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Abstract: Background/Objective: Torque generated by shank angular acceleration (SAA) has been
proposed as a potential risk factor for increased hamstring muscle loading during the swing phase
of the running cycle. However, direct evidence supporting this relationship remains unclear.
Therefore, this study aimed to examine the relationship between SAA and peak hamstring muscle
activation during the swing phase. Methods: Twenty recreational players (six females, fourteen males)
were recruited to perform a minimum of three treadmill sprints at maximum speed. Hamstring
muscle activation (specifically, semitendinosus and biceps femoris long head) and SAA were
recorded using wireless electromyography and inertial measurement units. Spearman’s rank
correlation coefficient (rh0) was used to analyze the relationship between the SAA, hamstring muscle
activation, and maximum speed, with a significance level of 0.05. Results: SAA exhibited peak of
flexion and extension values at approximately 30 and 70% of the swing duration, respectively. A
strong positive correlation was observed between peak SAA and peak activation of the
semitendinosus (p < 0.001, rho > 0.7), whereas no significant correlation was observed between SAA
and the peak activation of the biceps femoris long head. Additionally, no significant relationship was
observed between SAA and maximum running speed. Conclusion: The effects of SAA varied among
different muscles, emphasizing the need for targeted training strategies to prevent injury. Effectively
managing excessive SAA may help reduce hamstring muscle overloading during the late swing
phase without significantly affecting maximum running speed. These findings may inform clinical
decision-making for coaches and players when designing training programs.

Keywords: Hamstring muscle strain; inertial measurement unit; maximum running speed; shank
angular acceleration

1. Introduction

Hamstring muscle strain injury (HSI) is the most prevalent noncontact muscle injury among
recreational and professional athletes engaged in sports involving sprinting (Biz et al., 2021; Gomes
Neto et al., 2023; Lambert et al., 2022). This particular injury results in more missed days of
participation than other sports-related injuries, with its treatment and recovery incurring substantial
costs (Freeman et al., 2021; C. J. B. Kenneally-Dabrowski et al., 2019; Lambert et al., 2022; Tabben et
al., 2022). Various studies have elucidated the mechanisms and risk factors associated with HSIs and
have proposed preventive strategies (Bisciotti et al., 2019; Danielsson et al., 2020; Huygaerts et al.,
2020a; Kalema et al., 2021; Rudisill et al., 2023; Yu et al., 2017). However, according to some recent
studies, the decline in the HSI incidence rate has been insignificant (Ekstrand et al., 2023; Gudelis et
al., 2023; Katagiri et al., 2023). The lack of incidence decline indicates that potential gaps between
research and clinical implementation may exist, or the possibility that current studies ignore certain
aspects of the HSI mechanism and risk factors.

For HSI prevention, it is important to consider the kinetic aspect. According to previous studies,
the movements of the lower extremities during sprinting are controlled by all torque components
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that simultaneously act on each joint over the movement time (Huang et al., 2013). The net joint
torque comprises the muscle-generated torque (MST), ground reaction force acting torque, gravity
acting torque, and motion-dependent torque (MDT). Notably, MDT during the swing phase of the
running cycle, which encompasses the torque generated by lower-limb segment movements and their
mechanical interactions, has been identified as a potential risk factor for HSI due to the increased load
on the hamstring muscles, particularly in the late swing phase (Huang et al., 2013; C. Kenneally-
Dabrowski et al,, 2019; Sun et al., 2015; Zhong et al.,, 2017). Specifically, excessive MDT results in
exaggerated hip flexion and knee extension during the late swing phase, resulting in increased strain
on the hamstring muscles. Therefore, substantial MST output from the hamstring muscles is required
to counterbalance the excessive MDT at the hip and knee. Moreover, the late swing phase has been
identified as the most hazardous phase in terms of HSIs. This phase is characterized by the sudden
occurrence of HSI mechanisms, including excessive strain during eccentric contractions, the highest
level of muscle activation, and explosive muscle force (Danielsson et al., 2020; C. ]. B. Kenneally-
Dabrowski et al., 2019; Yu et al., 2017). Thus, effective management of excessive MDT may help
reduce the risk of HSI during the late swing phase (Huygaerts et al., 2020b; Kalema et al., 2021; C.
Kenneally-Dabrowski et al., 2019; Mendiguchia et al., 2022). However, previous studies primarily
inferred the effects of MDT on HSI by analyzing lower-extremity joint torques, without providing
direct evidence of the relationship between MDT and HSI during the late swing phase of the running
cycle. Therefore, further research is needed to establish a direct link between MDT and HSI
occurrence.

A detailed analysis of the MDT revealed that shank angular acceleration (SAA) was the largest
contributor to MDT at both the hip and knee joints during the swing phase of the running cycle.
Specifically, SAA accounted for approximately 80% and 90% of MDT at the hip and knee joints,
respectively, during the late swing phase(Huang et al., 2013; Sun et al., 2015; Zhong et al., 2017). This
suggests that SAA may be a primary factor contributing to exaggerated hip flexion and knee
extension torques during the late swing phase, increasing the torque demand on the hamstring
muscle potentially elevating the risk of HSI. Therefore, examining the relationship between SAA and
hamstring muscle activity during the late swing phase may help clarify the role of MDT as a risk
factor for HSL

On the other hand, previous studies have suggested a positive relationship between the angular
acceleration of the lower-extremity segments during the swing phase and the maximum running
speed. For instance, Clark et al. reported a high correlation between the maximum thigh angular
acceleration during the swing phase of steady-state running and top speed (Clark et al., 2021).
However, no study has specifically examined the relationship of SAA and maximum running speed.
Clarifying the contribution of SAA to maximum running speed may provide valuable insights into
the balance between performance enhancement and injury prevention in the context of hamstring
function. This may be important given the possibility that higher-intensity shank movements may
push the hamstrings beyond their physiological capacity, increasing the risk of injury (Buckthorpe et
al., 2019). Therefore, recognizing the relationship between the SAA, hamstring muscle activity, and
maximum speed may contribute to informed clinical decisions. This understanding may inform the
development of more effective training programs aimed at maximizing hamstring ability while
minimizing injury risk factors.

This study had three aims. First, we aimed to elucidate the pattern of SAA during the swing
phase of the running cycle in treadmill sprinting. Second, we examined the relationship between the
SAA and peak activation of the hamstring muscles during the swing phase. Finally, we aimed to
investigate the relationship between the SAA and maximum speed. Three hypotheses were
formulated to correspond to these aims: first, that the peak extension value of the SAA would align
with the peak of the MDT during the late swing phase; second, the increased SAA might significantly
enhance hamstring muscle activation during the swing phase; and finally, that peak values of SAA
would positively correlate with maximum speed.
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2. Methods

2.1. Participants

Twenty recreational players (including soccer, athletics) involving sprinting with no history of
thigh muscle injuries and lower limb joint injuries in the previous six months were recruited. The
participants gave their written informed consent (age: 25.75 + 4.04 years, height:167.90 + 6.98 cm, and
weight: 62.95 + 6.04 kg). This study was approved by the ethics committee of our institution.

An a priori sample size calculation was conducted (G*Power, version 3.1.9.6) to determine the
necessary sample size for detecting an alternative correlation coefficient value, with a = 0.05, =0.2,
Ho =0 and Hi = 0.6. It was determined that a minimum of 19 participants were required to achieve
80% power.

2.2. Data Collections

All the trials were conducted in the motion analysis laboratory at our institution. The
participants completed three sprints at 100% of their maximum speed on a treadmill, with each sprint
lasting 10 s and a 5-min rest period between trials. Prior to the sprinting trials, participants wore their
favorite running shoes and underwent a 10-min warm-up before running at maximum effort to
record the maximum speed. To normalize the hamstring electromyography (EMG) data obtained
during sprinting, the participants performed maximum voluntary isometric contraction tests (MVIC)
following the warm-up protocol (Hegyi et al., 2019). Foot-strike and toe-off moments were recorded
using force plates with a ground reaction force threshold of 30 N (Advanced Mechanical Technology,
Inc., United States).

An inertial movement unit (IMU) comprising two 3-dimensional accelerometers (Trigno Avanti
sensor; Delsys Inc., United States) was used to record shank linear acceleration during sprinting at a
sampling rate of 144 Hz. The IMU was affixed to a 200 mm hard plastic board, with a 50 mm spacing
distance between the two accelerometers, before being positioned on the lateral side of the shank.
The placement location was determined by aligning it with the line connecting the centers of the knee
and ankle joints, which were positioned approximately 50 mm above the lateral malleolus (Liu et al.,
2009; Niswander et al., 2020; Rueterbories et al., 2013). Simultaneously, two electrodes (Trigno Avanti
sensor; Delsys Inc., United States) were used to record the hamstring EMG data from the same leg at
a sampling rate of 2000 Hz. The electrodes were placed at the midpoint of the line connecting the
ischial tuberosity to the medial epicondyle of the tibia for the semitendinosus (ST), whereas the
electrode for the biceps femoris long head (BF) was placed at the midpoint of the line connecting the
ischial tuberosity to the lateral epicondyle of the tibia (Higashihara et al., 2018).

2.3. Data Processing

The EMG data were subjected to a bandpass filter in the range 20-450 Hz (Trigno software;
Delsys Inc., United States). Subsequently, the band-pass-filtered EMG was rectified and processed
with a low-pass digital filter at a cutoff frequency of 20 Hz to estimate the linear envelope EMG
waveforms. Thereafter, these waveforms were normalized by dividing them by the mean MVIC
amplitude (Hegyi et al., 2019; Higashihara et al., 2018).

To calculate the SAA using only accelerometer data, we employed the double-sensor difference-
based algorithm outlined in Appendix A, as recommended in previous studies (Liu et al., 2009;
Rueterbories et al., 2013). Because hamstring muscle torque primarily counters MDT in the sagittal
plane, which involves flexion and extension, this study analyzed the SAA within this plane.

2.4. Data Analysis

The running cycle data (comprising swing phase duration, stride length, stride frequency, SAA,
and hamstring muscle activation) for each participant were derived from the mean of three trials,
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each consisting of five continuous cycles from the measurement leg. All data were normalized as a
percentage of the swing phase duration (0-100%) and averages were calculated for all participants.

Spearman’s rank correlation coefficient (rho) was used to examine the relationship between the
SAA and hamstring muscle activation. Specifically, the relationship between SAA values at three
time points during the swing phase (peak flexion, peak extension, and foot strike) and the peak
activation levels of both the BF and ST were analyzed. The significance level was set at 0.05. This
approach was extended to assess the relationship between SAA and maximum speed, along with
stride length and frequency. Interpretation of the relationships was guided by the absolute
magnitude of rho, where values in the range 0.10-0.39 indicate a weak relationship, 0.40-0.69 a
moderate relationship, 0.70-0.89 a strong relationship, and 0.90-1.00 a very strong relationship,
following recommendations from previous studies(Schober & Schwarte, 2018). Additionally, the
relationship between stride length, frequency, and maximum speed was analyzed to assess the
strategy for maximizing speed.

All data analyses were performed in Python 3.10 (Python Software Foundation,
https://www.python.org/). All statistical analyses were performed using the R version 4.2.2 (R Core
Team; R Foundation for Statistical Computing, Austria).

3. Results

The mean maximum speed for all participants was 4.15 + 0.51 m/s (range = 3.33-5.00 m/s). The
mean swing phase duration accounted for 27.90 + 3.29% of the running cycle. The mean stride length
and stride frequency were 2.76 + 0.33 m and 1.50 + 0.06 strides/s, respectively. In addition, in this
study, the maximum speed exhibited a very strong positive relationship only with the stride length
(p <0.001, rho = 0.860), whereas no significant relationship with stride frequency was observed.

3.1. SAA During the Swing Phase

During the swing phase of the running cycle in maximum speed sprinting, the SAA exhibited
an alternation pattern between flexion and extension. The SAA reached its initial peak flexion value
(PF1) at approximately 30% of the swing duration, before attaining the maximum extension value
(PE) at approximately 70% of the swing duration. Towards the end of the swing phase, the SAA again
reached PF2 at the foot-strike (Figure 1). For a more detailed analysis of the SAA, a moderately
positive relationship was observed between PF1 and PE during the swing phase (p < 0.01, rho = 0.658;
Figure 2).
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Figure 1. Sank angular acceleration (SAA) during the swing phase of the running cycle in maximum speed

sprinting. The solid line represents the mean value, while the dotted lines represent standard deviation.
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Figure 2. Positive relationships between PF1 and PE of SAA during the swing phase of the running cycle. Each

symbol represents the data of an individual participant.

3.2. SAA and Hamstring Muscle Activation

Both hamstring muscles (BF and ST) were activated during the initial and late swings (the first
20% and last 20% of the swing duration, respectively), with peak activation in the late swing (Figure
3). The peak activation of the ST was significantly higher than that of the BF during the late swing (p
< 0.05), whereas no significant differences were observed in muscle activation between the BF and ST
during the initial swing (p > 0.05). Strong positive relationships between PF1 and PE of SAA and peak
activation of ST were observed (p < 0.001, vho = 0.737 for PF1, and rho = 0.787 for PE), whereas no
significant correlation between SAA and peak activation of BF was observed (Figure 4).
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Figure 3. Hamstring muscle activation during the swing phase of the running cycle during maximum speed
sprinting. (a) Biceps femoris long head, (b) Semitendinosus. Solid black lines represent means, while gray bands

represent plus one standard deviation.
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Figure 4. Positive relationships between the peak activation of ST during the late swing phase of the running
cycle with the peak value of SAA; (a) with PF1 and (b) with PE. Each symbol represents the data of an individual

participant.

3.3. SAA and Maximum Speed

No significant relationship was observed between the SAA and maximum speed. However, a
moderate negative relationship was observed between stride frequency and PF2 of SAA during
maximum speed sprinting (p < 0.05, rho = -0.463; Figure 5), while no significant relationship between
stride length and SAA was observed.
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4. Discussions

This study aimed to elucidate the pattern of SAA during the swing phase of maximum speed
sprinting, examine its relationship with peak hamstring muscle activation during this period, and
investigate its association with maximum running speed. The findings of this study support the first
and second hypotheses, revealing an alternative pattern between flexion and extension of the SAA
during the swing phase, with peak values corresponding to the peak of MDT. In addition, statistically
significant positive relationships between the SAA and hamstring muscle activation. However, the
third hypothesis was contradictory, as no relationship was observed between peak SAA values and
maximum speed.

This study is the first to elucidate the SAA pattern during the swing phase of maximum-speed
sprinting. The observed SAA pattern aligns with previous findings of MDT patterns in the knees and
hips (Sun et al., 2015; Zhong et al., 2017). The PF1 of the SAA (occurring at approximately 30% of the
swing phase) corresponds with a previous report on the peak MDT in the knee flexion direction
(during 30-40% of the swing phase). Conversely, the PE of the SAA (observed at approximately 70%
of the swing phase) aligned with the peak MDT in the knee extension and hip flexion direction during
70-80% of the swing phase (Huang et al., 2013; Sun et al., 2015; Zhong et al., 2017). Given the main
role of the hamstring muscle in counterbalancing the MDT during the late swing period, the period
around the PE of the SAA may be particularly hazardous for HSI. This is because the hamstring
muscles undergo heavy loading to extend the hip and flex the knee in preparation for the next foot
strike during this period (Huygaerts et al., 2020b; Yu et al., 2017; Zhong et al., 2017).

Moreover, the positive correlation between PF1 and PE in the SAA pattern indicated that greater
shank flexion acceleration in the first half tended to exhibit higher shank extension acceleration in the
second half of the swing. The corresponding increases in PF1 and PE observed in this study could be
attributed to suboptimal coordination in the thigh anteroposterior muscles during the swing phase
of maximum-speed sprinting, as previously identified as a risk factor for HSI and negative effects on
running speed (Clark et al., 2021; Kakehata et al., 2021). A delay in transitioning from hamstring to
rectus femoris activity following toe-off may result in higher PF1 during the first half of the swing.
This delay can prolong the backside movement of the thigh and shank, potentially increasing the
total stride time. Furthermore, this delayed transition may result in prolonged activation time of the
rectus femoris, which is responsible for moving the swing leg forward in the latter half of the swing


https://doi.org/10.20944/preprints202503.1849.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 March 2025 d0i:10.20944/preprints202503.1849.v1

9 of 13

phase. This prolonged activation impedes subsequent hamstring activation and contributes to
increased PE. These factors may predispose patients to a high-risk pattern of HSI, characterized by
greater demand loading on the hamstring muscles and longer foot-ground contact distance ahead of
the center of mass (Bramah et al., 2023; Clark et al., 2021; Kakehata et al., 2021).

Strong positive correlations between PF1 and PE with peak ST activation during the late swing
phase indicate that SAA contributes significantly to increased hamstring muscle loading, increasing
the risk of HSI. This study provides concrete evidence supporting previous reports on the
relationship between the SAA and HSI, which were previously assumed through the analysis of
lower-limb joint torque (Huang et al., 2013; Sun et al., 2015; Zhong et al., 2017). Additionally, our
findings align with existing perspectives, indicating an association between the decreased ability to
decelerate shank extension during the late swing phase and HSI(Huygaerts et al., 2020b; Kalema et
al., 2022; C. Kenneally-Dabrowski et al., 2019). Consequently, the amalgamation of the obtained
results with those of previous research underscores the heightened risk of HSI associated with
excessive SAA during the swing phase.

Among the hamstring muscles, our findings support prior research emphasizing the significant
role of the ST over the BF during the late swing in mitigating excessive thigh and shank movements
(Higashihara et al., 2010, 2018). Specifically, the ST plays a crucial role in generating muscle torque
to counteract the effects of SAA and facilitate rapid shank repositioning for the subsequent foot strike.
Consequently, excessive SAA may impose heavier loads on the ST during the late swing phase. The
observed effect of SAA on ST activation in this study sheds light on the more frequent injury
occurrence in the ST compared to the BF, despite the BF displaying a larger peak muscle-tendon strain
than the ST during the late swing phase, as reported in recent studies (Hassid et al., 2023; Lempainen
etal., 2021). Moreover, our findings, in conjunction with existing research, provide additional insights
into the mechanism of injury to the distal part of the ST during sprinting. Excessive SAA may
contribute to increased tension across the distal tendon of the ST by elevating the MDT in the knee
during the late swing phase. This increased tension could predispose the distal tendon of the ST to
tear or rupture (McGarvey et al., 2022; Metcalf et al., 2019). Conversely, enhancing the muscle torque
generated by the ST could improve the ability to decelerate the swing leg during the late swing phase,
addressing improper eccentric control of the hamstrings, which is an essential component in
designing HSI prevention programs (Kalema et al., 2022).

In this study, no significant relationship was observed between the PF1 and PE of the SAA with
maximum speed, even when considering stride length and frequency. Additionally, we observed a
moderate negative correlation between stride frequency and PF2 of the SAA. This indicates that
higher shank flexion acceleration at foot strike may result in increased flexion moment and power
absorption at the knee, owing to MDT during the swing-stance transition. This pattern could
contribute to a greater ground contact time and reduced leg stiffness, which are factors known to
decrease stride frequency (Haugen et al., 2019; Huang et al., 2013; Hunter et al., 2004). Therefore, our
findings offer direct evidence supporting the notion that effectively managing excessive SAA may be
a viable strategy for reducing hamstring muscle overloading during the late swing phase without
significantly affecting maximum running speed (Kalema et al., 2022; C. Kenneally-Dabrowski et al.,
2019; Sun et al., 2015; Zhong et al., 2017).

This study had some limitations that should be considered when interpreting its findings. First,
the task of this study was investigating treadmill sprinting in a laboratory room; therefore, these
conditions may cause some slight differences in sprinting kinematics and kinetics when compared to
overground sprinting on regular surfaces such as grass and running fields (Sinclair et al., 2013).
Second, all participants were recreational players with no experience in professional training or
playing. Therefore, professional players may experience several differences in sprinting techniques
after undergoing professional training.
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5. Conclusions

In conclusion, SAA in the swing phase exhibited a significant correlation with hamstring muscle
activation, whereas no significant relationship was observed with maximum speed. These results
indicated that the effective management of SAA during the swing phase may help reduce hamstring
muscle load in the late swing phase without significantly affecting maximum speed. Moreover, the
effect of SAA varied among different muscles, highlighting the potential need for targeted training
methods to prevent hamstring injury. This information may be valuable for informing clinical
decision-making by coaches and players when developing training programs.

Ethics approval: All participants provided informed consent prior to participation. The present study was

reviewed and approved by the ethical committee of our institution.

Appendix A

Measurement method using a double-sensor difference-based algorithm: The global reference
frame XOZ was used, with O as the center of rotation of the knee (OX represents the anteroposterior
direction and OZ represents the vertical direction). Two accelerometers (labeled A and B) were
attached along the shank at two different positions in the corresponding directions. Consequently,
the nonangular accelerations acting on these two sensors remained identical. The term g denotes the
gravitational acceleration, ara and ars are tangential acceleration measuring in A and B positions,
respectively, ara and ars are radial acceleration measuring in A and B positions, respectively, and 0
is the rotational angular displacement of the shank. The SAA can subsequently be derived through
vectorial subtraction of the directly observed acceleration signals from the two accelerometers. The
equation required to solve this problem is expressed as follows:

arg — arp = ad,

where d denotes the distance between the two accelerometers A and B; a is the angular
acceleration of the shank in the sagittal plane; and ay and aj are the tangential and radial
acceleration observed from accelerometers A and B, respectively.
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