscle activities during loading
phase. Findings showed significant main effect of time for ST (p=0.011, n2p =0.211), and Glut-
Med (p=0.032, n2p =0.154), during loading phase. Paired wise comparison revealed significantly
greater Glut-Med activity while running on the TPU to the PU. results did not show significant
boot-by-time interactions for muscle activities during loading phase (Table 2).

Table 2. Muscle activity two condition during loading phase.

variables EMG Sig. (Effect size)
PU TPU Main Main Interaction:
New Used New Used effecct  effect  Boot x Time
Boot Time

TA 97.97+24.62 93.73+12.89  110.07£30.70  97.52+12.72 0.136 0.172 0.429
(%MVIC) (0.078) (0.066) (0.022)
Gas Med  123.05+67.73  146.89+82.02  98.77+36.97  149.05+71.65 0.287 0.105 0.205
(%MVIC) (0.040) (0.001) (0.057)

VL 54.24+15.60 61.51+28.17 59.15+31.25 54.99+16.84 0.897 0.805 0.360
(%MVIC) (0.001) (0.002) (0.031)

VM 61.18+24.82 66.18+42.09 68.20+37.77  95.54+102.47  0.101 0.403 0.306
(%MVIC) (0.093) (0.025) (0.037)

RF 29.50+5.99 29.77+6.79 31.30+7.69 27.50+5.69 0.893 0.308 0.244
(%MVIC) (0.001) (0.037) (0.048)

BF 61.67+17.61 81.86+37.19 61.87+13.87 72.45+40.64 0.302 0.133 0.282
(%MVIC) (0.038) (0.079) (0.041)

ST 63.43+18.60 82.87+33.76 63.64+15.01 77.99+22.47 0.699 0.011* 0.674
(%MVIC) (0.005) (0.211) (0.006)
Glut-Med  93.18+57.79  120.98+48.22  92.82+45.70  146.88+77.91  0.278  0.032* 0.265
(%MVIC) (0.042) (0.154) (0.044)

Note: TA, tibialis anterior; Gas Med, gastrocnemius medialis; VM, vastus medialis; VL, vastus lateralis;
BF, biceps femoris; ST, semitendinosus; RF, rectus femoris; Glut-Med, gluteus Medius; SD, standard
deviation

Results demonstrate significant main effect of "boots" for Gas-Med (p=0.045, n2p=0.136) muscle
activities during mid-stance phase. Paired wise comparison revealed significantly greater Gas Med
activities while running on the PU to the TPU Findings showed significant main effect of time for
TA (p=0.013, n2p=0.199), and Glut-Med (p=0.049, n2p=0.131) during mid-stance phase. Paired
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wise comparison revealed significantly lower Glut-Med activities while running on the new to the
used boots. Also, paired wise comparison revealed significantly greater TA activities while
running on the new to the used boots. results did not show significant boot-by-time interactions
for muscle activities during mid-stance phase (Table 3).

Table 3. Muscle activity two condition during mid-stance phase

variables EMG Sig. (Effect size)
PU TPU Main Main  Interaction:
New Used New Used effecct  effect Boot x Time
Boot Time

TA 118.12+42.03  98.44+14.48  113.98+21.64 98.18+9.89 0.729 0.013* 0.760
(%MVIC) (0.004) (0.199) (0.003)
Gas Med  108.59+44.27 155.14+97.38 101.34+47.00  99.79+47.72 0.045*  0.201 0.119
(%MVIC) (0.136)  (0.055) (0.085)

VL 58.16+14.52  59.95+17.40  57.15+17.25 64.06+21.46 0.707 0.398 0.536
(%MVIC) (0.005) (0.026) (0.014)

VM 79.17452.36  85.53+96.78  69.30+24.66  111.55+147.74  0.658 0.405 0.328
(%MVIC) (0.007) (0.025) (0.034)

RF 31.11+10.28 28.10+4.79 31.85+14.59 26.79+7.21 0.915 0.120 0.698
(%MVIC) (0.001) (0.084) (0.005)

BF 66.04+18.45  74.59+33.40  60.81+21.13 77.28+44.60 0.851 0.185 0.559
(%MVIC) (0.001) (0.062) (0.012)

ST 61.23+11.60  63.54+19.35  62.69+10.27 68.09+36.04 0.601 0.499 0.787
(%MVIC) (0.010) (0.017) (0.003)
Glut-Med  86.80+44.69  116.34+53.57  99.02+61.53  144.75+71.58 0.078 0.049* 0.472
(%MVIC) (0.0107) (0.131) (0.019)

Note: TA, tibialis anterior; Gas Med, gastrocnemius medialis; VM, vastus medialis; VL, vastus lateralis;
BF, biceps femoris; ST, semitendinosus; RF, rectus femoris; Glut-Med, gluteus Medius; SD, standard
deviation.

Results did not demonstrate significant main effect of "boots" for muscle activities during push off
phase. Findings showed significant main effect of group for Gas-med (p=0.026, d=0.164), TA
(p=0.016, 12p=0.190), and Glut-Med (p=0.014, n2p=0.187) during push off phase. Paired-wise
comparison revealed significantly lower Gas Med and Glut-Med at posh-off phase in new boots
than that used boot. Also, Paired-wise comparison revealed significantly greater TA at posh-off
phase in new boots than that used boot. furthermore, results show significant boot-by-time
interactions for ST (p=0.017 n2p =0.188) muscle activity during push off phase. Paired wise
comparison revealed significantly greater ST activities while running on the PU to TPU (Table 4).

47



Table 4. Muscle activity two condition during push off phase

variables EMG Sig. (Effect size)
PU TPU Main Main Interaction:

New Used New Used effect  effect Boot x
Boot Time Time
TA 112.95+30.79  89.88+8.73  111.96+30.61 98.29+18.08 0.462 0.016* 0.353
(%MVIC) (0.019) (0.190) (0.031)
Gas Med 120.19+51.07 126.73+59.58 87.58+26.12 145.35+64.84  0.606 0.026* 0.067
(%MVIC) (0.010) (0.164) (0.115)
VL 58.99+20.93  61.86+16.24  65.47+32.47 65.07+£19.95 0.334 0.895 0.743
(%MVIC) (0.033) (0.001) (0.004)
VM 65.60+24.01 60.57+32.18 65.19+28.74 96.11+100.63  0.248 0.364 0.238
(%MVIC) (0.047) (0.030) (0.049)
RF 28.51+5.93 25.54+4.04 32.23+13.09 29.04+8.18 0.106 0.180 0.960
(%MVIC) (0.090) (0.063) (0.001)
BF 66.24+22.93  78.16+30.58 62.25+22.63  85.73+34.95 0.723 0.060 0.257
(%MVIC) (0.005) (0.121) (0.046)
ST 65.08+14.52  77.38+18.80 66.91+17.40 64.12+15.18 0.064 0.376 0.017*
(%MVIC) (0.0117) (0.028) (0.188)

Glut-Med  85.68+41.49 121.10+63.48 87533573 121.77+6426 0926  0.017* 0.966
(%MVIC) (0.001) (0.186)  (0.001)

Note: TA, tibialis anterior; Gas Med, gastrocnemius medialis; VM, vastus medialis; VL, vastus lateralis;
BF, biceps femoris; ST, semitendinosus; RF, rectus femoris; Glut-Med, gluteus Medius; SD, standard
deviation.

Discussion

This study was the first to examine the long-term effects of military boots mileage and boots
wearing time on activities of selected lower limb muscles during running in healthy individuals.
Results revealed significantly lower ST and Glut-Med at loading phase in new boots than that used
boot. It has been reported during the loading phase, the hip begins to extend through concentric
contractions of the hip extensors, gluteus maximus, and hamstrings (20, 21). In the human body,
passive mechanisms such as heel pad deformation and soft tissue vibrations have been shown to
reduce shock wave magnitudes, while active mechanisms such as knee flexion or eversion of the
calcaneus, reduce its spread (22). In addition, Rectus femoris plays an important role in hip flexion
and Glut-Med and ST, which help extend the hip in the first half of the stance phase and the second
half of the swing phase, are crucial in producing forward propulsion (23). In addition, ST also
slows the momentum of the swing limb as the knee is extended during the last swing phase, which
has important eccentric and concentric functions (23). The snug fit and springy nature of combat
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boots can help the hamstrings by limiting knee extension in the final swing phase, a period that is
particularly risky for hamstring injuries. Therefore, the improvement in wear and compression
pressure caused by the use of PU military boots instead of TPU seems to increase the efficiency
of muscle contraction. Also, results revealed significantly greater TA activities during Mid-stance
phase on the new to the used boots (Table 2). The loading phase of the running cycle involves
plantarflexion of the ankle (20). Plantarflexion allows eccentric contractions of the TA muscle
which allows the foot to gently lower to the ground, If the TA muscle does not generate enough
moment, the dorsum of the foot flexes too quickly (20). Movement toward plantarflexion is
accompanied by pronation of the foot and internal rotation of the tibia (20). From its almost fully
extended position at initial contact with the ground, the knee is flexed during the loading phase.
This is accompanied by eccentric contractions of the quadriceps (20).

Results showed significantly lower Gas Med and Glut-Med at the posh-off phase in new boots
compared to those in used boots. Additionally, TA was significantly greater at the posh-off phase
in new boots compared to those in used boots. with running, there was significantly less TA activity
with a corresponding increase in Gas-Med activity, but no difference in more proximal muscles
(VMO, RF, and BF). The lack of significant differences in knee and hip kinematics could explain
the lack of changes in muscle activity in the muscles that control the knee and hip joints.
Interestingly, the increased activation in Gas-Med during the worn TPU military boots condition
did not correspond to significant differences in ankle eversion/inversion angles despite this
muscle's contribution to frontal plane mechanics (24).

This could be related to the different biomechanics used to perform the race, which has been
established in previous literature (25, 26). On the other hand, it has been reported that activation
of the Gas-Med can help maintain foot arch and Achilles tendon tension by producing an efficient
stretch-shorten cycle to propel the body forward (26). Gas-Med's increased activity levels during
running may be advantageous because it has the potential to affect the body's ability to control
sagittal plane and coronal plane movements simultaneously. The results of this study are consistent
with and build upon prior research examining the impact of footwear on lower limb muscle activity
and running biomechanics. For example, Divert et al. observed that running with shoes elevates
muscle activation in the Tibialis Anterior and Gastrocnemius compared to barefoot running,
underscoring the role of footwear in shaping neuromuscular response (27). Similarly, Nigg et al.
highlighted that cushioned footwear, especially with softer midsoles, mitigates muscle fatigue in
critical running muscles like the Gastrocnemius and Soleus during extended running sessions (28).
Research on military boots, including studies by Majumdar et al. (2010) and Boyer et al., revealed
that the added weight and rigidity of such boots enhance activation in the Gluteus Medius and
Quadriceps, particularly during the loading and push-off phases of running (29). Additionally,
Worobets et al. demonstrated that worn-out footwear increases muscle activation as a result of
diminished cushioning and changes in biomechanics (30), while Sinclair et al. found that
polyurethane midsoles enhance running efficiency by decreasing muscle activation in the
Gastrocnemius and Soleus (31).

This study has some limitations that should be regarded. Firstly, we did not evaluate the kinematic
data. Secondly, we did not evaluate Kinetic data such as ground reaction forces and joint moments.
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Future studies should assess both kinematic and kinetic data to better establish the effect of military
boots mileage on running mechanics.

Conclusion

Wearing new polyurethane boots was associated with significantly less muscle activation and
higher mean frequency in key running-related muscles during long-distance running. This finding
suggested that wearing new polyurethane boots may improve muscle function, which could
improve running performance and prevent muscle fatigue. The springy nature of PU military boots
can help the hamstrings limit knee extension, a period that is particularly risky for hamstring
injuries. Therefore, the improvement in wear and compression pressure caused by the use of PU
military boots instead of TPU seems to increase the efficiency of muscle contraction. However,
future studies will be needed to establish more direct mechanical connections between running
technique, military boot type, and injuries.
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