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Abstract

Foot-strike patterns, including rearfoot strike (RFS), midfoot
strike (MFS), and forefoot strike (FFS), are related to running in-
juries. Additionally, cumulative load is an important parameter
when considering running injuries, but the cumulative loads of
Achilles tendon force (ATF), plantar fascia force (PFF), and pa-
tellofemoral joint stress (PFJS) across all foot-strike patterns, in-
cluding MFS, remain unknown. This study examined the effects
of different foot-strike patterns during running, including MFS,
on the peak values and cumulative load of ATF, PFF, and PFJS.
Twenty healthy participants were enrolled in this study. The ATF,
PFF, and PFJS during barefoot running with RFS, MFS, and FFS
at 10 km/h were analyzed using a three-dimensional motion cap-
ture system and force plates. Their peak values and impulse per
mile (an indicator of cumulative load) were calculated. These var-
iables were statistically compared across foot strike patterns. The
significance level was adjusted using the Bonferroni method for
post-hoc tests (o = 0.016). Additionally, Cohen's d was used to
calculate the effect size. The peak values and cumulative loads of
the ATF and PFF were highest in FFS, followed by MFS and
RFS. Conversely, the peak values and cumulative loads of the
PFJS were higher in RFS and MFS than in FFS. Additionally, the
effect size of impulse per mile was larger than that for peak val-
ues. The load is applied to different regions depending on the
foot-strike pattern. ATF and PFF showed intermediate values at
midfoot strike, MFS is suggesting that it may reduce the risk of
developing or exacerbating Achilles tendinopathy and plantar
fasciitis. Moreover, cumulative load may be a more meaningful
parameter than peak values for estimating load during actual run-
ning.

Key words: Running injury, midfoot strike, impulse, cumulative
load.

Introduction

Running-related injuries include Achilles tendinopathy and
plantar fasciitis in the foot, as well as patellofemoral pain
in the knee. Achilles tendinopathy accounts for 18% of run-
ning-related injuries (McCrory et al,, 1999). Plantar
fasciitis was reported in 159 of 267 patients with running-
related injuries in a previous study (Taunton et al., 2002).
Patellofemoral pain is the most common running-related
injury (Kakouris et al., 2021). These injuries are triggered
and exacerbated by the load applied to the affected regions,
such as the Achilles tendon, plantar fascia, and patellofem-
oral joint. Reducing the load on the Achilles tendon, plan-
tar fascia, and patellofemoral joint may be important for
preventing these injuries.

A recent systematic review showed that foot-strike

patterns may affect the risk of running-related injuries (Xu
et al., 2021). Three types of foot-strike patterns exist: rear-
foot strike (RFS), midfoot strike (MFS), and forefoot strike
(FFS). Kulmala et al.’s study (Kulmala et al., 2013) re-
ported that RFS increases the force on the patellofemoral
joint compared with FFS, potentially increasing the risk of
patellofemoral pain. Conversely, FFS increases the load on
the soleus muscle and Achilles tendon, thereby increasing
the risk of tendon disorders (Almonroeder et al., 2013).
Furthermore, a previous study (Chen et al., 2019) reported
a potential increase in plantar fascia force (PFF) compared
to RFS. Therefore, the parts of the lower limb that are more
likely to get injury depend on the foot-strike pattern. Inter-
ventions such as changing the foot-strike pattern to reduce
load may be effective in one area but may have a detri-
mental effect on another region.

A lack of previous studies describing the biome-
chanics of MFS remains evident. The proportions of foot-
strike patterns changes depending on running speed and
distance. Hanley et al. (Hanley et al., 2019) investigated
half marathons and reported that the proportions of foot-
strike patterns were RFS 62%, MFS 36%, and FFS 2%,
with MFS being the second most common pattern after
RFS. Previous studies (Almonroeder et al., 2013; Burke et
al., 2021) compared the Achilles tendon force (ATF), PFF,
and patellofemoral joint stress (PFJS) between runners
with the RFS and non-RFS (NRFS) patterns. However,
NREFS includes both FFS and MFS, and loads on the foot
and knee joints are likely to change between FFS and MFS
because they differ in the foot-ankle angle at ground con-
tact. Therefore, classifying foot-strike patterns into three
categories and examining the load on the foot and knee
joints provides more detailed conditioning according to
each runner's foot-strike pattern, which may help prevent
running-related injuries.

Many previous studies have focused on comparing
peak value outcomes between foot-strike patterns, but the
relationships between foot-strike patterns, including MFS,
and repeated loading have not been established. The occur-
rence of Achilles tendinopathy, plantar fasciitis, and patel-
lofemoral pain is multifactorial. Among the contributing
factors, excessive repetitive loading on the Achilles ten-
don, plantar fascia, and patellofemoral joint is considered
significant (Wearing et al., 2006; Willwacher et al., 2022).
A recent study showed that the peak values do not reflect
repetitive loading (Doyle et al., 2023). A review article
(Anderson et al., 2020) compared peak loads (e.g., force,
impulse, and stress) on the foot and knee joints owing to
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different foot-strike patterns, but it did not consider repeti-
tive loading. Doyle et al. (Doyle et al., 2023) examined the
effect of cumulative load at various running speeds and
found that peak PFJS per step increased with running
speed. However, the cumulative PFJS decreased after 1 km
of continuous running. Based on these results, it is sug-
gested that the present study should investigate not only the
peak values but also the cumulative loads. Considering that
injuries are associated with repetitive loading, it is neces-
sary to use cumulative load indicators, such as impulse per
mile, in addition to peak values for comparison.

Moreover, previous studies evaluated each parame-
ter individually, and the effects of foot-strike patterns on
ATF, PFF, and PFJS have not been examined simultane-
ously. Previous studies (Almonroeder et al., 2013;
Vannatta and Kernozek, 2015) differed in their experi-
mental environments and participant characteristics, such
as age and sex. Differences exist between the joint motions
of elite and recreational runners (Evans et al., 2023; Quan
etal., 2021) and between the magnitudes of muscle activity
in treadmill and overground running (Oliveira et al., 2016).
Therefore, it was not possible to make general comparisons
with previous studies using different experimental condi-
tions. Examining RFS, MFS, and FFS simultaneously in a
single experiment can standardize factors such as experi-
mental conditions and participants, enabling comparisons
among the foot-strike patterns and providing a clearer un-
derstanding of the risks and benefits associated with each
pattern.

This study aimed to investigate the effects of differ-
ences in foot-strike patterns during running on the ATF,
PFF, and PFJS. We hypothesized that the ATF and PFF
would be the highest in FFS, followed by MFS and RFS,
whereas the PFJS would be the highest in RFS, followed
by MFS and FFS.

Methods

Participants

The participants were 20 healthy adult males (age: 21.7 +
1.1 years, height: 171.2 + 4.5 cm, body mass: 66.6 + 9.3
kg). This study targeted male participants because lower
extremity kinetics and ground reaction forces differ be-
tween males and females during running (Almonroeder
and Benson, 2017; Jiang et al., 2024), which may influence
the present results. An a priori sample size calculation, per-
formed using G*Power 3.1 (University of Kiel, Germany),
determined that a minimum of 19 participants were re-
quired, assuming an effect size of 0.7 (medium), a power
of 0.8, and a critical alpha of 0.05. The sample size was
calculated based on similar previous biomechanical studies
(Doyle et al., 2023). We recruited participants from the uni-
versity through word-of-mouth. The inclusion criteria were
as follows: 1) no history of Achilles tendinopathy, plantar
fasciitis, or patellofemoral pain, and no history of other
lower limb injuries within the past 6 months; ii) no history
of lower limb surgery; and iii) no abnormal alignment, such
as foot deformity. Foot alignment was evaluated using the
arch height index (AHI) in the double-leg standing condi-
tion with an AHI measurement system (JAKTOOL LLC,
Cranbury, NJ, USA). Participants with AHI > 0.310 were

considered to have a normal foot based on the mean (stand-
ard deviation) AHI data in young Japanese students from a
previous study (Takabayashi et al., 2020). This study was
approved by the ethics committee (No.18638-210630). All
participants provided written informed consent before en-
rollment in the experiment. After participants agreed to the
contents and protocol of this study, the experiment began.

Experimental protocol

A three-dimensional motion capture system (VICON, Ox-
ford Metrics, UK) with 12 infrared cameras (250 Hz sam-
pling rate), force plates (AMTI, USA; 1000 Hz sampling
rate), and photocells (Dashr, Japan) was used. Based on the
plug-in gait lower-body model, 16 infrared reflective
markers with a diameter of 9.5 mm were placed on the
lower limbs. The plug-in gait lower-body model was also
used in running motion analyses in previous studies
(Kulmala et al., 2013; Ogaya et al., 2021). The tasks in-
volved running under three conditions: RFS, MFS, and
FFS. Based on previous studies (Rice et al., 2023;
Takabayashi et al., 2018), this study was conducted under
barefoot conditions to observe the pure function of the foot
without the influence of shoes. Additionally, the barefoot
condition in this study helped eliminate potential marker
displacement caused by shoe-foot movement. The partici-
pants ran along a 15 m laboratory runway with six force
plates (width, 46 cm; length, 50 cm per force plate) embed-
ded in the center. Based on a previous study (Besson et al.,
2023), the running speed was standardized to 10 km/h +
5% across the foot-strike patterns. Running speed was
measured using a photocell. The proportion of foot-strike
patterns changes depending on the running speed; how-
ever, the speed used in this study corresponds to the speed
at which RFS, MFS, and FFS occur together in a marathon
(Bovalino and Kingsley, 2021). Measurements were con-
ducted after at least 10 min of practice to ensure that par-
ticipants were accustomed to the task movements. Success-
ful trials were defined as those in which i) the running
speed was 10 km/h £+ 5%, ii) the definitions of each foot-
strike pattern were met, and iii) the right leg stepped on the
force plate. Foot-strike patterns were determined based on
the foot-strike angle (FSA) (Altman and Davis, 2012). The
definitions of each foot-strike pattern were as follows: RFS
=FSA > 8°, MFS = —1.6° < FSA > 8°, and FFS = FSA <
—1.6°. Each participant underwent five measurement trials.
The order of the foot-strike patterns was randomized for
each participant. A 3-min rest period was allowed between
each condition, and it was confirmed that participants did
not experience fatigue.

Data analysis

The marker and ground reaction force data were filtered
using a second-order, zero-lag Butterworth low-pass filter
with cut-off frequencies of 12 and 50 Hz, respectively. An-
gles of ankle plantarflexion/dorsiflexion, knee flexion/ex-
tension, and ankle and knee joint moments during running
were analyzed using Nexus software (Vicon, Oxford, UK).
Based on the vertical ground reaction force, the stance
phase during running was determined. A threshold of 20 N
in vertical ground reaction force was used to define initial
contact and toe-off. The stance phase was normalized to
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101 points.
The ATF was calculated based on a previous report ~ JRF[N/kg] = k X Fg (Eq.7)

(Rugg et al., 1990), using a regression equation of the
Achilles tendon moment arm (L,) with the ankle plantar-
flexion/dorsiflexion angle (8,) as the independent variable
(Eq.1). The ankle joint moment (M,) was then divided
by L, to obtain the ATF (Eq.2).

La [cm] = —0.5910 + 0.08297(8a) — 0.0002606(0a)? (Eq.1)

ATF [N/kg] = Ma/La (Eq.2)
This calculation (Eq.2) is based on the net joint moment
and does not consider only the plantarflexors. However,
previous research (Kernozek et al., 2017) has reported that
this method shows almost no difference in the ATF com-
pared with high-precision calculation methods that con-
sider antagonist muscles, such as the ankle dorsiflexors. Fi-
nally, ATF was normalized by kilograms (the unit of body
mass) in this study.

The PFF was calculated based on a previous study (Scott
and Winter, 1990) (Eq.3).

0.5(LgxFg)
e (Eq.3)

PFF[N/kg] =
F, is the ground reaction force, and Ly and L, are the mo-
ment arms of the plantar fascia and ground reaction forces,
respectively. Additionally, 0.5 indicates the degree of con-
tribution of the plantar fascia. The lever arm, L,,, was de-
termined from the marker position attached to the right lat-
eral malleolus, the midpoint of the right second and third
metatarsal heads, and the most posterior point of the right
foot. Similar to the ATF, the PFF was normalized by kilo-
grams (the unit of body mass).

The PFJS was calculated in several steps based on
previous research (Nunes et al., 2018). A lever arm of the
quadriceps muscle (L) was determined at each knee flex-
ion angle (8)) by fitting a nonlinear equation to the data
(Whyte et al., 2010) (Eq.4). The quadriceps force (Fg) was
calculated by dividing the knee extension moment (M;) by
the lever arm (Eq.5).

Lq[m] = 8E~® (8k)® — 1.29E75(8k)? + 2.8E7*(6k) + 0.0462 (Eq.4)

(Eq.5)

This knee extension moment is a net joint moment and does
not account for the effect of knee flexors, but a systematic
review concluded that it is currently the most appropriate
method available (Nunes et al., 2018).

The patellofemoral joint reaction force (JRF) was
calculated by applying a nonlinear equation to data from a
previous study (van Eijden et al., 1986), allowing for the
calculation of a coefficient (k) specific to each knee flexion
angle (Eq.6). The JRF was then determined by multiplying
the quadriceps force by this coefficient for each respective
flexion angle (Eq.7).

Fq [N/kg] = Mk/Lq

K = —3.84E73(0)%+1.47E~3(0y)+0.462

T —6.98E~7(85)3+1.55E~4(8)2—0.0162(8y)+1 (Eq.6)

The patellofemoral joint contact area (CA) was calculated
by fitting a fourth-order polynomial curve algorithm to the
seven contact areas (Eq. 8) (Powers et al., 1998).

CA [mm?] = —2.0E~>(8,)* — 0.0033(8,)% +
0.1099(6,)% + 3.5273(6y) + 81.058 (Eq.8)

The CA is the patellofemoral contact area. Finally, the
PFJS was calculated by dividing the patellofemoral JRF by

the patellofemoral joint contact area (Eq.9).

PF]S [MPa] = JRF/CA (Eq.9)
The data from each participant, obtained from five success-
ful trials, were averaged for each condition, and then the
data for 20 participants were averaged. A total of 300 trials
(20 participants, five successful trials for each participant,
and three foot-strike patterns) were included in the data
analysis. Among these, three trials did not meet the criteria
for a successful trial (i.e., not stepping on the force plate
and missing markers) and were therefore excluded from the
analysis. Data analysis was performed using Scilab soft-
ware version 6.1.0 (Enterprises, Versailles, France). The
analysis items included stance times during running, steps
per mile, ankle plantar flexion moment, knee extension
moment, knee flexion angle, quadriceps force, peak values,
time to peak, impulse per step, impulse per mile as an indi-
cator of cumulative load for the ATF and PFF, PFJS, and
contact area. The impulse per mile was calculated by mul-
tiplying the impulse per step by the number of steps in the
right leg per mile. Therefore, repetitive high peak loads per
mile are also accounted for in impulse per mile. The num-
ber of steps in the right leg was calculated by dividing
1,600 m (1 mile) by stride length (twice the step length), in
reference to Willy et al’s study (Willy et al., 2016).

Statistical analysis

For data that followed a normal distribution, a paired t-test
was applied. If the data did not follow a normal distribu-
tion, the Wilcoxon signed-rank test was used to compare
the analytical items among the three foot-strike patterns.
The significance level was adjusted using the Bonferroni
method (o= 0.05/3 =0.0167) because of multiple compar-
isons. Cohen's d was used to calculate the effect sizes
among the foot-strike patterns. The effect sizes were inter-
preted as small (|0.2]-]0.5]), medium (]0.5]-|0.8|), and large
(>0.8]) (Cohen, 2013). All statistical analyses were per-
formed using RStudio (version 4.4.0; The R Foundation for
Statistical Computing, Vienna, Austria).

Results

Results are summarized in Table 1. Figure 1 shows the
foot-strike angles of individual participants (A) and the av-
erage across participants (B). The foot-strike patterns were
clearly distinguishable, although the rearfoot strike pattern
had slightly greater variability in foot-strike angles than the
other patterns. Significant differences in foot-strike angles
were observed among all foot-strike patterns (p < 0.016),



750

Foot-strike patterns

and the effect sizes were all large. No significant differ-
ences in-stance time and steps per mile were found among
the foot-strike patterns, and running speed was consistent;
therefore, these factors are unlikely to have contributed to
any differences observed in ATF, PFF, and PFJS peaks or

impulses. The ankle plantar flexion moment was signifi-
cantly higher in FFS, followed by MFS, and lowest in RFS.
The peak values of the knee extension moment and knee
flexion angle were significantly higher in RFS and MFS
compared with FFS.

Table 1. Mean(SD) kinematic, kinetic, and spatiotemporal data for each foot-strike pattern.

Parameters Foot-strike patterns P values Effect sizes
RFS MFS FFS RFS-MFS RFS-FFS MFS-FFS RFS-MFS RFS-FFS MFS-FFS
Foot-strike angle (°) 17.7(44) 258147 -792(2.75) <.0l6* <.016* <.016* 4.58 6.94 4.77
Spatiotemporal
Contact time (s) 25(.02) 237 (.020) .241 (.027) .023 261 339 .54 .29 -.17
Steps per mile (steps/mile) 1569 (131) 1526 (208) 1530 (197) 812 .940 .854 25 24 -.02
Ankle/Knee joint
Peak planterflexion moment (N/kg) 16.8(3.3) 189(3.7) 209(4.0) <.0l6* <.016* <.016* -.58 -1.11 -.53
Peak knee extension moment (N/kg) 2.45(.50) 2.37(54) 2.06(.57) .022 <.016* <.016* 15 73 .56
Knee flexion angle (°) 43.1(43) 43448 4134 216 <.016* <.016* -.08 37 42
Achilles tendon
Peak force (N/kg) 71.2(9.8) 80.1(12.4) 852(12.4) <.0l6* <.016* <.016* -.80 -1.25 -41
Peak lever arm (cm) 3.54(.14) 3.54(.18) 3.69(.16) .83 <.016* <.016* -.03 -1.02 -.87
Peak time (s) 143 (.012) .128 (.012) .127(.013) <.016%* <.016* .545 1.25 1.28 .08
Impluse per step (N/kg-s) 7.7 (1.3) 9.2 (1.7) 10.2(1.9) <.016* <.016* <.016* -.99 -1.54 -.55
Impulse per mile (N/kg-s) 5993 (803) 7131(951) 7864 (940) <.016* <.016* <.016* -1.29 -2.14 -.78
Plantar fascia
Peak force (N/kg) 57.2(22.6) 64.1(24.3) 71.7(24.0) <.016* <.016* <.016* -.30 -.62 -31
Peak time (s) .149 (.013) .132(.014) .131(.013) <.016%* <.016* 442 1.26 1.39 .08
Impluse per step (N/kg-s) 6.20 (2.19) 7.53(2.64) 8.96(3.01) <.016* <.016* <.016* -.54 -1.03 -.51
Impulse per mile (N/kg-s) 4792 (1535) 5829 (1986) 6975 (2243) <.016* <.016* <.016* -.59 -1.44 -.54
Patellofemoral joint
Quadriceps force (N/kg) 61.6 (13.8) 59.0(15.0) 50.4(15.4) .055 <.016* <.016* 18 76 .57
Peak stress (MPa) 144 (3.7) 13939 12044 120 <.016* <.016* .14 .61 48
Peak reaction force (N/kg) 52.5(12.9) 50.6(14.1) 42.6(14.4) A11 <.016* <.016* 14 73 .57
Peak lever arm (m) .0406 (.0016).0405 (.0018) .0413 (.002) 714 <.016* <.016* .06 -.39 -42
Peak contact area (mm?) 240.2 (6.6) 239.9(7.0) 237.0(8.7) 475 <.016* <.016* .05 41 .36
Peak time (s) .092 (.011) .084 (.009) .099 (.01) <.016%* <.016* <.016* .80 -.67 -1.58
Impluse per step (MPa-s) 1.50 (.47) 1.39(.50)  1.15(.45) .023 <.016* <.016* 23 .76 Sl
Impluse per mile (MPa-s) 1166 (348) 1079 (361) 884 (317) .020 <.016* <.016* 25 .85 .58

*p<0.016: Significant difference between foot-strike patterns because of Bonferroni adjustment (a level is 0.0167). RFS, Rearfoot strike; MFS, Midfoot strike; FFS,

Forefoot strike.
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Figure 1. Foot strike angle of individuals (A) and average across all participants (B). RFS, rearfoot strike; MFS, midfoot strike; FFS,

forefoot strike.
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Figure 2. Achilles tendon force (A), plantar fascia force (B), and patellofemoral joint stress (C) during running in each foot-
strike pattern. The waveforms represent averages across all participants. RFS, rearfoot strike; MFS, midfoot strike; FFS, forefoot strike.

Figure 2 shows the average waveform patterns of
the ATF, PFF, and PFIS across all participants. Regarding
the ATF and PFF, the peak values, impulse per step, and
impulse per mile were significantly higher in FFS, fol-
lowed by MFS, and lowest in RFS. In addition to the peak
values, ATF and PFF throughout the stance phase were
highest in FFS, followed by MFS, and lowest in RFS. For
all parameters, MFS showed intermediate values between
those of FFS and RFS. In the patellofemoral joint, quadri-
ceps force, peak stress, peak reaction force, impulse per
step, and impulse per mile of stress were significantly
higher in RFS and MFS than in FFS. The contact area
showed no significant differences among the foot-strike
patterns.

For the effect sizes of the ATF, PFF, and PFIS, the
impulse per mile showed a larger effect size than the peak
values (Table 1). In many cases, the effect sizes increased
from small (peak values) to medium (impulse per mile) and
from medium (peak values) to large (impulse per mile).

Discussion

This study found that the peak values, impulse per step, and
impulse per mile of the ATF and PFF were significantly
higher in FFS, followed by MFS, and lowest in RFS. Ad-
ditionally, for the PFJS, the peak values, impulse per step,
and impulse per mile were significantly higher in RFS and
MES than in FFS, supporting our hypothesis. This study is
the first to explore the effects of differences in RFS, MFS,
and FFS during running on the cumulative load of ATF,
PFF, and PFJS. The strengths of this study are: 1) all out-
comes were compared among foot-strike patterns, includ-
ing MFS; 2) cumulative loads were quantified; and 3) the
ATF, PFF, and PFJS were examined simultaneously.

The ATF peak values were the highest for FFS, fol-
lowed by MFS and RFS. According to calculations from
previous research (Sinclair, 2014), the higher the plantar
flexion moment, which is the numerator, the higher the
ATF value. The results of this study showed that the plantar
flexion moment was highest for FFS, followed by MFS and
RFS. Therefore, the increase in plantar flexion moment is
considered to contribute significantly to the increase in the
ATF. In FFS, the center of pressure during early stance is
located under the forefoot (Cavanagh and Lafortune,
1980), resulting in a longer moment arm from the center of
pressure to the ankle joint center compared to other foot-

strike patterns. This longer moment arm produces a greater
external dorsiflexion moment. To counteract this, eccentric
contraction of the triceps surae from initial contact to mid-
stance helps convert more of the impact at contact into ro-
tational energy (Lieberman et al., 2010). The increase in
plantar flexion moment observed in this study may also be
attributed to increased activity of the gastrocnemius and so-
leus muscles during FFS (Almonroeder et al., 2013).

The PFF in MFS showed intermediate values be-
tween those at FFS and RFS. According to a previous study
(Scott and Winter, 1990), PFF is calculated by dividing the
ground reaction force moment by the lever arm; therefore,
it is thought that the higher the ground reaction force, the
higher the PFF. Previous studies (Taunton et al., 2002) re-
ported that during the mid-stance phase, ground reaction
forces are higher in FFS than in RFS, and that the ground
reaction force in MFS is intermediate between those in FFS
and RFS. Therefore, as the ground reaction force changes
depending on the foot-strike pattern, the PFF may increase
in the following order: FFS, MFS, and RFS. The impulse
per mile was highest in FFS, followed by MFS and RFS,
because no significant differences in stance time existed
between the foot-strike patterns, and the ATF and PFF
were highest in FFS throughout the stance phase. Further-
more, because no significant difference in steps per mile
was observed between the foot-strike patterns, the ATF and
PFF had the highest impulse per mile in FFS.

The peak PFJS value, impulse per step, and impulse
per mile were significantly higher in RFS and MFS than in
FFS. This may be because quadriceps muscle activity in-
creased with RFS and MFS. Lenhart (Lenhart et al., 2014)
reported that quadriceps activity increases with greater
knee flexion angles during running. The results of the pre-
sent study showed that the knee flexion angle is higher in
RFS and MFS than in FFS. Therefore, increased knee flex-
ion angles are considered to lead to increased quadriceps
activity, resulting in a higher PFJS in RFS and MFS from
initial contact to mid-stance. The increase in knee joint
flexion angle in RFS and MFS is thought to result from the
shock absorption function of the joints. A previous study
(Lieberman et al., 2010) reported that in FFS, the gas-
trocnemius-soleus muscles absorb impulses through eccen-
tric contraction from initial contact to mid-stance. Con-
versely, in RFS and MFS, runners land with dorsiflexed
ankles similar to those of a rigid body, resulting in minimal
contribution from the ankle joint to impact absorption
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(Kulmala et al., 2013). For RFS and MFS, shock absorp-
tion is required at the knee joints. The increase in knee flex-
ion angle led to higher quadriceps activity, resulting in a
higher PFJS from initial contact to mid-stance. Therefore,
both the peak values and impulse per step were high in RFS
and MFS. As no significant difference in steps per mile was
observed, impulse per mile was also higher in RFS and
MEFS than in FFS.

This study showed that among all foot-related pa-
rameters, ATF and PFF were highest in FFS and the lowest
in RFS. Therefore, RFS is considered desirable for reduc-
ing the load on the Achilles tendon and plantar fascia. Con-
versely, the PFJS was lowest in FFS, suggesting that FFS
is desirable for reducing the load on the patellofemoral
joint. Therefore, it may be necessary to change the foot-
strike pattern depending on the region of the body where
the load is to be reduced. However, a sudden change in the
foot-strike pattern between FFS and RFS increases the risk
of running-related injuries (Anderson et al., 2020). In the
present study, MFS showed intermediate values between
FFS and RFS for all analyzed parameters in the ATF and
PFF. For some outcomes between MFS and FFS, the effect
sizes were medium rather than small (impulse per step: -
0.55; impulse per mile: -0.78; Table 1). Therefore, the in-
clusion of MFS when changing the foot-strike pattern al-
lows for a more gradual transition, which may help prevent
Achilles tendinopathy and plantar fasciitis.

Additionally, the present study found that the effect
size of impulse per mile was greater than that of the peak
value across foot-strike patterns (Table 1). Considering the
potential influence of cumulative load, future studies
should incorporate both peak values and cumulative load
when analyzing running biomechanics.

The present study had some limitations. First, it did
not include habitual runners or female participants. Be-
cause the same male participants performed all three foot-
strike patterns, they received sufficient practice before the
measurement. However, it is possible that participants ran
using unfamiliar foot-strike patterns. Second, this study
was conducted with participants running barefoot. The pa-
rameters necessary for analyzing ATF and PF were calcu-
lated from the marker positions on the foot, which were at-
tached directly to the skin to ensure accurate analysis.
Lastly, foot-strike patterns were categorized, and outcomes
were compared among the three conditions. Although the
foot-strike patterns were distinguishable for all partici-
pants, some had similar foot-strike angles between condi-
tions (e.g., midfoot strike and forefoot strike for participant
1, and rearfoot strike and midfoot strike for participant 10;
Figure 1A). These similarities in foot-strike angles may
have contributed to nonsignificant differences in some out-
comes. These limitations need to be addressed in future
studies.

Conclusion

These results suggest that the load is applied to different
regions depending on the foot-strike pattern. MFS may be
useful for gradual transitions from RFS to FFS and may
help reduce the risk of developing or exacerbating Achilles
tendinopathy or plantar fasciitis.
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Key points

e The cumulative load of Achilles tendon force was high in
forefoot strike.

e The cumulative load of planter fascia force was high in fore-
foot strike.

e The cumulative load of patellofemoral joint stress was high
in rearfoot strike.

e Achilles tendon force and plantar fascia force showed inter-
mediate values at midfoot strike.

e Midfoot strike may be useful for the prevention of Achilles
tendinopathy and plantar fasciitis.
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