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Abstract: Purpose: This study aimed to determine the changes in lower extremity biomechanics during
running-induced fatigue intervention. Methods: Fourteen male recreational runners were required to
run at 3.33 m/s until they could no longer continue running. Ground reaction forces (GRFs) and marker
trajectories were recorded intermittently every 2 min to quantify the impact forces and the lower
extremity kinematics and kinetics during the fatiguing run. Blood lactate concentration (BLa) was also
collected before and after running. Results: In comparison with the beginning of the run duration,
(1) BLa significantly increased immediately after running, 4 min after running, and 9 min after
running; (2) no changes were observed in vertical/anterior—posterior GRF and loading rates; (3) the
hip joint range of motion (Orom) significantly increased at 33%, 67%, and 100% of the run duration,
whereas Orom of the knee joint significantly increased at 67%; (4) no changes were observed in
ankle joint kinematics and peak joint moment at the ankle, knee, and hip; and (5) vertical and ankle
stiffness decreased at 67% and 100% of the run duration. Conclusion: GRF characteristics did not
vary significantly throughout the fatiguing run. However, nonlinear adaptations in lower extremity
kinematics and kinetics were observed. In particular, a “soft landing” strategy, achieved by an
increased Orowm at the hip and knee joints and a decreased vertical and ankle stiffness, was initiated
from the mid-stage of a fatiguing run to potentially maintain similar impact forces.

Keywords: fatiguing run; instrumented treadmill; joint range of motion; stiffness

1. Introduction

Long-distance running has many benefits, including reducing the risk of cardiovascular disease [1].
Although there is not sufficient literature demonstrating that injuries are inevitable for all runners,
running-related musculoskeletal injuries are still very common. Previous studies showed that the
incidence of injury per runner for 1000 h is 18.2-92.4% [2—-4] or 6.8-59% [5]. Amongst them, more
than 74% of long-distance runners adopt the heel strike pattern [6]. The repetitive impact forces
occurred during touchdown can reach a magnitude ranging from 2- to 3-times body weight [7], and are
considered as high risk factors of lower limb injury [6].

Long-term and high-intensity running inevitably induces neuromuscular fatigue, which further
influences musculoskeletal system of the lower limbs. Generally, the movement control of the
lower extremity decreases after fatigue, which is an important cause of running injury [8,9].
However, conclusions on the relationship among fatigue, impact force, and lower extremity
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biomechanics during prolonged running remain uncertain [10]. Morin [11] found that vertical ground
reaction forces (vGRF) decreases with fatigue after multiple groups of repeated sprints are performed
on a force treadmill. By contrast, Christina et al. [12] observed that the impact peak and loading rate
of the runners increase significantly after fatigue intervention. However, Gerlach et al. [13] found
no significant differences in vGRF after fatigue intervention induced by repeated sprints. Similarly,
Slawinski et al. [14] reported no changes in vGRF after nine well-trained runners performed an
exhaustive exercise over 2000 m on an indoor track. Collectively, multifactorial causes underlie these
different responses, and further studies beyond the analysis of the GRF level are warranted to provide
insight on the joint mechanics strategies and the underlying stiffness characteristics occurring during
running to fatigue.

Most previous studies focused on the direct relationship between fatigue and injury, especially
the biomechanical changes in the lower extremities before and after fatigue [15-19]. For instance,
Radzak et al. [14] reported the biomechanical asymmetry (e.g., loading rate and knee/vertical stiffness)
of the lower limbs before and after fatigue. However, the fatigued state was considered to be achieved
only by increased rated perceived exertion (RPE) scores. Abt et al. [17] compared the differences in
running kinematics and shock absorption before and after fatigue. However, the influence of running
fatigue on kinematics remains inconclusive, which might be partly due to the nonlinear adaptations in
lower extremity biomechanics. Clansey et al. [18] reported an increased vertical force loading rate along
with increased hip extension and ankle plantarflexion at incremental running speeds before and after
two 20-min fatiguing treadmill runs. Nevertheless, they did not determine the threshold at which
point the changes may occur. Thus, more investigations are necessary to examine fatigue-induced
changes in lower extremity biomechanics not only in pre- and post-fatigue conditions but during the
whole progress of a fatiguing run.

In addition, none of the aforementioned studies provided a direct accessible evaluation of running
fatigue. Fatigue is generally associated with lactic acid accumulation [20]. Blood lactate concentration
(BLa) is an indicator of muscle metabolites and recovery [21]. In the current study, BLa was used to
help determine fatigue as a consequence of an insufficient oxygen supply in the capillary blood [22].

The purpose of this study, therefore, was to determine the changes in lower extremity
biomechanics, namely, vertical and anterior—posterior GRFs, loading rates, joint mechanics and stiffness,
during treadmill running to fatigue. It was hypothesized that joint mechanics and stiffness with
fatigue would be changed. Specifically, runners would increase their vGRFs and joint range of
motion. They would also have low vertical stiffness (kye¢) and joint stiffness during the progress
of a fatiguing run.

2. Materials and Methods

2.1. Participants

Fourteen male recreational runners (age: 27.9 + 7.5 years; height: 175.6 + 5.5 cm; body mass:
70.4 £ 7.1 kg; weekly running volume: 29.3 + 12.0 km) with a minimum of 15 km/week for at least
3 months prior to the study were recruited to participate in the study. All the participants had no
history of musculoskeletal injuries to the lower extremity in the previous 6 months and did not engage
in strenuous exercise for 24 h before the study. Each participant signed an informed consent form
before the experiments. The study was approved by the Institutional Review Board of the Shanghai
University of Sports (No. 2017007).

2.2. Instrumentation

Kinematic data were collected using an eight-camera infrared 3D motion capture system (Vicon
T40, Oxford Metrics, UK) at a sampling rate of 100 Hz. Forty infrared retroreflective markers,
each with a diameter of 14.0 mm, were attached bilaterally to both lower extremities to define
hip, knee, and ankle joints by using a plug-in gait marker set (Figure 1). GRFs were measured
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with a split-belt fully instrumented treadmill (Bertec Corporation, Columbus, OH, USA) at a sampling
rate of 1000 Hz. The 3D kinematic and GRF data were synchronized using the Vicon system. A heart
rate (HR) monitor (V800, Polar Electro-OY, Kempele, Finland) was attached to each participant’s
chest to continuously monitor their HR during the entire fatiguing run procedure. Blood lactate
concentration (BLa) was collected at different time points that were determined from the capillary blood
sampled from the right fingertip and assessed with a Biosen C-line glucose analyzer (EKF Diagnostics,
Magdeburg, Germany). Specifically, after cleaning with a sterile alcohol swab, a finger prick capillary
puncture was performed and approximately 10 uL of sampled whole blood was aspirated into an EKF
Diagnostics glucose and lactate analyzer [23]. Four measurement time points were obtained [21,24]:
upon arrival at the laboratory (pre-), immediately after running (post-0 min), 4 min after running
(post-4 min), and 9 min after running (post-9 min).
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Figure 1. Marker set and experimental setup.
2.3. Running-Induced Fatigue Protocol

The participants were naked from the waist up and run at their self-selected speed for 5 min on the
instrumented treadmill as a warm-up and familiarization. Standardized neutral running shoes (Nike
Air Pegasus 34) were provided (Nike, Beaverton, OR, USA). Afterwards, they were required to run at
3.33 m/s [25] until they could not continue running [26]. They were considered to have experienced
fatigue, and intervention was terminated when both following criteria were met: (1) the HR of the
participants reached 90% of their age-calculated maximum HR, and (2) the participants could not
continue running.

During the fatiguing run, the running time and the highest HR were recorded. The rated perceived
exertion (RPE) using a Borg 6-20 scale was acquired immediately after running.

2.4. Data Processing

For the marker trajectories and GRF data, the measurements of at least 20 steps (15 s) were
recorded intermittently every 2 min during the fatiguing run [22]. The sagittal plane kinematic data of
the dominant lower extremity, defined as the preferred kicking leg, were filtered through a Butterworth
fourth-order, low-pass filter at a cut-off frequency of 14 Hz with V3D software (v5, C-Motion Inc.,
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Germantown, MD, USA) [27]. The kinematic variables of the hip, knee and ankle joints included the
following: (1) joint angles (6y) at initial contact (Figure 2), (2) maximum joint extension/dorsiflexion
angles (Ox-ext) and peak joint flexion/plantar flexion angles (Gmux_ﬂx) during stance, (3) joint ranges
of motion (Orom, OROM = Omax-ext — Omax-fix) during stance, (4) changes in joint angle (A6, Opax-flex —
0p), and (5) maximum extension/plantarflexion angular velocity (way-ext) during the stance.
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Figure 2. Scheme of lower extremity kinematics and ground reaction force variables. Note: GRF,
ground reaction force; BW: body weight; POI: a point of interest.

GREF variables included (1) first and second peak vertical GRFs (F,max1 and F,max2) and the
occurrence time of F,max1 and Fymaxo (t_Fzmax1 and t_F,max2), (2) maximum and average loading rates
(LRmax and LRayg; Figure 2), (3) contact time (CT) and (4) maximum propulsive and braking GRF
(Fymax and Fypin). Loading rate was calculated on the basis of the method described by Futrell et al. [28].
In brief, a point of interest (POI) was defined as the first point above 75% of a participant’s body
weight with the instantaneous loading rate less than 15 body weight/s. LRmax (i.e., the maximum
instantaneous slope) and LR,y (the average slope) were calculated from 20% to 100% and from 20% to
80% of the force at the POI, respectively (Figure 2).

Kinetic variables included the peak moments and joint stiffness [29] [k;, Equation (1)] of hip,
knee and ankle the vertical stiffness of the lower extremity [30] [kyert, Equation (2)], and they were
expressed as follows:

AM

ki = 0 1)

where AM is the joint moment difference between initial contact and mid-stance, and A0 is the joint
angle difference between initial contact and mid-stance.

GRF;

Ay ()

koert =
where GRF; is the vertical ground reaction force at the lowest position of the center of gravity
(CoG), and Ay is the maximum vertical displacement of CoG.

2.5. Statistics

All data are given as mean + standard deviation. A power analysis was performed prior to the
study to indicate the statistical power. It revealed that a sample size of 14 was sulfficient to minimize the
probability of Type II error for our variables of interest. A repeated measures ANOVA was performed
to determine the effects of time points (pre-, post-0 min, post-4 min, and post-9 min) on BLa. Moreover,
the variables from the relative time points of beginning, 33%, 67%, and end of each participant’s test
were included in this analysis because the participants fatigued at varying periods [31]. Thus, repeated
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measures analysis of variance (ANOVA) was performed to determine the effects of periods on GRFs,
loading rates, joint mechanics, and stiffness (20.0, SPSS, Inc., Chicago, IL, USA). Partial eta squared
(77;27) was used as an estimate of effect size. Post-hoc pairwise comparison tests were used to assess the
changes at the different time points. The level of significance was set at 0.05.

3. Results

3.1. Running-Induced Fatigue Intervention

The intervention time to produce a fatigue state was 28.5 + 10.4 min. The maximal HR and RPE
scale observed during fatigue were 182.9 + 7.7 bpm and 17.2 + 0.9, respectively. Moreover, a main
effect of time points was observed for BLa (p < 0.001, 1, = 0.76). Specifically, a significant increase
in BLa was observed immediately after running (+329.9%, p < 0.001), 4 min after running (+251.6%,
p < 0.001), and 9 min after running (+135.9%, p = 0.006) compared with that in the time point
corresponding to the pre-running (Figure 3).
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Figure 3. Blood lactate concentration (BLa) at time points corresponding to (1) upon arrival
at the laboratory (pre-), (2) immediately after running (post-0 min), (3) 4 min after running
(post-4 min), and (4) 9 min after running (post-9 min). *, # and & significantly different from
the pre-, post-0 min, and post-4 min with p < 0.05, respectively.

3.2. Ground Reaction Force

No significant differences were observed in F,max1, t_F;max1, LRmax, LRavg, Frmax2, t_Fzmax,
Fymax, and Fymin at four time points corresponding to the beginning, 33%, 67%, and 100% of the run
duration (Table 1). CT increased significantly at 67% of the run duration compared to the beginning
(p < 0.05).
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Table 1. Ground reaction forces (GRF) characteristics at time points corresponding to the beginning,
33%, 67%, and 100% of the run duration.

Parameter Beginning 33% 67% 100% p-Value nf,
Fymax1 (BW) 1.93 +0.21 1.87 +0.22 1.90 + 0.21 1.88 +0.22 0.45 0.07
t_Fzmax1 (5) 0.03 +0.01 0.03 +0.01 0.03 + 0.00 0.03 +0.01 0.11 0.14

LRmax (BW/s) 120.88 + 25.71 112.58 + 24.20 118.80 + 26.14 121.62 +£27.15 0.04 0.19
LRavg (BW/s) 102.34 +22.72 99.58 + 20.58 102.82 + 23.09 106.64 + 25.64 0.16 0.12
Fymaxa (BW) 2.48 +0.20 245 +0.14 252 +£0.15 251 +0.16 0.25 0.10
t_F max2 (8) 0.09 +0.01 0.09 £ 0.00 0.09 +0.01 0.09 +0.01 0.85 0.02

CT (s) 0.22 £ 0.01 0.22 +0.01 023 +0.01*% 0.23 £0.01 0.01 0.25

Fymax (BW) 0.32 £ 0.03 0.32 +0.03 0.32 +£0.03 0.32 +0.03 0.89 0.02
Fymin (BW) —0.47 + 0.06 —0.48 + 0.06 —0.49 + 0.08 —0.48 + 0.07 0.76 0.03

Note: Fzmax1, first peak vVGRF; t_F;max1, the occurrence time of Fzmax1; LRmax, maximum loading rate; LR,yvg, average
loading rate; F,max2, second peak vGRF; t_Fmaxo, the occurrence time of Fymaxo; CT, contact time; Fymax, maximum
propulsive GRF; and Fypin, maximum braking GRF. * indicates significant differences from the values obtained at
the beginning (p < 0.05).

3.3. Joint Mechanics

In comparison with joint range of motion (Orom) at the beginning, Orom of the knee joint
significantly increased at 33% and 67% of the run duration, and Orom, AB, Oy, and Opx-ext of the hip joint
significantly increased at 33%, 67%, and 100% of the run duration (Figure 4 and Table 2). No significant
differences were observed in 0y, Oyuax, Wmax-ext, and Myay of the three joints, and Oropm and AQ of the
ankle joint amongst four time points (Table 2).

Table 2. Kinematics and joint moment of hip, knee, and ankle joints at time points corresponding to the
beginning, 33%, 67%, and 100% of the run duration.

Joint Parameter Beginning 33% 67% 100% p-Value r[ﬁ
6o (°) 211 +£2.80 0.87 £3.57 0.92 £3.32 0.84 +3.41 0.05 0.18
Omax-ext (°) 19.40 + 3.09 19.49 +3.52 19.88 +3.08 19.90 +2.98 0.25 0.10
Omax-flex (°) —-21.61 +4.01 -21.07 +2.75 -22.06 + 3.90 -21.73 +2.77 0.51 0.06
Ankle Orom (°) 41.01 + 4.06 40.56 + 3.18 41.94 + 3.49 41.63 +2.37 0.24 0.12
A6 (°) 2372 +£4.14 21.94 +£3.49 22.98 £ 3.46 2257 £3.17 0.23 0.10
Wnax-ext (°/S) 584.90 + 56.63 577.63 + 48.96 584.13 + 46.71 567.19 + 64.55 0.77 0.03
Minax (N-m/kg) -3.69 +0.42 —-3.65 + 0.53 -3.71+048 -3.76 £ 0.61 0.83 0.02
6o (°) -17.08 + 5.81 -18.15+4.90 -18.89 +5.09 -18.67 + 5.00 0.04 0.24
Omax-ext (°) —-14.16 + 4.30 -13.15+5.27 -13.56 + 5.06 -14.54 + 5.30 0.09 0.15
Omax-flex (°) —37.63 +5.34 -38.60 + 5.56 -37.92 + 8.63 —39.47 + 5.54 0.37 0.08
Knee Orom (°) 2347 +4.17 25.45+3.17* 2597 +2.76 * 24.93 +2.59 <0.01 0.32
AB (°) 20.56 + 3.80 20.45 + 3.45 19.03 +7.36 20.81 + 3.30 0.46 0.06
Wniax-ext (°/S) 492.84 +78.22 460.21 + 91.37 479.65 + 95.40 462.48 + 83.61 0.12 0.14
Mipax (N-m/kg) -1.77 £0.48 -1.79 £ 0.38 —-1.84 + 0.60 -1.91 +0.56 0.69 0.04
6o (°) 26.93 + 8.88 29.48 +3.83 * 29.70 £ 9.68 * 30.74 £ 9.98 * <0.01 0.47
Omax-ext (°) 27.78 + 8.35 30.05 + 8.58 * 30.92 + 8.64 * 30.47 +£9.69 * <0.01 0.45
Omax-flex (°) -9.24 +8.22 -9.8 +9.41 —9.87 +8.34 -10.60 + 10.18 0.28 0.09
Hip Orom (°) 37.02 +3.00 39.88 +2.84* 40.79 +3.10* 40.07 +4.27 * <0.01 0.44
A6 (°) 36.17 £3.83 39.31 £2.84* 39.57 £3.13* 4134 £438* <0.01 0.41
Wniax-ext (°/S) 307.81 + 30.56 311.94 + 23.54 316.99 + 28.24 308.58 + 29.92 0.62 0.04
Mipax (N-m/kg) 2.97 +0.50 3.23 +0.86 3.22 +0.86 3.45+0.74 0.09 0.15

Note: 6, angle at initial contact; 0;y-ext, maximum extension/dorsiflexion angle during the stance phase; Ormax-fixs
maximum flexion/plantar flexion angle during the stance phase; Orom, joint range of motion; A9, Omax-fix—60;
Wax-ext, Maximum extension/plantarflexion angular velocity during the stance phase; Mjuqy, peak joint moment
maximum. * indicates significant differences from the values at the beginning (p < 0.05).
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Figure 4. Knee joint range of motion (ROM), hip joint ROM, and changes in angle (A0) of the hip joint

at time points corresponding to the beginning, 33%, 67%, and 100% of the run duration. * significantly
different from the beginning with p < 0.05.

3.4. Stiffness

In comparison with ke at the beginning, kye+ showed a trend towards a decrease at 67% and 100%
of the run duration, respectively (Table 3). Meanwhile, significant main effects of time points were

observed for Ay and k,,x, (Table 3). Specifically, k. significantly increased at 33%, 67%, and 100% of
the run duration (Figure 5).

Table 3. Vertical stiffness and joint stiffness at time points corresponding to the beginning, 33%,
67%, and 100% of the run duration.

Parameter Beginning 33% 67% 100% p-Value r]f,
Koert (N/kg/m) 67.41 1054 65.65+697  63.05+8.23 61.32 + 6.67 0.06 0.17
Ay (m) 0.038 + 0.004 0.038 +0.004 0.040 + 0.005 0.041 + 0.004 0.03 0.20

knip (N-m/kg/°) 0.55 + 0.35 0.62 +0.22 0.56 + 0.28 0.77 + 0.45 0.07 0.16
Kgnee (N-m/kg/®) 0.04+003 006+003*  0.05=0.03 0.06 + 0.03 <0.01 0.33
Kankte (N-m/kg/®) 0.21 +0.03 0.19+0.03  0.20 +0.03 ** 0.20 + 0.04 **& 0.03 0.20

Note: kyert, vertical stiffness; Ay, changes in the vertical displacement of the center of gravity; kjpin, joint stiffness. *,
# and & significantly different from the pre-, post-0 min, and post-4 min with p < 0.05, respectively.
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Figure 5. Stiffness of the ankle joint at time points corresponding to the beginning, 33%, 67%, and 100%
of the run duration. * ¥ and & significantly different from the beginning, 33%, and 67% of the run
duration with p < 0.05, respectively.

4. Discussion

This study aimed to determine the changes in lower extremity biomechanics,
i.e., vertical and anterior-posterior GRFs, loading rates, joint mechanics and stiffness, during treadmill
running to fatigue. Our findings supported the hypotheses that an increased range of motion at the
hip and knee joints and a decreased vertical and ankle stiffness of the lower extremity were observed
during the progress of a fatiguing run. However, GRF characteristics, i.e., vertical/propulsive/braking
GRF and peak loading rates, did not vary significantly throughout the fatiguing run.

4.1. Fatigue Intervention

In this experiment, after the fatigue intervention, the blood lactic acid was changed from
2.5 + 1.5 mmol/L (at rest) to 11.1 + 3.6 mmol/L (immediately after fatigue), which was consistent
with a previous study (from 1.9 + 0.8 mmol/L to 12.4 + 3.8 mmol/L) [32]. Specifically, in comparison
with the rest state, the blood lactic acid at the ninth minute still significantly increased, and the
intervention intensity could be considered the standard of running fatigue. The average intervention
time of this experiment was 28.5 min, the maximum heart rate reached 182.9 bpm, and the RPE scale
was 17.2 (corresponding to “very hard”). These values were supported by our previous study [33,34].

4.2. Ground Reaction Force

In our study, ground reaction forces, such as first and second peaks, had no significant difference
before and after fatigue. Our observation was consistent with the findings of m [35] and Abt et al. [18],
who used the same test speed or a faster speed in their experiments. It implied that the impact forces as
well as the active forces would not change significantly throughout the whole fatiguing run. Generally,
repetitive and passive impact forces in running are considered to be one of the main causes of the
overuse injury of the lower extremities; these forces elicit a comprehensive fatigue effect and inhibit
musculoskeletal remodeling and repair [36]. According to this mechanism, one of the key factors
causing running overuse injury is fatigue, and the repeatability of running is one of the potential
factors that may cause fatigue [18]. In addition, the loading rate is considered a sensitive impact
force parameter in the run-and-jump motion [4,37,38], which is more reflective of the relationship
between running impact and running injury compared with the impact peak. However, in our study,
the average loading rate, along with vertical GRFs, did not vary significantly during the whole fatigue
process. This observation also supported that of Zadpoor et al. [39]. In summary, fatigue intervention
had no significant effect on the impact force and loading rate during a fatiguing run because the
impact and loading rate were closely related to the strike pattern. This finding indicated that no
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linear relationship was found between the impact and loading rate and the muscle fatigue of lower
extremities without changing the running strike pattern. Three joints and the surrounding muscles
would adapt, transmit, and further attenuate the impact force, avoiding damage caused by repeated
impacts when individuals were running for a long time.

4.3. Joint Mechanics

In this study, Orom of the knee joint increased significantly at 33% and 66% of the run duration.
However, no changes were observed for the maximum knee flexion. Abt et al. [18] required the male
participants to run on a treadmill at 3.3 m/s speed until exhaustion. Similarly, no significant differences
existed for maximum knee and ankle flexion after fatigue. On the other hand, Orom and A6 of the hip
joint at 33%, 67% and 100% of the run duration significantly increased compared with those at the
beginning. This finding supported the results of Sara et al. [40] possibly because Oronm of hip and knee
joints, as the large joints of the lower extremities, increased, leading to a decrease in Ay during the
stance phase rather than relying solely on the single joint of the knee joint. It is speculated that the
kinematic changes after running fatigue may be a compensation mechanism to reduce the possibility of
injury rather than the result of fatigue [9]. Orom of the hip and knee joints decreased starting from the
middle stage of the fatiguing run. This finding seems to be another evidence of the abovementioned
explanation. Generally, approximately 70-80% of the impact force is absorbed by the knee joint during
running, and the resolution of this impact force is crucial to prevent overuse damage [41]. To absorb
these impact forces, the human body properly coordinates the joint activities of the lower limbs through
the regulation of joint activities in the musculoskeletal system [31,42]. The current findings indicated
that the hip and knee kinematic chains of human lower extremities played an important role in response
to the progress of fatigue but did not passively attenuate the impact.

4.4. Stiffness

In the progress of a fatiguing run, kye;; showed a trend towards a decrease at 67% and 100% of the
running period compared with that of the pre-fatigue period. Meanwhile, Ay significantly increased at
the middle and late stages. However, no differences were observed in vGRF. These findings might
explain the nonlinear relationship between vGRF and ky;t. Furthermore, the stiffness of the ankle
joints significantly reduced at 33%, 67%, and 100% of the running period compared with that of the
pre-fatigue period.

Generally, vertical stiffness is considered an important factor in the spring-mass model of the
musculoskeletal system, which is closely related to injuries [43]. Previous studies [31] suggested that
kvert decreases during fatigue if an individual is fatigued at a constant speed, and changes in ky are
inversely related to Ay rather than vGRF during the stance phase. These results were supported by
our findings. Goodwin et al. [44] showed that the reduction in k.t during running was related to the
range of motion (ROM) of the larger joint. To maintain the stability of the lower extremity and reduce
the cumulative impact injuries, the human body automatically reduces Ay and k.. This strategy
achieves a “soft landing” within a certain joint ROM. Previous studies [31,45] found that the “soft
landing” was related to the decreased stiffness of the ankle joints after fatigue, which was in accordance
with our findings. Moreover, k. is also related to running economy and energy efficiency. Another
study [46] has shown that the energy utilization rate increased with kys. In the later stage of
medium/high-intensity long-term exercise, ky;+ might decrease as oxygen uptake increases, and the
energy utilization and running economy gradually decrease. Future studies should focus on the
effects of fatigue on the running economy of the joints of the lower extremities after runners’ transition
from a rearfoot strike to a forefoot strike. Future studies should also investigate the differences in
running economy between different strike patterns.
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4.5. Limitations

In this study we required participants to run on the treadmill, but one cannot be certain that
their running pattern was not affected by factors such as the adaptation of the lower extremity to the
running belt transfer speed and the instability of treadmill itself. Furthermore, we did not collect
surface electromyographic data to simplify the design by focusing on GRFs and joint mechanics and by
limiting the experimental devices that were attached to the runners. Finally, the role of gender should
also be taken into account in the future study.

5. Conclusions

GREF characteristics, i.e., vertical/propulsive/braking GRF and peak loading rates, did not vary
significantly throughout the fatiguing run. However, nonlinear adaptations in lower extremity
kinematics and kinetics were observed. In particular, a “soft landing” strategy, achieved by an
increased range of motion at the hip and knee joints and a decreased vertical and ankle stiffness
of the lower extremity, was initiated from the mid-stage (e.g., 33% and 67%) of a fatiguing run to
potentially maintain similar impact forces. These findings provide preliminary evidence suggesting
the hip and knee kinematic chains played an important role in response to the progress of running to
fatigue which may require additional attention during training.
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