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Abstract
Background: This study aimed to investigate the plantar loads of male non-rearfoot strike runners running on different overground
surfaces at their preferred speeds. Methods: A total of 32 male runners with non-rearfoot strike were required to run for 15 m on
concrete, synthetic rubber and grass surfaces at their preferred speeds. An insole sensor system was used to determine the runners’ foot
strike pattern and measure peak pressure, pressure-time integral, maximum force, force-time integral and contact area of the total foot and
nine selected foot regions. Results: No significant differences on their preferred speeds were observed running on concrete, synthetic
rubber and grass surfaces. No significant differences on plantar loads parameters of the total foot were found when running on the three
overground surfaces. Running on concrete showed higher peak pressure in the lateral forefoot compared with grass and synthetic rubber
(283.49 kPa vs. 264.31 kPa, P < 0.023; 283.49 kPa vs. 263.18 kPa, P < 0.019, respectively). Maximum force in the medial forefoot was
lower when running on concrete compared with grass and synthetic rubber (40.16 %BW vs. 42.52 %BW, P < 0.042; 40.16 %BW vs.
43.21 %BW, P < 0.022, respectively). Conclusions: Repetitive and excessive plantar loads during long-distance running may result in
loads-related injury in lower extremity skeletal tissues for non-rearfoot runners at preferred speeds. Therefore, male non-rearfoot strikers
should choose the appropriate overground surface to reduce the risk of lower extremity musculoskeletal injuries.
Keywords: Male non-rearfoot striker; Running; Plantar loads

1. Introduction
Running is one of the most popular sports activities
and an effective way to improve health [1]. However, it is
also associated with a high risk of lower extremity loadsrelated injuries, the rate of incidence range of which is between 18.2% and 92.4% [2,3]. Sports injuries during running have several potential risk factors, including abnormalities in running kinematics [4] and shod conditions [5].
Overground surface has been proven to be a risk factor in
developing overuse sports injuries whilst running [6–10].
Common overground surfaces include asphalt, concrete, rubber, and natural grass. Running is also performed
on artificial grass and woodchip trail surfaces. Running on
different overground surfaces could perform different load
absorption mechanisms of the lower extremity [7,11–13].
The loading rate of impact force during running increases
when running on harder surfaces compared with softer surface [14]. Running on less compliant surfaces will lead
to increased loads of the lower extremity musculoskeletal
structures [15]. Furthermore, excessive and repetitive plantar loads during running may result in a high incidence of
plantar stress-related foot injuries [16,17].
Plantar loads, which represents the impact relationship between the foot and support surface during everyday activities, are calculated for the analysis of foot and
lower limb biomechanics [18]. Moreover, plantar loads are

widely used in the diagnosis and prevention of sports injuries [19,20]. Numerous studies have investigated plantar loads amongest different overground surfaces. Higher
peak pressures were observed on asphalt surface at the central and lateral rearfoot, and lateral forefoot compared with
running on natural grass surface [11]. Running on natural
grass showed lower peak pressure at the total foot, lateral
midfoot, central forefoot and lateral forefoot when compared with running on concrete surface [8]. Therefore, soft
surfaces can increase the cushioning properties and reduce
plantar loads from overground surfaces. However, inconsistent findings have typically been found when running on
different surfaces with diverse cushioning properties [21].
A previous study has determined that no significant differences were shown in terms of the time of occurrence of peak
plantar pressures, peak pressure distribution and pressure,
time integral when running on different surfaces [22].
Furthermore, foot strike pattern (FSP) [23], running
speed [12] may act as potentially confounding factors in
limiting the understanding of the surface effect. Participants in the majority of previous studies that have explored
plantar loads during running on different surfaces are rearfoot strike pattern [8,24] or recreational runners regardless
of their foot strike patterns [7]. In recent years, numerous
investigations have evaluated plantar loads on different running surfaces using fixed speeds [8,11], thereby possibly
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changing the biomechanics of the lower limbs [25] and cannot precisely represent plantar loads. Therefore, the effect
of plantar loads when running on different surfaces remain
unknown amongst non-rearfoot strikers at preferred speeds.
This study aimed to investigate the plantar loads characteristics of habitual non-rearfoot strikers whilst running
on three commonly different surfaces, namely, concrete,
synthetic rubber and grass at their preferred speeds. It was
hypothesized that running on grass and synthetic rubber surface would result in lower plantar loads than running on
concrete surface, particularly in the forefoot regions.

2. Materials and methods
2.1 Participants
This was a cross-sectional study to investigate the
plantar loads characteristics when running on different surfaces. A total of 32 with non-rearfoot loading pattern male
runners were recruited through posters from local universities. The participants reported that they run at least 20 km
per week. Only male participants were recruited to eliminate gender differences in lower extremity biomechanics
during running [26]. Exclusion criteria consisted of musculoskeletal disorders, cardiovascular diseases, surgery on
the lower extremities in the past six months and other conditions (e.g., vestibular, visual and mental diseases) that preventing runners from participating in this study. Informed
consent was obtained from each runner before they participated in the research. This study was approved by the
local ethical committee of Shanghai University of Sport
(2018076) and conducted in accordance with the Declaration of Helsinki.
2.2 Equipment and procedure
Concrete (C), grass (G) and synthetic rubber (R) are
common overground surfaces used by recreational and
marathon runners [8,24,27]. In our study, the thickness of
the synthetic rubber and grass surfaces was 2-cm and the
concrete surface was made of concrete tiles with a thickness of 1-cm. Moreover, a 15-m long, 1-m wide runway
with polyvinyl chloride mattress (1.6-mm) was also used in
the laboratory to reduce friction between the running surfaces and floor. The construction of the runway was used
in our previous studies [28,29].
Body mass, height and age were measured and
recorded. The dominant limb, which is identified as the preferred leg for runner, was determined by kicking a ball [30].
Uniform pairs of shoes (Sortiemagic Rp 4 Tmm467-0790,
European size 41 to 43, ASICS, Japan) were distributed to
the participants to reduce the influence of various running
shoes on the impact from the running surface [31].
Each runner performed a 5-min warm-up on a treadmill under their preferred running speed. Strike pattern was
determined using Pedar-X system (Novel, Munich, Germany) [32]. Only runners whose centre of pressure (COP)
location was at the anterior 66% of the foot length at the
2

initial loading contact were studied and classified as nonrearfoot striker [33,34]. Thereafter, they adapted to the different surfaces and new running shoes before the actual trial
began. According to the procedure in previous studies on
plantar loads [8,24,29], all runners completed all the tests
at a single visit.
The Pedar-X system, which was calibrated using a
standard calibration device (Trublu Calibration, Novel, Munich, Germany) before the trial [8,32], was also used to obtain running plantar loads data with a sampling frequency
of 100 Hz. This measurement system demonstrated great
reliability and validity [35] and allows the researcher and
clinician to examine the plantar loading parameters [8,29].
The insoles of this system, which included 99 pressure sensors, were placed between the foot and running shoes and
telemetrically transmitted data to a computer via a control
unit worn at the waist. The runners were instructed to run at
their preferred speeds on the runway. Running speed was
recorded using a 3-m photoelectric timing system (WittySEM, Microgate, Italy) located in the middle of the runway.
The runners were specifically instructed not to alter their
speed during the entire experiment. A high-speed camera
(MotionPro X-4, Integrated Design Tools Inc., Pasadena,
CA, US) at a sampling rate of 100 Hz, was synchronised
with a turning-on flash of Pedar-X system, and recorded the
feet steps to confirm that the dominant leg fell within the
3-m measurement zone of the photoelectric timing system.
The order of the three overground surfaces was randomly
assigned to runners. For each overground surface, runners
completed three successful trials. In order to eliminate the
impacts of different surfaces, runners were given 15-min to
get accustomed to each surface. Plantar loads data and the
participants’ preferred running speeds on each surface were
collected for further statistical analysis.
2.3 Data reduction
Regional plantar data under the determined foot were
processed using the multimask evaluation (Novel Multimask, Germany) [8,32]. The foot was divided into nine regions similar to previous studies (Fig. 1) [8,27]. The loading parameters of the total foot and nine selected regions
were calculated during the stance phase, including the maximum force (MF), peak pressure (PP), pressure-time integral (PTI), force-time integral (FTI) and contact area (CA).
FTI and MF were normalised on the basis of the runners’
respective body weights.
2.4 Statistical analysis
The Shapiro-Wilk test was used to test the normal distribution, and homogeneity was confirmed thereafter using
Levene’s test. Repeated measure analysis of variance was
used to determine the effect of surfaces on plantar loads
and to affirm the differences amongs running speeds on the
three surfaces. A total of 95% confidence interval (CI) and
partial η 2 were calculated for the difference amongst the

Fig. 1. Insole masks. M1 (medial heel), M2 (lateral heel), M3 (medial midfoot), M4 (lateral midfoot), M5 (medial forefoot), M6 (central
forefoot), M7 (lateral forefoot), M8 (great toe), and M9 (lesser toes).

running surfaces (standardised mean differences were calculated as partial η 2 and the thresholds for small, moderate
and large were 0.10, 0.25 and 0.40). When significant effect
was found, least significant difference (LSD) post-hoc test
was conducted to compare the specific difference. The Cohen’s D was used to observe effect size and the thresholds
for small, moderate and large were 0.20, 0.50 and 0.80. All
data were presented as mean and standard deviation (SD).
Significance level was set at alpha <0.05. Statistical analyses were preformed using SPSS, version 20 (IBM Corp,
Chicago, IL, USA).

3. Results
A total of 32 healthy runners (age: 28.3 ± 6.4 years;
height: 173.1 ± 4.2 cm; weight: 69.0 ± 9.8 kg; BMI: 23.0
± 2.7 kg/m2 ) were included in this study. Average running
speed was 3.41 ± 0.36 m/s and no significant difference
were observed for the running speeds on grass, concrete and
synthetic rubber (3.41 ± 0.37 m/s, 3.40 ± 0.38 m/s and 3.43
± 0.35 m/s, respectively; F (2, 62) = 0.390, P = 0.679).
3.1 PP and PTI
There was a significant difference of the PP in the lateral forefoot (F (2, 62) = 3.363, P = 0.041) as illustrated by
Table 1. Further LSD test showed PP in the lateral forefoot
was significantly higher when running on concrete compared with that on synthetic rubber (95% CI = 3.512 to
37.113 kPa, P = 0.019, Cohen’s D = 0.306) and grass (95%
CI = 2.799 to 35.360 kPa, P = 0.023, Cohen’s D = 0.303).
Overground surfaces had no significant effect on PTI.
3.2 MF and MTI
Table 2 shows that the MF in the medial forefoot (F (2,
62) = 3.613, P = 0.033) demonstrated significant difference
amongst the three surfaces. MF in medial forefoot on concrete was significantly lower than that on synthetic rubber

(95% CI = –4.643 to –0.088 %BW, P = 0.042, Cohen’s D
= 0.178) or grass (95% CI = –5.620 to –0.473 %BW, P =
0.022, Cohen’s D = 0.221). MTI data of were not significantly different amongst three surfaces.
3.3 CA
Table 3 shows the comparison of CA amongst the
three overground surfaces. No significant differences (P
> 0.05) were observed in this parameter.

4. Discussion
The current study determined the plantar loads characteristics when non-rearfoot landing male runners ran on
three different surfaces under preferred speeds. This study
is the first to describe the plantar loads characteristics of
non-rearfoot strikers running on different overground surfaces. We found that overground surfaces did not influence running speeds. Furthermore, we observed that peak
pressure in the lateral forefoot was higher when comparing concrete with grass or synthetic rubber surface, thereby
partially supporting our hypothesis that grass and synthetic
rubber surfaces could reduce plantar loads in the forefoot regions. Maximum force in medial forefoot was lower when
running on concrete surface than on grass or synthetic rubber surface, thereby rejecting our hypothesis that the maximum force would be greater when running on concrete surface.
In the current study, plantar loads parameters in the
total foot were not significantly different amongst the three
surfaces. These results were consistent with a previous
study that found similar data in contact time, PP and PTI
amongst four surfaces (i.e., synthetic track , natural grass,
concrete and a normal treadmill) under a fixed speed (3.33
m/s) [22]. These unified results may be related to the ability to alter the stiffness of the leg to different surfaces for
runners [36]. Human runners could change leg stiffness
3

Table 1. Comparison of PP and PTI for running on different surfaces.
Variable

Area

C

G

R

P values

PP (kPa)

Total foot
M1
M2
M3
M4

418.09 ± 116.98
23.33 ± 25.83
22.47 ± 22.91
57.73 ± 27.07
84.77 ± 41.31

412.69 ± 118.91
25.91 ± 30.11
24.58 ± 28.41
56.34 ± 23.25
80.03 ± 33.71

402.91 ± 117.54
32.14 ± 38.95
33.46 ± 48.25
65.66 ± 31.49
93.48 ± 42.59

0.438
0.416
0.304
0.155
0.073

M5
M6
M7
M8
M9
Total foot

372.92 ± 124.71
367.14 ± 90.18
283.49 ± 67.50
184.56 ± 142.38
108.04 ± 70.96
61.65 ± 17.07

372.34 ± 128.29
342.69 ± 88.48
264.31 ± 57.54
166.79 ± 161.32
93.31 ± 69.82
60.17 ± 20.67

369.89 ± 132.19
342.14 ± 83.26
263.18 ± 66.73
176.82 ± 147.94
106.49 ± 79.47
57.91 ± 18.74

0.955
0.069
0.041
0.571
0.199
1.157

M1
M2
M3
M4
M5
M6

1.69 ± 2.26
1.43 ± 2.03
6.64 ± 3.83
10.02 ± 5.36
53.26 ± 17.98
53.73 ± 14.37

2.07 ± 2.89
1.83 ± 2.56
7.03 ± 4.38
9.45 ± 5.16
52.44 ± 20.51
49.42 ± 15.44

2.09 ± 2.65
1.84 ± 2.51
7.92 ± 4.65
11.02 ± 5.82
51.61 ± 19.71
48.88 ± 12.73

0.639
0.489
0.172
0.108
0.739
0.086

M7
M8
M9

41.19 ± 9.31
19.62 ± 19.45
13.45 ± 11.35

37.83 ± 7.69
19.87 ± 21.89
12.33 ± 10.25

37.99 ± 9.82
18.92 ± 20.17
12.89 ± 11.62

0.066
0.890
0.653

PTI (kPa·s)

All data were means ± standard deviation (SD). PP, peak pressure; PTI, pressure–time integral; C,
concrete; G, grass; R, synthetic rubber; M1, medial heel; M2, lateral heel; M3, medial midfoot; M4,
lateral midfoot; M5, medial forefoot; M6, central forefoot; M7, lateral forefoot; M8, great toe; M9,
lesser toes. Significant differences (P < 0.05) are highlighted in bold.

Table 2. Comparison of MF and FTI for running on different surfaces.
Variable
MF (% BW)

FTI (% BW·s)

Area

C

G

R

P values

Total foot
M1

160.07 ± 25.18
2.86 ± 3.84

162.87 ± 25.02
3.51 ± 5.28

167.41 ± 29.25
4.16 ± 6.36

0.091
0.539

M2
M3
M4
M5
M6
M7

2.21 ± 2.93
8.61 ± 5.87
13.41 ± 7.84
40.16 ± 12.98
58.14 ± 9.21
37.17 ± 9.02

2.79 ± 4.26
9.11 ± 5.85
13.37 ± 6.87
42.52 ± 13.56
57.46 ± 11.41
36.22 ± 8.47

3.89 ± 6.71
10.87 ± 6.82
15.36 ± 6.99
43.21 ± 14.59
57.91 ± 11.06
37.62 ± 9.09

0.301
0.142
0.167
0.033
0.877
0.383

M8
M9
Total foot
M1
M2
M3

7.08 ± 6.10
7.51 ± 6.77
23.43 ± 4.13
0.16 ± 0.25
0.12 ± 0.21
0.84 ± 0.68

6.26 ± 6.73
6.79 ± 6.46
23.05 ± 4.34
0.24 ± 0.38
0.17 ± 0.29
0.91 ± 0.74

6.52 ± 6.12
7.47 ± 6.75
23.61 ± 4.63
0.22 ± 0.37
0.17 ± 0.29
1.11 ± 0.83

0.433
0.409
0.602
0.473
0.536
0.146

M4
M5
M6
M7
M8
M9

1.36 ± 0.94
5.64 ± 1.86
8.42 ± 1.44
5.21 ± 1.28
0.75 ± 0.85
0.94 ± 1.04

1.33 ± 0.83
5.82 ± 2.01
8.07 ± 1.74
4.89 ± 1.06
0.74 ± 0.88
0.88 ± 0.92

1.53 ± 0.88
5.79 ± 1.98
8.08 ± 1.53
5.08 ± 1.22
0.72 ± 0.86
0.91 ± 1.00

0.225
0.649
0.334
0.160
0.900
0.831

All data were means ± standard deviation (SD). MF, maximum force; FTI, force-time integral; C,
concrete; G, grass; R, synthetic rubber; M1, medial heel; M2, lateral heel; M3, medial midfoot; M4,
lateral midfoot; M5, medial forefoot; M6, central forefoot; M7, lateral forefoot; M8, great toe; M9,
lesser toes. Significant differences (P < 0.05) are highlighted in bold.

to accommodate different surfaces, thereby leading to similar peak vertical ground reaction force when running on
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all overground surfaces [36]. Additionally, runners can actively adapt the increased surface stiffness with decreased

Table 3. Comparison of CA for running on different surfaces.
Variable
CA (cm2 )

Area

C

G

R

P values

Total foot
M1
M2
M3
M4

118.15 ± 21.59
6.01 ± 6.39
5.27 ± 5.12
18.91 ± 6.99
18.48 ± 4.73

119.08 ± 20.93
6.25 ± 7.14
5.37 ± 5.99
19.62 ± 5.99
18.99 ± 4.01

124.49 ± 23.83
6.93 ± 6.17
6.28 ± 5.59
20.81 ± 7.63
19.82 ± 4.03

0.232
0.709
0.465
0.250
0.310

M5
M6
M7
M8
M9

15.87 ± 1.13
22.24 ± 1.29
20.88 ± 0.97
3.21 ± 1.74
7.29 ± 4.11

16.04 ± 1.21
22.14 ± 1.36
20.94 ± 1.12
2.94 ± 1.91
6.78 ± 4.38

16.54 ± 1.54
22.72 ± 2.09
21.40 ± 1.97
3.04 ± 1.75
6.94 ± 4.15

0.070
0.186
0.197
0.434
0.495

All data were means ± standard deviation (SD). CA, contact area; C, concrete; G, grass; R, synthetic
rubber; M1, medial heel; M2, lateral heel; M3, medial midfoot; M4, lateral midfoot; M5, medial
forefoot; M6, central forefoot; M7, lateral forefoot; M8, great toe; M9, lesser toes. Significant
differences (P < 0.05) are highlighted in bold.

hip and knee flexion at contact, reduced maximal hip flexion; and increased peak angular velocities of the hip, knee,
and ankle [37]. Thompson et al. [38] found that nonrearfoot strike runners showed a significant decrease in
stride length rather than peak vertical ground reaction force
when changing from shod to barefoot running. Meanwhile,
running on different surfaces (asphalt, gravel and grass surfaces) was associated with different activation patterns of
the peroneus longus and brevis and gastrocnemius [39].
Therefore, non-rearfoot strike runners may use a compensatory mechanism, which changes leg stiffness, kinematics
and muscle activation to adapt to different surfaces during
their real activities [37] and maintain similar plantar loads.
However, previous studies have determined that PP in the
entire foot showed significant differences when running on
concrete and grass surfaces [8,24]. The differences may account for the foot strike pattern (rearfoot strike vs. nonrearfoot strike) and running speed (3.8 m/s vs. 3.41 m/s).
However, the surface type influenced plantar loads at
specific foot regions. In this study, lower peak pressure was
found in the lateral forefoot when running on grass or synthetic rubber than running on concrete and the effect sizes
were moderate. It is consistent with our previous study [28],
which found a lower plantar pressure in the lateral forefoot
when running on the synthetic rubber surface than running
on concrete. Likewise, Wang et al. [8] found that peak
pressure in the lateral forefoot was lower on grass than on
concrete. The possible reason for the different plantar impact is that synthetic rubber and grass, which are similar
to a markedly compliant surface described in the literature
[14], decrease loads with increased cushioning properties
[7,11,15]. The higher peak pressure on the lateral forefoot
in the present study may also be related to increased ankle stiffness. Zhou et al. [21] detected that ankle stiffness
when running on concrete was greater compared with synthetic rubber for non-rearfoot strikers. Higher lateral pressure suggests that the centre of pressure is located more laterally during running [40]. The lateral centre of pressure

trajectory of the foot during running can reduce peak pronation and peak medial longitudinal arch angle [40] , thereby
making the ankle considerably stiff.
In our study, grass and synthetic rubber, which were
recommended for recreational runners to reduce the risk of
sports injury [8], demonstrated higher maximum force in
medial forefoot than that on concrete and the effect size between grass and concrete was moderate. This finding may
be the result of the adaptability of the foot and ankle for
different overground surfaces. When the supination of the
foot creates propulsion at toe-off during running, the ankle is plantar flexed, the foot is inverted, and the forefoot
is adducted [41]. Meanwhile, the foot was considerably
plantar flexed on hard surfaces during running [42]. All
participants in the present study were non-rearfoot strikers
and they contacted with the ground in midfoot or forefoot.
Therefore, the feet of our participants may be significantly
plantar flexed, inverted and adducted at toe-off during running on concrete, thereby possibly decreasing the impact
force on the medial forefoot. Further investigation should
be conducted on multi-segment foot kinematics for nonrearfoot strikers running on different overground surfaces.
However, no differences were reported in maximum force
and peak pressure on the medial forefoot amongst surfaces
for forefoot strikers in our previous study [28]. This discrepancy can likely be explained by different running speed
conditions (fixed speed, preferred speed).
Repeated loads during distance running may result
in excessive microdamage accumulation in lower extremity skeletal tissues, particularly causing stress fractures in
the forefoot [43]. Football players with fifth metatarsal
stress fracture displayed higher maximum force at the lateral forefoot compared with healthy players during kicking
and curved running [44]. Therefore, higher plantar loads
in the forefoot may increase the probability of sports injuries when running with non-rearfoot strike. However,
demonstrating the threshold value of force or pressure that
resulted in sports injury is difficult [45]. Hence, future stud5

ies should include follow-up work that is designed to evaluate the relationship between plantar loads and sports injuries
under various running surfaces for non-rearfoot strikers.
Our results indicated that these running speeds (3.41
m/s, 3.40 m/s and 3.43 m/s) in this study had no significant differences, thereby implying that surfaces have no effect on running speeds. This condition corresponds with a
previous finding indicating no significant differences were
found in running speed and stride frequency for treadmill
and overground running [46]. Wei et al. [32] found that
running speed, which was shown as a covariate, had an effect on the total CA, midfoot area and forefoot area, and FTI
in the medial forefoot. However, all participants in their
study included habitual rearfoot strike and non-rearfoot
strike patterns. Although a markedly fast running speed
could change runners’ FSP [33,47], all participants in this
study were non-rearfoot strike runners and they did not alter their FSP when running on different surfaces. Therefore,
our results provided evidence that runners have the ability
to not change their preferred speeds to adapt to different
running surfaces.
There are several limitations in the current study. A
limitation of this study is that three-dimensional plantar
loads was not discussed because the Pedar-X system can
only obtain plantar loads data in the vertical direction.
Therefore, further research is needed on three-dimensional
loading characteristics during non-rearfoot strike running.
We did not consider the test-retest reliability for each condition and lacked the intra-subject reliability and instrument
stability in our study. Another limitation of the study is that
the runners recruited were all males and our findings can
only be extrapolated to males only.

5. Conclusions
This is the first study to our knowledge to investigate the plantar loads characteristics in non-rearfoot strikers amongst concrete, grass and synthetic rubber surfaces
at their preferred running speeds. The findings of this study
indicated plantar loads were higher in the lateral forefoot region on the concrete surface and in medial forefoot region
on grass and synthetic rubber surfaces, respectively. Nonrearfoot runners should choose the appropriate overground
surface to reduce the influence of excessive plantar loads
in distance running and reduce the risk of lower extremity
musculoskeletal injuries.

Abbreviations
FSP, foot strike pattern; MF, maximum force; PP,
peak pressure; PTI, pressure-time integral; FTI, force-time
integral; CA, contact area; C, Concrete; G, grass; R, synthetic rubber.
6

Author contributions
LW conceived and designed the experiments. ZL, ZZ
and ML performed the experiments and wrote the paper. ZL
and ML analyzed the data. All authors read and approved
the final manuscript.

Ethics approval and consent to participate
This study was conducted after review and approval
by the Ethics Committee of Shanghai University of Sport
(2018076). The participants were informed of the benefits
and risks of the investigation prior to signing an institutionally approved informed consent document to participate in
the study.

Acknowledgment
Thanks to all the peer reviewers for their opinions and
suggestions.

Funding
This work was funded by the National Natural Science
Foundation of China (11572202).

Conflict of interest
The authors declare no conflict of interest.

References
[1] Tschopp M, Brunner F. Diseases and overuse injuries of the
lower extremities in long distance runners. Zeitschrift fur
Rheumatologie. 2017; 76: 443–450.
[2] Van Middelkoop M, Kolkman J, Van Ochten J, Bierma-Zeinstra
SMA, Koes B. Prevalence and incidence of lower extremity
injuries in male marathon runners. Scandinavian Journal of
Medicine & Science in Sports. 2008; 18: 140–144.
[3] Van Gent RN, Siem D, Van Middelkoop M, Van Os AG, BiermaZeinstra SMA, Koes BW. Incidence and determinants of lower
extremity running injuries in long distance runners: a systematic
review. British Journal of Sports Medicine. 2007; 41: 469–480.
[4] Vannatta CN, Heinert BL, Kernozek TW. Biomechanical risk
factors for running-related injury differ by sample population:
a systematic review and meta-analysis. Clinical Biomechanics.
2020; 75: 104991.
[5] Nigg BM, Baltich J, Hoerzer S, Enders H. Running shoes and
running injuries: mythbusting and a proposal for two new
paradigms: ‘preferred movement path’ and ‘comfort filter’.
British Journal of Sports Medicine. 2016; 49: 1290–1294.
[6] Hreljac A. Impact and overuse injuries in runners. Medicine and
Science in Sports and Exercise. 2004; 36: 845–849.
[7] Tessutti V, Ribeiro AP, Trombini-Souza F, Sacco ICN. Attenuation of foot pressure during running on four different surfaces:
asphalt, concrete, rubber, and natural grass. Journal of Sports
Sciences. 2013; 30: 1545–1550.
[8] Wang L, Hong Y, Li J, Zhou J. Comparison of plantar loads during running on different overground surfaces. Research in Sports
Medicine. 2012; 20: 75–85.
[9] Schütte KH, Aeles J, De Beéck TO, van der Zwaard BC, Venter R, Vanwanseele B. Surface effects on dynamic stability and
loading during outdoor running using wireless trunk accelerometry. Gait & Posture. 2017; 48: 220–225.
[10] Sultan O, Nuhmani S, Muaidi QI. Comparison of plantar loading

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

patterns on natural grass and artificial turf during various athletic
activities. The Journal of Sports Medicine and Physical Fitness.
2021; 61: 680–686.
Tessutti V, Trombini-Souza F, Ribeiro AP, Nunes AL, Sacco
IDCN. In-shoe plantar pressure distribution during running on
natural grass and asphalt in recreational runners. Journal of Science and Medicine in Sport. 2010; 13: 151–155.
Boey H, Aeles J, Schütte K, Vanwanseele B. The effect of three
surface conditions, speed and running experience on vertical
acceleration of the tibia during running. Sports Biomechanics.
2017; 16: 166–176.
Firminger CR, Vernillo G, Savoldelli A, Stefanyshyn DJ, Millet
GY, Edwards WB. Joint kinematics and ground reaction forces
in overground versus treadmill graded running. Gait & Posture.
2018; 63: 109–113.
Dixon SJ, Collop AC, Batt ME. Surface effects on ground reaction forces and lower extremity kinematics in running. Medicine
and Science in Sports and Exercise. 2001; 32: 1919–1926.
Hollis CR, Koldenhoven RM, Resch JE, Hertel J. Running
biomechanics as measured by wearable sensors: effects of speed
and surface. Sports Biomechanics. 2021; 5: 521–531.
Becker J, Nakajima M, Wu WFW. Factors contributing to medial
tibial stress syndrome in runners: a prospective study. Medicine
and Science in Sports and Exercise. 2019; 50: 2092–2100.
Queen RM, Abbey AN, Chuckpaiwong B, Nunley JA. Plantar
loading comparisons between women with a history of second
metatarsal stress fractures and normal controls. The American
Journal of Sports Medicine. 2009; 37: 390–395.
Razak AHA, Zayegh A, Begg RK, Wahab Y. Foot plantar pressure measurement system: a review. Sensors. 2013; 12: 9884–
9912.
Thijs Y, De Clercq D, Roosen P, Witvrouw E. Gait-related intrinsic risk factors for patellofemoral pain in novice recreational
runners. British Journal of Sports Medicine. 2008; 42: 466–471.
Hesar NGZ, Van Ginckel A, Cools A, Peersman W, Roosen P, De
Clercq D, et al. A prospective study on gait-related intrinsic risk
factors for lower leg overuse injuries. British Journal of Sports
Medicine. 2009; 43: 1057–1061.
Zhou W, Lai Z, Mo S, Wang L. Effects of overground surfaces on
running kinematics and kinetics in habitual non-rearfoot strikers.
Journal of Sports Sciences. 2021; 16: 1822–1829.
Fu W, Fang Y, Liu DMS, Wang L, Ren S, Liu Y. Surface effects on in-shoe plantar pressure and tibial impact during running. Journal of Sport and Health Science. 2015; 4: 384–390.
Almonroeder T, Willson JD, Kernozek TW. The effect of foot
strike pattern on achilles tendon load during running. Annals of
Biomedical Engineering. 2013; 41: 1758–1766.
Hong Y, Wang L, Li JX, Zhou JH. Comparison of plantar loads
during treadmill and overground running. Journal of Science and
Medicine in Sport. 2012; 15: 554–560.
Dorn TW, Schache AG, Pandy MG. Muscular strategy shift in
human running: dependence of running speed on hip and ankle
muscle performance. Journal of Experimental Biology. 2012;
215: 1944–1956.
Phinyomark A, Hettinga BA, Osis ST, Ferber R. Gender and agerelated differences in bilateral lower extremity mechanics during
treadmill running. PloS One. 2015; 9: e105246.
Wei Z, Zhang Z, Jiang J, Zhang Y, Wang L. Comparison of plantar loads among runners with different strike patterns. Journal of
Sports Sciences. 2019; 37: 2152–2158.
Zhang ZW, Zhang Y, Fu WJ, Wei Z, Jiang JY, Wang L. Plantar
loads of habitual forefoot strikers during running on different

overground surfaces. Applied Sciences. 2020; 10: 2271.
[29] Wei Z, Zhang Z, Jiang J, Zhang Y, Wang L. Comparison of plantar loads among runners with different strike patterns. Journal of
Sports Sciences. 2019; 37: 2152–2158.
[30] Ghena DR, Kurth AL, Thomas M, Mayhew J. Torque characteristics of the quadriceps and hamstring muscles during concentric
and eccentric loading. The Journal of Orthopaedic and Sports
Physical Therapy. 2012; 14: 149–154.
[31] Hannigan JJ, Pollard CD. Differences in running biomechanics
between a maximal, traditional, and minimal running shoe. Journal of Science and Medicine in Sport. 2020; 23: 15–19.
[32] Wei Z, Li JX, Fu W, Wang L. Plantar load characteristics among
runners with different strike patterns during preferred speed.
Journal of Exercise Science & Fitness. 2020; 18: 89–93.
[33] Cooper DM, Leissring SK, Kernozek TW. Plantar loading and
foot-strike pattern changes with speed during barefoot running
in those with a natural rearfoot strike pattern while shod. The
Foot. 2016; 25: 89–96.
[34] Altman AR, Davis IS. A kinematic method for footstrike pattern
detection in barefoot and shod runners. Gait & Posture. 2012; 35:
298–300.
[35] Price C, Parker D, Nester C. Validity and repeatability of three
in-shoe pressure measurement systems. Gait & Posture. 2016;
46: 69–74.
[36] Ferris DP, Liang K, Farley CT. Runners adjust leg stiffness for
their first step on a new running surface. Journal of Biomechanics. 1999; 32: 787–794.
[37] Hardin EC, Van Den Bogert AJ, Hamill J. Kinematic adaptations during running: effects of footwear, surface, and duration.
Medicine & Science in Sports & Exercise. 2004; 30: 838–844.
[38] Thompson MA, Lee SS, Seegmiller J, McGowan CP. Kinematic and kinetic comparison of barefoot and shod running in
mid/forefoot and rearfoot strike runners. Gait & Posture. 2015;
41: 957–959.
[39] Dolenec A, Štirn I, Strojnik V. Activation pattern of lower leg
muscles in running on asphalt, gravel and grass. Collegium
Antropologicum. 2015; 39: 167–172.
[40] Becker J, Pisciotta E, James S, Osternig LR, Chou L. Center of
pressure trajectory differences between shod and barefoot running. Gait & Posture. 2014; 40: 504–509.
[41] Nicola TL, Jewison DJ. The anatomy and biomechanics of running. Clinics in Sports Medicine. 2012; 31: 187–201.
[42] Willwacher S, Fischer KM, Rohr E, Trudeau MB, Hamill J,
Brüggemann G. Surface stiffness and footwear affect the loading stimulus for lower extremity muscles when running. Journal
of Strength and Conditioning Research. 2020. [Preprint]
[43] Iwamoto J, Takeda T. Stress fractures in athletes: review of 196
cases. Journal of Orthopaedic Science. 2003; 8: 273–278.
[44] Thomson A, Akenhead R, Whiteley R, D’Hooghe P, Van
Alsenoy K, Bleakley C. Fifth metatarsal stress fracture in elite
male football players: an on-field analysis of plantar loading.
BMJ Open Sport & Exercise Medicine. 2019; 4: e000377.
[45] Chen TL, Wong DW, Wang Y, Lin J, Zhang M. Foot arch deformation and plantar fascia loading during running with rearfoot strike and forefoot strike: a dynamic finite element analysis.
Journal of Biomechanics. 2019; 83: 260–272.
[46] Oliveira AS, Gizzi L, Ketabi S, Farina D, Kersting UG. Modular
control of treadmill vs overground running. PloS One. 2016; 11:
e0153307.
[47] Cheung RTH, Wong RYL, Chung TKW, Choi RT, Leung WWY,
Shek DHY. Relationship between foot strike pattern, running
speed, and footwear condition in recreational distance runners.
Sports Biomechanics. 2017; 16: 238–247.

7

