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1  |  INTRODUCTION

The top running speed of an athlete is commonly con-
sidered to influence the capacity to capture or evade an 
opponent during a competition; however, even athletes 
with the highest running speed frequently fail in their 

attempt to capture or evade an opponent, perhaps because 
top running speeds are seldom reached.1,2 Alternatively, 
the ability to accelerate, including the ability to abruptly 
change direction, typically dictates whether an opponent 
is captured more so than the top speed.3– 5 Indeed, in team- 
sport athletes, the early identification of stimulus and, 
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During initial acceleration, the first steps of a maximal- effort (sprint) run often 
determine success or failure in the capture and evasion of an opponent, and is 
therefore a vital factor of success in many modern sports. However, accelerative 
events are commonly performed after having already run considerable distances, 
and the associated fatigue should impair muscle force production and thus reduce 
acceleration. Despite this, the effects of running- induced fatigue on our ability to 
accelerate as well as the running technique used to achieve it have received little 
attention. We recorded 3- D kinematics and ground reaction forces during the 
first three steps of the acceleration phase from a standing start before and after 
performing a high- speed, multi- directional, fatiguing run- walk protocol in well- 
trained running athletes who were habituated to accelerative sprinting. We found 
that the athletes were able to maintain their acceleration despite changing run-
ning technique, which was associated with use of a more upright posture, longer 
ground contact time, increased vertical ground reaction impulse, decreased hip 
flexion and extension velocities, and a shift in peak joint moments, power, and 
positive work from the hip to the knee joint; no changes were detected in ankle 
joint function. Thus, a compensatory increase in knee joint function alleviated 
the reduction in hip flexor- extensor capacity. These acute adaptations may in-
dicate that the hip extensors (gluteal and hamstring muscle groups) were more 
susceptible to fatigue than the ankle and knee musculature, and may thus be a 
primary target for interventions promoting fatigue resistance.

K E Y W O R D S
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importantly, the initial movement reaction speed, are con-
sidered to be keys to overall success in situations where 
acceleration strongly influences the chase outcome.4,5 
Thus, the acceleration capacity (linear or non- linear) of 
an athlete, particularly within the first steps, could be 
more critical to success than top running speed. For ex-
ample, athletes successfully capture or evade an opponent 
through rapid acceleration, regardless of whether changes 
of direction occur, without reaching maximum running 
speed.6– 8 Therefore, the capacity for skeletal muscles to 
produce the substantial forces required to accelerate the 
body during the early phase of sprinting will critically in-
fluence outcome success.

Athletes frequently shift between walking, jogging, and 
sprinting gaits during a competition or match.9– 11 As the 
competition progresses, for example in the latter stages 
of a quarter or half in team sports, fatigue may become 
prominent.12,13 Yet, the demands of the game remain sim-
ilar and athletes are still required to accelerate rapidly to 
catch or evade an opponent, requiring substantial phys-
ical exertion while fatigued.1,5,8,14,15 As fatigue deepens, 
muscle force generation capacity becomes impaired and 
our maximum acceleration consequently decreases,16– 20 
increasing the risk of failure to either catch an opponent 
or evade capture by another, which would be costly to 
athletes.

In sport, athletes shift between movement patterns 
such as rapidly accelerating to reach high running speeds, 
changing the direction of running (e.g., 45° turn from di-
rection running), and jumping.2,9,21 The ground reaction 
forces produced result from the joint forces and moments 
generated by muscles of the lower limb joints.22 But be-
cause each muscle has a different function, morphology, 
location, and thus contraction force and/or velocity capac-
ity,19,23 muscles can fatigue to different magnitudes and at 
different rates.17,24 Thus, fatigue- related torque degenera-
tion may be muscle-  or joint- dependent.24– 26 Therefore, to 
retain the same movement velocity as before fatigue, mus-
cle force, work, and power production may be shifted from 
highly fatigued muscles to other, less fatigued muscles, 
which may then act across different joints. This would 
confer a change in movement pattern and joint- specific 
contribution to the task, although such changes may 
mitigate acceleration loss and thus provide the greatest 
chance of movement success, that is, acceleration.27,28 At 
the distal ankle joint, the Achilles tendon performs much 
of the work; however, joint work is redistributed from the 
ankle to the larger, more proximal knee and hip joints 
during prolonged running. Unlike the ankle joint, these 
muscle groups perform work primarily through mus-
cle contraction, and therefore tend to fatigue at a faster 
rate.29 Speculatively, redistributing relative joint contri-
butions may serve as an adaptation that either maintains 

acceleration performance or decreases joint and soft tissue 
loading to reduce risk of injury. While the mechanism of 
joint work redistribution during fatigue in rapid, accelera-
tive running is plausible, it remains untested.

Nonetheless, a better understanding of fatigue- 
induced technique alterations may allow for more spe-
cific hypotheses to be drawn and thus for future research 
to be designed. While acceleration mechanics are rela-
tively well- understood, particularly in track sprinters,30 
we currently know relatively little about how humans 
move during fatigued accelerative running, and whether 
movement patterns are adapted as a result of such fa-
tigue. The primary purpose of the current study was to 
describe the kinematic and kinetic patterns of the lower 
limbs in the first three steps of both non- fatigued and fa-
tigued accelerated running (sprinting), and thus to assess 
the changes to within- limb distribution in response to fa-
tiguing running exercise. Due to differences in center of 
mass (CoM) velocity between steps, a true comparison 
between limbs (i.e., dominant vs. non- dominant legs) 
was not possible. Therefore, we tested the hypothesis 
that reduced horizontal velocity and substantial, acute 
kinematic and kinetic adaptations would be observed 
with fatigue.

2  |  METHODS

2.1 | Population and training history

Thirteen intermediate- level (semi- professional) male 
Association Football (Soccer) players (age: 19.1  ± 2.1 y, 
body mass: 72.5 ± 6.9 kg, height: 175.0 ± 7.7 cm) partici-
pated in this study. This cohort was chosen because they 
undertook regular training and participated in matches 
that include walking, slow jogging, and running at vary-
ing speeds. To ensure use of their own freely chosen 
running technique, inclusion criteria included the partici-
pants performing no previous formal running technique 
instruction or training. No subjects participated in formal 
strength training or other supplementary training (e.g., 
plyometrics) that might influence their running perfor-
mance, technique, or response to fatiguing running ex-
ercise. All participants were free from injury for at least 
6 months before testing, reported no residual impedi-
ments from previous injury, and wore their normal train-
ing attire, which included the same running shoes during 
testing and soccer boots to perform the fatiguing proto-
col. Only outfield players were accepted into the study as 
goalkeepers tend not to perform maximal sprinting during 
training or match play. The study was approved by Edith 
Cowan University of Human Ethics Committee, and play-
ers gave written consent prior to testing.
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   | 3VIAL et al.

2.2 | Biomechanical measurements

Thirteen VICON (T20 series) motion capture cameras 
(Oxford Metrics Ltd., Oxford, UK) set at a frame rate of 
250 Hz were positioned to capture the region from 0 to 
5 m of the linear running acceleration trials. Ground re-
action force data were simultaneously collected by five 
in- ground 600 × 900- mm triaxial force platforms posi-
tioned in a series (Kistler Quattro, Type9290AD, Victoria, 
Australia) sampling at 1000 Hz. Motion capture cameras 
were arranged around the in- ground force platforms over 
which the subjects performed their running acceleration 
trials. The subjects started behind the first force platform, 
and the finish line was located 20 m from the start to en-
sure that subjects did not decelerate through the data cap-
ture zone; that is, although only the first three steps were 
examined, the subjects were required to accelerate maxi-
mally over a longer distance, which might more likely 
lead to opponent capture or evasion.

2.3 | Protocol

Upon arrival, height and body mass were recorded for 
each subject, and a custom cluster- based set of retrore-
flective markers were placed on anatomical landmarks 
for 3- dimensional motion capture (see Table S1). Subjects 
then completed a standardized, comprehensive warm-
 up (section 2 –  Supporting Information) which included 
practice trials for single- leg vertical jumps (SLVJ) on each 
leg and acceleration run efforts performed at 50%, 75%, 
and 100% of maximal effort for the full 20- m distance 
(Figure S1) from a standing stationary start; the subjects 
started in a semi- crouched position with one foot in front 
of the other and the toes of the front foot on the start line; 
the hands did not touch the ground in this position.

Once the warm- up and practice trials were completed, 
three SLVJs were performed on each leg to obtain jump 

heights to determine dominant and non- dominant legs 
prior to and after the fatiguing protocol. The SLVJ test was 
used to define the “strongest” (dominant) and “weakest” 
(non- dominant) limbs as it encapsulates the ability to coor-
dinate lower limb segments to rapidly produce force with 
minimal influence from the other leg. Therefore, the leg 
that produced greater jump height was selected as dom-
inant. In some studies, researchers have designated the 
preferred kicking leg as dominant, which may not be the 
stronger of the two legs and thus may not accord with our 
definition. Subjects then performed a maximal effort 60- m 
sprint prior to and after the fatiguing protocol. The motion 
camera capture volume (8 × 3 m) was located 40 m from 
the starting point, subjects ran through the center of the 
capture volume while wearing the retroreflective markers, 
this allowed us to determine whole- body center of mass 
position and calculate the maximum horizontal velocity 
attained as they passed through the capture volume. This, 
together with SLVJ jump height, was used to assess the 
level of fatigue. Then, once in their standing start position, 
a countdown from 5 to 1 led into the first 20- m maximal 
acceleration trial (see Figures  1 and 2), and subjects re-
peated this twice to obtain the pre- fatigue measurements. 
Verbal encouragement was given to ensure the subjects 
accelerated maximally and did not decelerate through the 
data capture zone. Subjects were allowed exactly 60 s of 
rest between trials, which included walking back to the 
start line. This relatively short rest was used to minimize 
the recovery from fatigue in post- running (fatigued) trials 
but did not induce detectable running fatigue in the non- 
fatigued tests (see Section 3).

Once the first set of maximal acceleration trials was 
completed, the subjects jogged for 100 m at a comfortable 
pace to a grassed sports surface where markers placed 
on the surface demarcated a soccer- specific fatiguing ex-
ercise protocol (Ball– Sport Endurance and Sprint Test; 
BEAST 45) that would last 45 min (Ref. 34; see Figure S2). 
The fatigue protocol has been shown to be a valid and 

F I G U R E  1  Representation of one step in accelerative sprint gait cycle. Leg retraction (forward rotation) begins as the foot leaves the 
ground and continues up until peak hip flexion. Leg protraction (backward rotation) commences as the hip extends and continues up 
until toe- off. For each step, data were obtained as the hip transitioned from flexion (i.e., late retraction) to extension through to toe- off 
(i.e., protraction phase).
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4 |   VIAL et al.

reliable simulator of soccer match play with respect to the 
movement patterns (walking, running, jumping, back-
wards running), intensity (i.e., distance and speed), and 
fatigue levels observed during a match (see Supporting 
Information).31– 34 This protocol was familiar to the sub-
jects, who were practiced in completing it without a nota-
ble pacing strategy and did not require further, extensive 
familiarization. The protocol requires all directions of 
movement that might be needed in the chase or evasion 
of an opponent and is also reflective of the movement pat-
terns required in many team- based sports. Subjects were 
also verbally instructed to run as fast as possible during 
the sprint sections and to decelerate within the allocated 
areas. After performing the fatiguing exercise, subjects 
jogged at a comfortable pace (100 m) back to the labora-
tory, performed three SLVJs on each leg, and then per-
formed a 50 m sprint trial prior to determine post- fatigue 
maximal running velocity. Once complete, subjects re-
turned to the start line before a countdown from 5 to 1 
led into the first of three 20 m maximal acceleration trials 
(post- fatigue test; fatigued trials) with 60 s of walk- back re-
covery between trials.

2.4 | Data analysis

All static and dynamic motion capture trials were digi-
tized using VICON Nexus software (Oxford Metrics Ltd., 
Oxford, UK) and exported as C3D files to Visual 3D (C- 
Motion, Germantown, MD, USA). Ground reaction force 
and marker trajectory data were filtered using a fourth- 
order (zero lag), low- pass Butterworth filter with a 15- Hz 
cutoff frequency, as determined through residual analy-
sis of marker trajectory data.35,36 Together, subject height, 
body mass, and the static standing trial data were used 

to create an individually scaled skeletal model that in-
cluded the trunk, pelvis, thigh, shank, and foot segments 
in Visual 3D software using standard inertial parameters 
(segment mass37) and moments of inertia.38 Dynamic 
calibration trials were collected to determine functional 
joint centers for the hip, knee, and ankle joints. For all 
trials, segmental angles were computed relative to the 
laboratory reference frame using the right- hand rule and 
were normalized to upright standing. Standard methods 
using Newton- Euler procedures were used to calculate 
joint moments and powers in Visual 3D. The timings of 
foot- strike and toe- off were determined using force plat-
form data with a threshold value set at 20 N. Braking, pro-
pulsive, and vertical impulse (N s) data were calculated 
and then normalized to body mass expressed in meters 
per second (m/s).

To obtain joint powers, the net joint moments were 
multiplied by joint angular velocities for the hip, knee, 
and ankle joints. Then, to calculate positive and neg-
ative mechanical work performed by the lower limbs, 
joint power data were individually integrated with re-
spect to time using the trapezoid method. For each step, 
all positive work and all negative work values were 
summed to provide individual joint totals for each for 
positive and negative work. The average positive pow-
ers calculated for the hip, knee, and ankle joints were 
summed, and this value was described as total positive 
power output (equation 1), where P+tot, P

+

hip
, P+

knee
, P+

ankle
 

are total, hip, knee, and ankle joint average positive 
powers. Each joint's average positive power as a per-
centage of total average positive power was determined 
(equation 2), where Jpercent is the percentage of an indi-
vidual joint to the total work. The same equations were 
used to obtain total average negative power at each 
joint.

F I G U R E  2  The first three steps of accelerated running from a standing start are overlayed on the horizontal center of mass velocity 
(VCoM). The vertical axis shows the change in VCoM from Step 1 to Step 2 and Step 3; five force platforms (FP) positioned in a series. The 
greatest change in horizontal VCoM was observed in Step 1, followed by Step 3, with Step 2 being the lowest. (Blue) DL: dominant leg; 
(Green) NDL: non- dominant leg. The step cycle was defined from the second half of the swing phase to toe- off.
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   | 5VIAL et al.

and

Data from three non- fatigued and fatigued acceleration 
trials were averaged for each subject for the dominant and 
non- dominant limbs from the second half of retraction 
and entire protraction phases for the first, second, and 
third steps of the acceleration trial, respectively. Each step 
was defined from the second half of the retraction phase 
through to toe- off (Figure 1).

2.5 | Statistical analysis

Descriptive statistics are expressed as mean and standard 
deviation (SD). Paired t- tests with Bonferroni corrections 
were used to compare discrete kinematic, kinetic, and 
temporal variables between non- fatigued and fatigued 
conditions. The differences between non- fatigued and 
fatigued conditions were assessed through the effect size 
(ES) using Cohen's d, interpreted as follows: small differ-
ence ≤0.38, medium difference 0.38– 0.057, large differ-
ence 0.57– 0.76, and very large difference ≥0.76, and the 
alpha level was set at 0.05. All statistical analyses for dis-
crete variables were performed using JAMOVI (Version 
1.6, Sydney, Australia).

3  |  RESULTS

Data from the second half of retraction to toe- off for the 
initial three steps of accelerated sprint running were com-
pared between non- fatigued and fatigued conditions. The 
non- fatigued and fatigued within- limb comparisons in-
cluded the dominant leg (DL; stronger) during the first 
and third steps and non- dominant leg (NDL; weaker) dur-
ing the second step (Figure 2).

3.1 | Step- to- step comparisons: non- 
fatigued, accelerated running

The average horizontal center of mass (CoM) velocity in-
creased by ~41% (p < 0.001, ES = 4.15) from Step 1 (S1) 
to Step 2 (S2) (1.51– 2.57 m/s) and then ~31% (p <  0.001, 
ES = 1.89) from S2 to Step 3 (S3) (2.57– 3.74 m/s), while 
vertical CoM velocity and displacement (i.e., from maxi-
mum to minimum heights) remained constant. Ground 
contact times decreased by ~9% from S1 to S2 and ~5% 
from S2 to S3 (Table 1). In S1, the foot landed 0.05 m be-
hind the body's CoM, while foot contacts in S2 and S3 were 
both 0.09 m in front of the CoM (Figure 3). Horizontal foot 
velocity relative to CoM at ground contact increased with 
each successive step, i.e., increased forward foot speed rel-
ative to CoM (see Figure S3), while vertical velocity, i.e., 
downward foot speed, did not change. During the steps, 
relative horizontal impulse decreased by ~22%, while 
relative vertical impulse remained relatively constant 
(Table 1).

(1)P+tot = P+
hip

+ P+
knee

+ P+
ankle

(2)Jpercent =

(

P+
j

P+tot

)

× ���%

T A B L E  1  Ground contact times, relative horizontal and vertical impulse across three steps during running acceleration trials before 
(Non- fatigued) and after (Fatigued) fatiguing running.

Non- fatigued Fatigued

Mean diff 95% CI (change)Mean ± SD Mean ± SD

Step 1

Ground contact time (s) 0.20 ± 0.02 0.20 ± 0.01 −0.01 0.00, −0.01

Relative horizontal impulse (m·s−1) 0.96 ± 0.07 0.96 ± 0.08 −0.01 −0.02, 0.02

Relative vertical impulse (m·s−1) 2.34 ± 0.33* 2.47 ± 0.36* −0.13 −0.06, −0.20

Step 2

Ground contact time (s) 0.18 ± 0.02* 0.19 ± 0.01* −0.01 −0.01, −0.01

Relative horizontal impulse (m·s−1) 0.74 ± 0.09 0.76 ± 0.09 −0.02 −0.03, 0.07

Relative vertical impulse (m·s−1) 2.26 ± 0.33* 2.35 ± 0.29* −0.09 −0.02, −0.19

Step 3

Ground contact time (s) 0.17 ± 0.01* 0.18 ± 0.01* −0.01 −0.01, −0.01

Relative horizontal impulse (m·s−1) 0.58 ± 0.06 0.58 ± 0.05 −0.02 −0.04, −0.01

Relative vertical impulse (m·s−1) 2.27 ± 0.26* 2.41 ± 0.26* −0.12 −0.05, −0.19

*Statistical difference (t- test) between non- fatigued and fatigued trials (p < 0.05).
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6 |   VIAL et al.

3.2 | Step- to- step kinematic, kinetic, and 
mechanical work comparisons: Non- 
fatigued, accelerated running

The sagittal trunk angle relative to the ground at ground 
contact increased in each successive step (~58° for S1, ~72° 
for S2, and ~84° for S3; see Figure 4). On average, peak hip 
flexion angle tended to decrease slightly with each succes-
sive step while peak knee extension angle remained con-
stant for S1 and S3 but decreased slightly (greater flexion) 
between S1 and S2 (see Figure 5). No differences were ob-
served in ankle joint kinematics between steps.

Peak hip extension moment significantly increased 
from S1 to S2 (p = 0.001; ES = 1.64), but no changes were 
detected between S2 and S3 (Figure 5). Peak knee exten-
sion moment and power were similar from S1 to S2 but 
significantly increased from S2 to S3 (p = 0.004; ES = 0.92). 
Small increases in peak plantarflexion moment and power 
were observed with each successive step but did not reach 
statistical significance. Positive work was greatest at the 
ankle joint for S3 (38.6%), while similar contributions 
were made by the hip (S1: 33.9%; S2: 37.3%) and ankle 
(S1: 35.1%; S2: 36%) joints in S1 and S2. The hip work 
contribution in S3 (35.3%) was the next greatest, while 
the knee contributed least to all steps, with this difference 
being most marked in, and not different between, S2 and 

S3 (S1: 30.9%; S2: 26.7%; S3: 26.1%). Total positive work 
performed was similar for S1 (2.78 J/kg) and S2 (2.62 J/kg) 
but increased by 48% from S2 to S3 (to 5.10 J/kg; p = 0.01; 
ES = 0.89) (Figure 6).

3.3 | Step- to- step variable comparison 
between non- fatigued and fatigued 
accelerated running

Fatiguing exercise did not detectably alter either CoM 
horizontal velocity or vertical CoM displacement in any 
step. However, while ground contact times did not signifi-
cantly change for S1, ~6% increases were detected in S2 
(p = 0.008, ES = 0.53) and S3 (p = 0.004, ES = 0.66) (with 
no significant difference between S2 and S3— see Table 1). 
During S1, the horizontal position of the foot relative to 
the CoM at ground contact was unchanged by fatigue, but 
the foot landed further in front of the CoM in S2 (20%, 
p = 0.026, ES = 0.44) and S3 (23%, p = 0.001, ES = 0.66) 
compared to the non- fatigued condition. Horizontal foot 
velocity was also unchanged in S1 but tended to increase 
in S2 (26%) and S3 (15%) with fatigue, although statisti-
cal significance was not reached (p =  0.07 and p =  0.06, 
respectively). Vertical foot velocity and relative horizon-
tal impulse remained unchanged, but vertical impulse 

F I G U R E  3  Non- fatigued and fatigued accelerated sprint running performance outcomes. After fatiguing exercise, the foot contacted 
the ground further in front of the CoM (A: S2, p = 0.026; S3, p = 0.001), step length increased (B: S2 only, p = 0.012, ES = 0.51) and relative 
vertical impulse increased across all steps (C: p = 0.021, ES = 0.45; p = 0.01, ES = 1.02; p = 0.009, ES = 1.04), respectively. NF, non- fatigued 
(black); F, fatigued (white); step number indicated in subscript. (A) anterior– posterior (AP) foot- ground contact distance relative to the 
horizontal position of CoM (meters); (B) step length (meters); (C) relative horizontal impulse (m·s−1; primary axis) and relative vertical 
impulse (m·s−1; secondary axis). *Statistical difference (t- test) between non- fatigued and fatigued trials (p < 0.05).
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   | 7VIAL et al.

F I G U R E  4  Trunk and hip kinematics during non- fatigued and fatigued acceleration trials. Vertical dotted lines represent foot- strikes 
for steps 1, 2, and 3, respectively. After fatiguing exercise, larger trunk angle relative to the ground was observed, that is, a more upright 
posture during S1 and S2 (p = 0.001, ES = 0.75) (top); simultaneous decreases were detected in peak hip flexion angle (p = 0.03, ES = 0.38) 
and hip extension velocity (p = 0.02, ES = 0.44) for S2, while S1 (p = 0.06) and S3 (p = 0.10) hip extension velocity was maintained 
(bottom right). Top: sagittal plane angle of the trunk relative to the ground (degrees) in non- fatigued (solid line) and fatigued (dashed 
line) conditions; bottom left: sagittal hip angle (degrees) for dominant leg (DL, blue) and non- dominant leg (NDL, green) in non- fatigued 
(solid line) and fatigued (dashed line) conditions from early protraction to toe- off for all three steps; middle right: sagittal hip velocity (deg/s) 
for DL (blue) and NDL (green) in non- fatigued (solid line) and fatigued (dashed line) conditions from early protraction to toe- off for all 
three steps.

F I G U R E  5  Peak hip and knee joint angles, moments, and positive power during non- fatigued and fatigued acceleration trials. After 
fatiguing exercise, peak hip extension moments (S1 p = 0.04, ES = 0.54; S2 p = 0.03, ES = 0.49; S3 p = 0.05, ES = 0.19) and positive power 
slightly decreased across all steps (S1 p = 0.04, ES = 0.24; S2 p = 0.03, ES = 0.12; S3 p = 0.05, ES = 0.30); peak knee extension moments and 
positive power increased for S1 (p = 0.04, ES = 0.79) and S3 (p = 0.03, ES = 0.43). Top left: peak hip flexion angle (degrees); top middle: peak 
hip extension moment (Nm/kg); top right: peak positive hip joint power (W/kg); bottom left: peak knee extension angle (degrees); bottom 
middle: peak knee extension moment (Nm/kg); bottom right: peak positive knee power (W/kg) during non- fatigued (black) and fatigued 
(red) conditions. *Statistical difference (t- test) between non- fatigued and fatigued trials (p < 0.05).
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(Figure  3) significantly increased ~4%– 6% after fatigue 
across all steps (p = 0.021, ES = 0.45; p = 0.01, ES = 1.02; 
p = 0.009, ES = 1.04), respectively.

3.4 | Kinematic, kinetic, and mechanical 
work comparison betweennon- 
fatigued and fatigued accelerated running

Sagittal trunk angle relative to the horizontal significantly 
increased at the initiation of acceleration ~15% (7.2°), 
~10% (4.1°) at foot- ground contact during S1 and ~5% 
(2.0°) in S2 with fatigue (p =  0.001, ES  =  0.75) but was 
not different in S3 (Figure 4). The peak hip flexion angle 
also remained unchanged in S1 and S3 but decreased ~3% 
for S2 (p =  0.05, ES  =  0.38). Peak knee extension angle 
prior to foot- ground contact, that is, the phase between 
early protraction and foot- ground contact, decreased for 
S1 (5%) but increased for S3 (7%) (Figure 5). Additionally, 
kinematics about the ankle joint did not change statisti-
cally in any step after fatigue.

Peak hip extension moments (S1: 12%, S2: 9%, S3: 
4%) and power (S1: 10%, S2: 12%, S3: 17%) significantly 
decreased with fatigue, while knee moments and power 
significantly increased in S1 (~7%) and S3 (~4%) without 
change in S2 (Figure 5), and peak plantarflexion moment 
increased only in S1 (8%). The distribution of positive 
work performed did not significantly change during S1 
and S3; however, the hip extensor contribution signifi-
cantly decreased (~4%) while knee extension contribution 
increased (~4%) during S2. The total positive work per-
formed did not change with fatigue; however, proportion-
ally more work was performed in S1 (2.82 J/kg) than S2 

(2.62 J/kg), and more positive work was performed in S3 
(5.21 J/kg) than S2 (Figure 6).

3.5 | SLVJ and maximum sprint 
running tests

Paired t- tests identified significant differences in jump 
height (p <  0.001) between DL and NDL in the non- 
fatigued condition, with DL producing ~1.6  cm greater 
jump height and ~8% greater relative vertical impulse 
than NDL. Jump height significantly decreased between 
non- fatigued and fatigued conditions for DL (p <  0.001, 
ES =  2.26) and NDL (p <  0.001, ES =  1.47), and no sta-
tistical differences were observed between DL and NDL 
(p < 0.069). The average maximum horizontal velocity of 
the center of mass (CoM) during the non- fatigued condi-
tion was 8.59 m/s and decreased 0.33 m/s after completing 
the fatiguing protocol.

4  |  DISCUSSION

4.1 | Overview

Contrary to the tested hypotheses, acceleration did not de-
crease within the first three steps after the completion of 
fatiguing running exercise despite significant decreases in 
one- leg jump height being induced by the exercise and this 
same exercise previously leading to significant reductions 
in maximum running speed. After performing fatiguing ex-
ercise, a more upright posture was adopted, slightly longer 
step lengths were used with the foot contacting the ground 

F I G U R E  6  Joint work distribution of lower limb joints expressed as a percentage of total positive work across each step during non- 
fatigued and fatigued acceleration trials. For S2, positive hip joint work (p = 0.02, ES = 39) performed decreased while positive knee joint 
work (p = 0.042, ES = 0.42) increased (center); no significant differences were observed for S1 (left) and S3 (right). Green line represents an 
increase from non- fatigued to fatigued conditions, while red line indicates a decrease. Total positive joint work (J/kg) performed for each 
step is provided above each condition. *Statistical difference (t- test) between non- fatigued and fatigued trials (p < 0.05).
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further in front of the CoM, longer ground contact times 
evolved, and greater relative vertical impulse was produced 
while relative horizontal impulse was maintained. In com-
bination with differences in posture and step characteris-
tics, hip flexion and extension velocity, and hip extension 
power and moments decreased but peak knee moments, 
power, and positive joint work increased, while ankle joint 
kinetics did not detectibly change with fatigue. Although 
these acute adaptations may speculatively help to main-
tain horizontal velocity, it may also indicate that the hip 
extensors (i.e., gluteal and hamstring muscle groups) were 
more susceptible to fatigue than those spanning the ankle 
and knee joints, and therefore contributed to a lesser ex-
tent during fatigued accelerated sprinting. Therefore, a 
strategy appears to have been adopted that incorporated 
longer ground contact times, a more upright posture, and 
greater peak knee moments and positive work production, 
which was sufficient to maintain the rate of acceleration 
during the first steps of acceleration after running- induced 
fatigue as before the fatiguing exercise.

The ability to retain acceleration observed after fatigu-
ing exercise might have been gained through our cohort 
of athletes regularly performing repeated acceleration 
efforts, particularly under fatigued conditions, in both 
training and match situations. Nonetheless, reductions 
in both single leg vertical jump height and maximum 
sprint running velocity indicate that subjects experienced 
performance- related fatigue. Team- sport athletes rarely 
run uninterrupted for long distances and seldom reach 
maximal sprinting speed, and therefore accelerated sprints 
are one of the most frequently completed high- speed run-
ning tasks in training and matches.39 This experience 
might speculatively have resulted in them developing, 
that is, learning, to alter their movement patterns so as to 
maintain acceleration in the face of fatigue. This hypothe-
sis requires more explicit scrutiny in future studies.

4.2 | Non- fatigued accelerated sprint 
performance and technique

Forward leaning posture and leg motion following a 
downward and backward path (relative to CoM) led to 
primarily forward and upward ground reaction forces 
being applied back to the body. Forward lean and rela-
tive horizontal impulse was greatest during the first step 
and decreased with each successive step, respectively. 
As momentum (mass × velocity) increases,40 net force 
(horizontal direction) should decrease with the increase 
in velocity. This effect was observed in the present study, 
with ground contact times and horizontal foot velocity 
(i.e., forward foot velocity relative to CoM) decreasing as 

posture became more upright and resulted in the first step 
having the greatest relative horizontal impulse, which de-
creased with each successive step. Although whole- body 
velocity increased at each step, vertical impulse was rela-
tively unchanged across steps, likely due to greater ver-
tical force production and shorter ground contact times. 
Although relative horizontal impulse decreased with each 
step, overall acceleration mechanics for steps 1 (dominant 
leg; DL), 2 (non- dominant leg; NDL), and 3 (DL again) 
remained similar. Equal relative positive work was per-
formed at the hip and ankle joints in S1 and S2, while a 
slightly greater relative ankle joint contribution was ob-
served in S3 (Figure 6). As such, we speculate that there 
was relatively equal contribution from the larger proximal 
hip extensors (i.e., gluteal and hamstring muscles) and 
distal elastic powered ankle joint (i.e., Achilles' tendon, 
gastrocnemii, and soleus muscles) for propulsion during 
all steps. In agreement with previous work, maximum 
sprinting acceleration in non- fatigued conditions appears 
to largely depend on the work performed by the hip and 
ankle joints.41

The individual limb contribution to total positive joint 
work was slightly greater in S1 than S2; however, a 48% 
increase was observed from S2 to S3. That is, the positive 
joint work performed in S3 was almost double that of S2, 
but horizontal velocity continued to increase. Intuitively, 
the positive joint work performed should reflect increases 
in whole- body velocity. For example, the relative joint 
work done may be expected to increase simultaneously 
with horizontal velocity. Yet, horizontal velocity increased 
despite a lack of increase in total positive joint work done 
in S2. One explanation might be provided by the differ-
ences in posture between steps; a more forward leaning 
posture was adopted in S1 and S2 than S3, allowing the 
gravitational force to do work on the body to assist hori-
zontal acceleration. Once the foot contacted the ground, 
a more forward position of the body's center of mass 
over the support leg caused gravity to have a greater ef-
fect on the forward rotation of the body about the foot. 
Nevertheless, horizontal CoM velocity reached ~1.51 m/s 
for S1, increased by 1.06– 2.57 m/s for S2, and increased 
1.17– 3.74 m/s for S3; hence, acceleration was lowest in S2 
(see Figure 2). The main findings of interest during non- 
fatigued accelerated sprinting included a non- linear de-
crease in acceleration with each step, with the third step 
producing nearly double the positive joint work of the pre-
vious steps. The change in horizontal velocity was greatest 
for step 1 (1.51 m/s), decreased ~30% to step 2 (1.06 m/s), 
and then increased slightly to step 3 (1.17 m/s). These 
data, in combination with positive joint work done and 
jump test results (i.e., SLVJ jump height), indicate that the 
non- dominant leg was indeed the weaker limb.
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4.3 | Non- fatigued and fatigued 
accelerated sprint performance and 
technique comparison

Unlike top speed sprinting, which requires large vertical 
forces to be produced in a very short foot- ground contact 
time of ~0.1  s,42 accelerated sprinting requires a magni-
tude of vertical impulse that is sufficient to project the 
body into the next step with adequate time to reposition 
the leg toward the front of the body.43 We observed that 
ground contact times during S1 were unaltered after fa-
tiguing exercise compared to non- fatigued running but 
were increased in S2 and S3. Meanwhile, relative horizon-
tal impulse remained unchanged, and instead, significant 
increases in relative vertical impulse were observed across 
all steps. No changes in relative horizontal impulse were 
found after fatiguing exercise, which might be attributed 
to small changes in the duration and magnitude of force 
applied to the ground. A compensatory strategy for main-
taining impulse in the face of fatigue may involve slightly 
lengthening the time the foot is in contact with the ground 
while slightly decreasing the magnitude of ground force 
application, which could be detrimental for performance 
when attempting to evade or capture an opponent. In ad-
dition, hip flexion and extension velocities decreased in 
the fatigued running condition with simultaneous de-
creases in hip extension moments and powers across all 
steps (i.e., dominant and non- dominant legs). Hunter 
et al.43 hypothesized that vertical impulse may be smaller 
during initial acceleration in individuals who are able to 
reposition their limbs more quickly in preparation for the 
next step. However, we observed a significant increase in 
vertical impulse after fatiguing exercise and, according 
to Hunter et al.'s43 premise, the capacity to reposition the 
lower limbs (i.e., reduced hip flexion/extension velocity) 
in preparation for the next step may have been diminished 
due to fatigue. With an increase in vertical impulse, one 
might expect a simultaneous increase in vertical CoM dis-
placement, while the mean difference between conditions 
showed an increasing trend, this did not reach statisti-
cal significance; however, we instead observed a signifi-
cant increase in the projection angle (i.e., a more upright 
posture— see Figure  4). Given the above, we speculate 
that in order to overcome the slowing of hip flexion and 
extension, the use of a more upright posture allowed more 
time to reposition the lower limbs for the following step, 
and therefore orientated the body in a better position to 
generate vertical impulse. That is, producing downward 
force is far easier if the body is more upright, and therefore 
vertical force production increased because of the change 
in posture.

In combination with greater vertical force production, 
we also observed a shift in joint contribution, including 

a decrease in hip joint contribution and simultaneous in-
crease in peak knee joint moments, power, and positive 
work done in particular, after fatiguing exercise. However, 
slightly different strategies were used for dominant and 
non- dominant limbs. Greater peak knee extension mo-
ments and power were observed in S1 and S3 (i.e., domi-
nant leg), but similar positive work was performed in the 
non- fatigued condition. While peak knee joint moments 
and power were similar for S2 (i.e., non- dominant leg) 
to the non- fatigued condition, positive hip joint work 
decreased while positive knee work increased. The lon-
ger ground contact times and greater vertical force pro-
duction might have resulted from increased peak knee 
extension moments (dominant leg) and positive knee 
joint work performed (non- dominant leg). In prolonged, 
middle- distance speed running,44 a proximal shift from 
the ankle to the knee joint was observed with fatigue. 
Instead, we observed a relative reduction in positive joint 
work at the hip and increase at the knee joint. While the 
present results and those of Willer et al.44 tend to reveal 
similar outcomes (i.e., a shift to knee joint work produc-
tion), the point of difference is the proximo- distal direc-
tion of the shift. The relative shift from the hip extensors, 
which contribute significantly to horizontal force produc-
tion in sprinting acceleration, indicates that fatigue might 
manifest differently in slower, continuous running than 
multi- directional higher intensity exercise. An alternative 
explanation is that fatigue simply manifests differently 
between sprinting and jogging. Incorporating the use 
of periods of acceleration and sprinting in our fatiguing 
protocol, which requires significant hip work and power 
production, might influence this capacity in a subsequent 
test of acceleration, whereas continual jogging may evoke 
greater distal muscle fatigue that is then detected during a 
subsequent jogging test. Irrespective of the mechanism or 
site of fatigue, our cohort of athletes adapted their move-
ment pattern to negate acceleration loss.

While one hypothesis may be that our cohort have 
a learned ability to shift muscle force production from 
more fatigued to less fatigued muscles to maintain ac-
celeration, an alternative explanation, or additional ben-
efit, is that the hip- to- knee muscle force redistribution 
may serve a fatigued- induced muscle injury protective 
purpose, particularly for the injury prone hamstring 
muscles. Hamstring muscle injuries are highly prevalent 
in modern sports and are the most prevalent injury in 
running- based sports such as Association Football (soc-
cer).13,45 Although injuries are problematic for modern 
athletes, injury in early humans would have had severe 
consequences, so the adoption of injury reduction prac-
tices or preserving acceleration ability to evade predators 
while fatigued would have been important for survival. 
A shift from hip extensor (hamstring) to knee extensor 
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(quadriceps) work and power production may provide a 
useful injury minimization purpose, especially since hip 
flexion angles are acute, and thus places the hamstring 
muscles at long length, when the body has a significant 
forward lean during accelerative running. This hypoth-
esis is worthy of explicit examination in future studies.

4.4 | Summary

In the non- fatigue trials, the first steps of accelerated 
sprinting appear to mostly depend upon hip and ankle 
work and power contributions. Our primary findings in-
cluded a non- linear decrease in acceleration, with step 
2 (i.e., non- dominant leg) having the lowest horizontal 
velocity. Secondly, similar positive work was done dur-
ing the first (DL) and second (NDL) steps, while work in 
the third step (DL) was nearly double that of S1 and S2. 
These data, in combination with jump test results (i.e., 
SLVJ jump height), indicate that the non- dominant leg is 
indeed the weaker leg. With fatigue, we observed a more 
upright posture, longer ground contact times, increased 
vertical impulse, and a shift in peak moments, power, 
and positive work done from the hip to the knee joint. We 
theorize that this shift is either a direct cause or a result of 
reduced hip flexion and extension velocity to reposition 
the lower limbs in preparation for the next step. Similar 
to previous research in slower, more economical running, 
we observed that running- induced fatigue led to a com-
pensatory increase in knee joint work.44 However, unlike 
those previous findings, fatigue promoted a shift from the 
larger, powerful hip extensors rather than elastic powered 
ankle propulsion to muscle- dominant knee power pro-
duction. Thus, maximal acceleration, contrary to slower- 
speed running, does not seem to be compromised by a loss 
of ankle work or power while in a fatigued state. As an 
alternative, we suggest that fatigue induced through the 
combination of slow, moderate, and high speed multi- 
directional movements used in the present study may 
have induced a marked hip extensor fatigue (i.e., gluteal 
and hamstring muscle groups) with a compensatory in-
crease in knee peak moments, power, and positive work 
(i.e., by quadriceps muscles); the degree of hip extensor 
fatigue evoked by the running protocol requires quanti-
fication in future experiments. Regardless, this adapta-
tion may be used as a strategy to maintain acceleration 
or reduce the risk of injuring muscles (e.g., hamstrings) 
that may be more susceptible to fatigue. Nevertheless, the 
results provide insight into the mechanics that hunter- 
gather people may have also used when undertaking simi-
lar accelerating activities, particularly when fatigued.

4.5 | Limitations

A noteworthy limitation was that testing was conducted 
in an indoor laboratory on a synthetic athletics track 
while the fatiguing protocol was completed outdoors on 
a grassed sports field. Additionally, since subjects wore 
their normal running shoes for testing in the laboratory 
and soccer boots during the fatiguing protocol, the transi-
tion between footwear may have impacted their running 
technique. Future research should investigate accel-
erative running mechanics on grassed and dirt surfaces, 
which may be more comparable to the surfaces used in 
hunter- gatherer societies. It should also be noted that 
joint moments, powers, and work were calculated using 
the inverse dynamics method, which determines the net 
moment acting across a joint. Using this method may lead 
to the under-  or overestimation of force produced about 
a joint and does not account for the effects of muscle co- 
contractions and two- joint muscles, for example, and thus 
the results should be interpreted accordingly.

4.6 | Perspectives

The combination of walking, jogging, change of direction, 
and sprinting led to a reduction in hip extensor contribu-
tion during accelerative sprinting, leading to an increase 
in knee extension and power and a decrease in hip joint 
contribution. This shift in joint contribution may be due 
to a more upright posture and may lessen hamstring load, 
which are particularly prone to injury during sprinting.46 
However, maximal acceleration was maintained by shift-
ing to muscle- dominant knee power. These findings sug-
gest that minimizing hip flexor/extensor load may reduce 
the risk of hamstring injuries during acceleration, and 
increasing knee extensor contribution may help prevent 
fatigue from impeding performance.
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