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Purpose: Sports surface is one of the known external factors affecting running performance and injury. To date, we have found no
study that examined the lower extremity stiffness in habitual forefoot strikers running on different overground surfaces. Therefore, the
objective of this study was to investigate lower extremity stiffness and relevant kinematic adjustments in habitual forefoot strikers while
running on different surfaces. Methods: Thirty-one male habitual forefoot strikers were recruited in this study. Runners were instructed to run
at a speed of 3.3 m/s (±5%) on three surfaces, named synthetic rubber, concrete, and artificial grass. Results: No significant differences were
found in leg stiffness, vertical stiffness, and joint stiffness in the sagittal plane during running on the three surfaces ( p > 0.05). Running
on artificial grass exerted a greater displacement in knee joint angle than running on synthetic rubber ( p = 0.002, 95% CI = 1.52–7.35 degrees)
and concrete ( p = 0.006, 95% CI = 1.04–7.25 degrees). In the sagittal plane, peak knee moment was lower on concrete than on artificial
grass ( p = 0.003, 95% CI = 0.11–0.58 Nm/kg), whereas peak ankle moment was lower on synthetic rubber than on concrete ( p < 0.001,
95% CI = 0.03–0.07 Nm/kg) and on artificial grass ( p < 0.001, 95% CI = 0.02–0.06 Nm/kg). Among the three surfaces, the maximal
ground reaction forces on concrete were the lowest ( p < 0.05). Conclusions: This study indicated that running surfaces cannot influence
lower extremity stiffness in habitual forefoot strikers at current running speed. Kinematic adjustments of knee and ankle, as well as
ground reaction forces, may contribute to maintaining similar lower extremity stiffness.
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1. Introduction

Running is an easily attainable sport to achieve
physical fitness and mental health [15], [24], however,
it frequently causes injuries. The aetiology of running
injuries is multifactorial and can result from the inter-
actions of various extrinsic and intrinsic factors, such
as running surface, footwear, and foot strike pattern
[14], [27]. Several studies suggested that overground
surfaces are one of the extrinsic risk factors for run-
ning injuries, especially for lower extremity injuries
[1], [8], [26].

Experimental studies demonstrated that running sur-
faces can influence modifiable lower extremity stiffness
among habitual rearfoot strikers (hRFS) [7], [9], [10],

[20]. The centre of mass (COM) trajectory is not af-
fected by rapidly increasing leg stiffness (Kleg) when
runners abruptly transfer onto a softer running surface
[9], [10], [20]. However, impact forces are strongly
affected when running on different overground sur-
faces [21]. Several studies concerning foot strike pat-
terns when running on a hard surface [7], [31] indicated
that running on asphalt requires a stiffer ankle joint,
whereas running on gravel requires a greater stability in
ankle joint [7]. An increase in surface hardness report-
edly results in decreased hip and knee flexion at contact
[16]. However, a study demonstrated that indices of
running performance, including sprint time, velocity,
and duty factor, are not affected by different running
surface hardness nor kinematics and kinetics of ankle
or knee joint [34]. As mentioned above, the biome-
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chanical effects of running on different overground
surfaces on lower extremity stiffness among hRFS are
controversial.

Stiffness is often regarded as a reaction of the neu-
romuscular system, that is, the neuromuscular system
adjusts stiffness to complete motor response in shift-
ing conditions [22], [23]. Runners modify their lower
extremity stiffness to accommodate changes in running
conditions, allowing themselves to maintain similar
running mechanics and stability on different overground
surfaces [11], [22]. Furthermore, increased stiffness
may be related to pressure injuries due to overuse
because of greater loads, whereas decreased stiffness
may be associated with soft tissue injuries due to ex-
cessive joint motion in lower extremities [4].

Foot strike pattern has been verified to be a vital
factor related to running injuries [37] and appears to be
associated with lower extremity stiffness [28]. Prior
studies reported a reduction in running injuries in fore-
foot strikers (FFS) compared to RFS [5]. Most studies
explored the stiffness of hRFS [6], [7], [16] or groups
of runners whose foot strike patterns were not identi-
fied [8], [10], [11], [20], [26]. A recent study indicated
that hFFS and hRFS experience different lower ex-
tremity stiffness [39]. And hFFS have a greater Kleg,
a shorter ground contact time, and a lower loading rate
than hRFS [39]. Therefore, the findings on the lower
extremity stiffness in hRFS running on different over-
ground surfaces may not be applicable to hFFS.
Hence, the interaction between lower extremity stiff-
ness in hFFS and different overground surfaces must
be investigated.

The purpose of the current study was to determine
the effects of three sports surfaces on the lower ex-
tremity stiffness in hFFS. We hypothesized that hFFS
can adjust lower extremity stiffness according to three
natural running surfaces. This study could provide
useful information on the influence of sports surfaces
on running biomechanics and economy among hFFS.

2. Materials and methods

2.1. Participants

Thirty-one healthy male hFFS (age = 28.7
± 7.1 years; height = 173.7 ± 4.5 cm; weight = 67.6
± 10.2 kg; leg length = 0.8 ± 0.04 m; running age =
4.4 ± 3.9 years; running distance per week = 33.9
± 24.6 km) were recruited from the local running clubs.
Upon arrival at the laboratory, the participants completed
a verbal questionnaire to ensure that they had no

known abnormalities (i.e., flat feet and high arched
feet), cardiovascular diseases, visual diseases, ves-
tibular diseases, or recent musculoskeletal injuries that
could affect their running performance (within the past
6 months). This study was approved by the Ethics
Committee of Shanghai University of Sport. Written
informed consent was obtained from each participant
before data collection.

Foot strike patterns were determined using the
Novel Pedar-X system (Novel Munich, Germany) to
identify the centre of pressure (CoP) before the formal
test. The sampling frequency was 100 Hz. The par-
ticipants were instructed to run at a target velocity of
3.3 m/s (±5%) in their habitual landing fashions [6].
The speed was determined using a photoelectric tim-
ing system (WittySEM, Microgate, Italy), which was
placed in the middle of the 15 m runway. At the point
of initial foot landing, the participants whose CoP was
located in the anterior third of the foot length were
identified as hFFS, whereas those whose CoP was
located in the middle third or the posterior third were
regarded as hMFS or hRFS, respectively [18]. In this
study, only hFFS were included.

Three running surfaces were constructed in the labo-
ratory, namely, synthetic rubber, concrete, and artificial
grass. Each type of constructed runway was 15 m long
and 1 m wide. The thickness of synthetic rubber and
artificial grass was 2 cm. The concrete runway was
constructed using concrete tiles with a thickness of
1 cm. Under each kind of surface, a layer of polyvinyl
chloride mattress (1.6 mm) was inserted to prevent
friction between the running surfaces and the floor
[40].

2.2. Experimental protocol

Experiments were conducted at the biomechanics
laboratory in Shanghai University of Sport. First, the
participants’ body height, body mass, and leg length
were measured. All participants were right-leg dominant,
which was confirmed as one’s preferred leg to kick a ball
[12]. All participants were then required to wear the
same lightweight running shoes (European size 41 to 43,
ASICS, SORTIEMAGIC RP 4 TMM467.0790, Japan)
without thick heels and additional cushioning struc-
tures to ensure no abnormal feeling and interference
with running performance [3].

Before the formal test, each participant was in-
structed to stretch first and then ran on a treadmill for
5 min to warm up at their preferred speeds. After the
warm up period, the participants were allowed to per-
form practice running trials to familiarize themselves
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with the experimental procedure and adjust their run-
ning speed to the prescribed velocity (3.33 m/s, ±5%).
The order of three different running surfaces was ran-
domized for each participant. The participants were
instructed to make contact with the central portion of
the two force plates, which were embedded under the
runway, with their right foot without deliberately
modifying their running gait. Each participant com-
pleted three successful trials for each running sur-
face.

Kinematic and ground reaction force (GRF) data
were recorded using a 3D motion analysis with 10 cam-
eras (Vicon T40, Oxford Metrics, UK) and synchro-
nized with two force plates (Kistler Instruments Corp.,
Switzerland). The force plates were placed in the
middle part of the 15 m runway. The acquisition sam-
pling frequency was 200 and 2000 Hz, respectively.
Twenty-three reflective markers were placed on the
participants’ anatomical landmarks according to the
full-body plug-in-gait model [25].

2.3. Data analysis

Data were processed in Visual 3D (C-Motion,
Rockville, MD, USA). A pelvis and a three-segment
lower extremity plug-in-gait model (i.e., thigh, shank,
and foot) was constructed to determine related lower ex-
tremity kinematic and kinetic features. All data were fil-
tered using a fourth-order low-pass Butterworth filter with
a cut-off frequency (kinematics: 10 Hz; GRFs: 50 Hz).
Kinematic and kinetic features were analysed through-
out the running stance phase. The start of ground
contact was defined as the moment at which the verti-
cal ground reaction force (vGRF) became greater than
20 N, whereas the end of ground contact was defined
as the moment after the initial ground contact at which
the vGRF became lower than 20 N.

Leg stiffness, Kleg [kN/m], was calculated as the
ratio of the maximal GRF to ΔL during the running
stance phase as follows [29], [32]:
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where the ΔL is the vertical variation in leg length,
L0 is the upright leg length measured as the distance
from the trochanter major to the prominence of the
lateral malleolus, Δy is the vertical displacement of
the COM, and tc is the ground contact time.

Vertical stiffness, Kvert [kN/m], was calculated as
the ratio of the maximal GRF to Δy during the running
stance phase as follows [4], [10]:
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Joint stiffness, Kjoint [Nm/kg/degree], was calcu-
lated as the ratio of total change in joint moment
(ΔMjoint) to joint angular displacement (Δjoint) as fol-
lows [30]:
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where ΔMjoint is the displacement of joint moment
between initial ground contact and the instant of peak
joint moment, and Δjoint is the angular displacement
in the sagittal plane between the initial ground contact
and the instant of peak joint moment.

Initial ground contact angle was defined as the an-
gle when vGRF exceeded 20 N. The displacement of
joint angle/moment was defined as the total change in
angle/moment during the running stance phase. Peak
joint moment was defined as the maximal joint mo-
ment in the sagittal plane during the running stance
phase. The maximal GRF was recorded in three di-
mensions, namely, anterior-posterior, medial-lateral
and vertical directions. All joint moments and GRFs
were normalized to body weight (BW).

2.4. Statistical analysis

All data are expressed as mean ± SD. One-way vari-
ance analysis of repeated measures (ANOVA) was
applied to determine differences in lower extremity stiff-
ness, kinematic, and kinetic parameters among different
running surfaces. Bonferroni adjustment was adopted
for multiple comparisons. If a significant difference
was found between two surfaces, the 95% confidence
interval of mean difference (95% CI) was calculated
between the two surfaces. The level of statistical sig-
nificance was determined as p < 0.05. Statistical
analysis was performed using SPSS version 26.0 (ver-
sion 26.0, IBM Inc., Chicago, IL, USA).

3. Results

No significant differences were observed in Kleg,
Kvert, or Kjoint in the sagittal plane during running on
the three different surfaces (Table 1).
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Runners showed similar Δy and tc during the run-
ning stance phase, initial contact joint angle of knee
and ankle joints, and displacement of ankle joint
angle on the three different surfaces. ANOVA dem-
onstrated significant differences in the displacement
of knee joint angle among surfaces (F [2, 60] =
10.267, p < 0.001). Running on artificial grass pro-
duced a greater displacement of knee joint angle than
running on synthetic rubber ( p = 0.002, 95% CI =
1.52–7.35 degrees) and on concrete (p = 0.006, 95% CI
= 1.04–7.25 degrees).

Significant differences were found in peak knee
moment (F [2, 60] = 7.333, p = 0.001) and peak ankle
moment (F [2, 60] = 21.383, p < 0.001) in the sagittal
plane (Table 1). Bonferonni post-hoc test showed that
running on concrete produced lower peak knee mo-
ment than running on artificial grass ( p = 0.003,
95% CI = 0.11–0.58 Nm/kg). Moreover, running on
synthetic rubber produced a lower peak ankle moment
than running on concrete ( p < 0.001, 95% CI =
0.03–0.07 Nm/kg) and on artificial grass ( p < 0.001,
95% CI = 0.02–0.06 Nm/kg). No significant differ-

ences in the displacement of knee and ankle joint mo-
ment were found among the three running surfaces.

Differences were found in the maximal GRFs for
anterior-posterior (F [2, 60] = 9.502, p < 0.001), and
medial-lateral (F [2, 60] = 36.2, p < 0.001) directions
(Table 2). The maximal anterior-posterior GRF ap-
peared at about 70% of the stance phase and smaller
when running on concrete than on synthetic rubber
( p < 0.001, 95%CI = 0.02%–0.06%BW) and on arti-
ficial grass ( p = 0.044, 95%CI = 0.01%–0.05%BW).
In comparison, the maximal medial-lateral GRF ap-
peared at about 10% of the stance phase. Running on
concrete produced a lower maximal medial-lateral
GRF than running on synthetic rubber ( p < 0.001,
95%CI = 0.03%–0.06%BW) and on artificial grass
( p < 0.001, 95% CI = 0.02%–0.05% BW), and the
maximal medial-lateral GRF was greater on synthetic
rubber than on artificial grass ( p = 0.036, 95% CI =
0.01%–0.03% BW). Although no significant differ-
ences were observed in vertical GRF among the three
surfaces, a greater vertical GRF was found on syn-
thetic rubber than on concrete ( p = 0.016, 95% CI =

Table 1. Lower extremity stiffness, kinematic and kinetic variables when running on three overground surfaces (mean ± SD)

Variables Synthetic rubber Concrete Artificial grass p value
Kleg [KN/m] 10.0 ± 2.0 9.5 ± 2.1 9.7 ± 1.8 0.147
Kvert [KN/m] 21.3 ± 3.2 21.0 ± 3.3 21.1 ± 3.2 0.735
Knee Kjoint [Nm/kg/degree] 0.04 ± 0.01 0.04 ± 0.01 0.04 ± 0.01 0.288
Ankle Kjoint [Nm/kg/degree] 0.06 ± 0.02 0.06 ± 0.02 0.06 ± 0.01 0.286
tc [s] 0.23 ± 0.02 0.24 ± 0.02 0.23 ± 0.02 0.362
Δy [m] 0.09 ± 0.01 0.08 ± 0.01 0.08 ± 0.01 0.160
Knee angle0 [degree] –19.4 ± 5.3 –19.3 ± 4.9 –20.2 ± 7.1 0.563
Ankle angle0 [degree] –14.6 ± 6.5 –14.8 ± 6.4 –15.3 ± 6.8 0.705
Knee Δangle [degree] 84.5 ± 9.4 84.8 ± 11.1 88.9 ± 11.5 <0.001
Ankle Δangle [degree] 58.5 ± 27.2 53.6 ± 5.6 52.4 ± 5.5 0.292
Peak knee moment [Nm/kg] 2.01 ± 0.11 1.79 ± 0.09 2.13 ± 0.10 0.001
Peak ankle moment [Nm/kg] 0.04 ± 0.04 0.08 ± 0.04 0.08 ± 0.04 <0.001
Knee Δmoment [Nm/kg] 3.53 ± 0.56 3.55 ± 0.74 3.59 ± 0.64 0.789
Ankle Δmoment [Nm/kg] 3.09 ± 0.51 3.17 ± 0.61 3.09 ± 0.59 0.185

Kleg – leg stiffness; Kvert – vertical stiffness; Kjoint – joint stiffness; tc – ground contact time; Δy – vertical dis-
placement of the COM; angle0 – initial contact angle; Δangle – displacement of joint ankle; Δmoment – displace-
ment of joint moment.

Table 2. The maximal GRFs when running on three running surfaces (mean ± SD)

GRFs (% BW) Synthetic rubber Concrete Artificial grass
A-P GRF (% BW) 0.37 ± 0.05# 0.33 ± 0.05#* 0.36 ± 0.06*
M-L GRF (% BW) 0.10 ± 0.03#^ 0.05 ± 0.03#* 0.09 ± 0.04*^
v GRF (% BW) 2.71 ± 0.22# 2.62 ± 0.26# 2.64 ± 0.42

A-P – anterior-posterior; M-L – medial-lateral; # indicates significant differ-
ences between concrete and synthetic rubber; * indicates significant differences
between concrete and artificial grass; ^ indicates significant differences between
synthetic rubber and artificial grass.
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0.02%–0.18% BW) and appeared at about 45% of the
stance phase. Running on synthetic rubber and artifi-
cial grass showed similar GRFs (Fig. 1). However,
running on concrete produced a higher anterior-
posterior GRF at the posterior direction and a lower
medial-lateral GRF at the lateral direction at about
0–45% of the stance phase.

Fig. 1. The GRFs in anterior-posterior, medial-lateral,
and vertical directions running on synthetic, concrete,

and artificial grass

4. Discussion

The aim of this study was to investigate lower ex-
tremity stiffness and kinematic adjustments in hFFS
when running on different overground surfaces. To
the best of our knowledge, the current study was the
first to investigate the influence of different surfaces

on lower extremity stiffness in hFFS. The findings re-
jected the hypothesis that hFFS can accommodate lower
extremity stiffness when running on conducted surfaces.
Nevertheless, significant differences in kinematics and
kinetics were observed. This result partially confirmed
the hypothesis that hFFS can maintain similar lower
extremity stiffness by adjusting kinematics and kinet-
ics to compensate for differences in the hardness of
surfaces.

Previous studies found that, when compensating for
the compliance variance of surfaces, the human body
adjusts its Kleg to maintain a stable trajectory of COM
in hRFS [10], [11], [20], [22], [23], and running on
a harder surface requires a stiffer ankle joint in hRFS
[7]. In our study, the lower extremity stiffness and verti-
cal displacement of COM in hFFS did not change dur-
ing running on different overground surfaces. A pos-
sible explanation is that the prescribed running speed
or the constructed surfaces were insufficient to cause
biomechanical changes in the lower limbs. In addi-
tion, habitual foot strike pattern is an important factor
that affects running performance, and hFFS are asso-
ciated with better leg adjustment and transmission of
elastic energy [39]. Furthermore, longitudinal arch (LA)
behaves as a “foot spring” during running, thereby
storing mechanical energy and subsequently returning
via compression and recoil cycle along with changes
in GRF [35]. Adjusting LA stiffness can adapt to al-
terations in surfaces and loading [36]. When running
at the same speed, hFFS perform increased LA com-
pliance and loading than hRFS [19]. In the current
study, the hFFS maintained similar lower extremity
stiffness during running on the three surfaces probably
because of the better cushioning effect of LA among
hFFS. In a future study, the stiffness of foot arch in
hFFS running on different overground surfaces should
be investigated as this information may provide in-
sights into the kinematic adjustment in GRF.

Several studies reported differences in the kine-
matics of lower extremities when running on different
surfaces among hRFS [6], [16], [17]. In general, when
running on natural grass, the ground contact time is
increased to attenuate the impact [17]. Via sensitivity
analysis, Morin et al. [29] found that, for both Kleg and
Kvert, the ground contact time is the most sensitive
parameter. A 10% reduction in ground contact time
leads to a 25% or 20% increase in Kleg or Kvert, respec-
tively. Interestingly, some studies reported that ground
contact time is not influenced by different surfaces
[16], [34], which was an observation consistent with
our results. Differences in surface materials, running
speeds, and individual running strategy may account
for the conflicting results.
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In our study, the initial contact knee and ankle
joint angles and the displacement of ankle joint angle
were similar among the three surfaces. These findings
were consistent with the observations of Dixon et al.
[6], who found no considerable differences in kine-
matic variables when running on different surfaces.
By contrast, Hardin et al. [16] reported that an in-
crease in surface hardness results in a decrease in hip
and knee flexion at contact. The present study indi-
cated that the displacement of knee joint angle was
greater on artificial grass. Kjoint is dependent on joint
moment and angular displacement. Although no sig-
nificant differences in the displacement of knee joint
moment were observed, the values of Kjoint for knee
were similar. These contradictory results may confirm
that hFFS depend mainly on knee joint regulation to
adapt to different running surfaces.

The present study found that peak knee moment
was decreased when running on concrete and peak
ankle moment was decreased when running on syn-
thetic rubber. These results disagreed with the find-
ings of Willwacher et al. [38], who reported that run-
ning barefoot at 3.5 m/s increases ankle joint moment
and decreases knee joint moment on hard surfaces.
Running speed and type may partly explain the reason
for the differences [2]. Kerdok et al. [20] found sig-
nificant differences when running on the softest sur-
face. Only when surface hardness sufficiently or rapidly
changes, lower extremity stiffness can be remarkable. In
addition, although the experimental process was gener-
ally consistent, the foot strike patterns used were dif-
ferent.

Several studies on running on treadmills have been
conducted. These works may provide controlled con-
ditions in a more stable running speed versus over-
ground running. These studies confirmed that only small
changes in knee angle are related to an increase in Kleg
when running on the softest surface [20]. Gidley et al.
[13] reported that running on a compliant treadmill
elicits a substantially more compliant leg than a rigid
treadmill, a finding that was inconsistent with that
of previous studies [11], [20]. A comparison between
treadmill and overground running suggested that kine-
matics and kinetics seem similar. This comparison
observed notable differences in knee kinematics and
peak joint moment. These results indicated that running
on a treadmill may cause slight differences in running
patterns. Thus, the results of running on a treadmill,
should be compare carefully, although our focus was
on running in real life.

Unsurprisingly, remarkable differences in GRFs were
observed herein, consistent with the findings of a pre-
vious work [33]. The maximal anterior-posterior and

medial-lateral GRFs substantially decreased while run-
ning on concrete, whereas the maximal vGRF was
smaller while running on concrete than on synthetic
rubber. The maximal vGRF would likely remain con-
stant within the range of surface hardness due to
changes in lower extremity stiffness and kinematics.
Zhang et al. [40] found that running on rubber results
in considerably lower plantar pressure in partial areas
of the foot compared with running on concrete. How-
ever, they found no differences between running on
grass and running on rubber or concrete. Their find-
ings were consistent with those of the present study.
Results indicated that the regulation of GRFs may be
the most important mechanism, especially in the
frontal and horizontal planes.

The present study has several limitations. First,
we did not quantify the hardness of surfaces. Thus, we
were unable to specifically explain the possible ab-
sorbing ability of the surfaces to the impact of run-
ning. This omission might have affected the results. In
addition, we allowed the participants to practice sev-
eral times before the formal test. Doing so might have
induced accommodation to different surfaces. And the
15 m runway might not be enough to observe differ-
ences when running on 3 different overground sur-
faces. Thus, further studies should focus on longer
monitoring among hFFS.

5. Conclusions

In summary, this study found no differences
in lower extremity stiffness among hFFS running on
different overground surfaces. Adjustment of lower
extremities on kinematics and kinetics may result in
similar lower extremity stiffness. Findings in current
study indicate that running on a hard surface induced
more loads in knee joint, while running on a soft sur-
face performed more loads in ankle joint among
hFFS. Therefore, hFFS should choose the appropriate
running surface for themselves to avoid sports injuries
and improve running performance. These findings
may provide insight into the adjustment mechanism of
hFFS when running on diverse terrains in real world.
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