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3.1	 �Introduction

Hamstring strain injuries (HSIs) occur frequently in sports characterised by high-
speed running [1–4]. Subsequently, a thorough understanding of hamstring function 
during high-speed running may provide clinicians with a better understanding of 
HSI mechanisms and directly inform injury preventative and rehabilitative interven-
tions. In sports that require high-speed running, this is by far the most frequently 
reported mechanism of HSI [2, 5–7]. Although there are other commonly reported 
mechanisms of HSI (e.g. kicking [2] and slow stretching [8, 9]), these mechanisms 
will not be the focus of this chapter, primarily due to a lack of biomechanical data 
providing insight into hamstring function during these mechanisms.

The following chapter aims to provide an overview of hamstring function during 
running, with a particular emphasis on high-speed running. As HSI typically occurs 
in the biarticular hamstrings (as opposed to the biceps femoris short head (BFSH), a 
particular focus will be placed on these muscles. After providing a general overview 
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of methods to quantify hamstring function, this chapter will describe hamstring 
function across the running stride cycle. Hamstring function will be described in 
reference to hamstring muscle activation, kinematics and kinetics. Additionally, key 
considerations for clinicians will be covered. These considerations include an over-
view of the effect of prior HSI on hamstring function during running, a brief discus-
sion on the critical point of the running stride cycle where HSI is most likely to 
occur and an overview of key factors that influence strain of the most vulnerable 
hamstring muscle (biceps femoris long head [BFLH]) during swing.

3.2	 �Quantification of Hamstring Function

Hamstring function during running can be quantified in multiple ways. The follow-
ing section provides a brief overview of some of these methods, with a specific 
focus on outcome measures that reflect the loads experienced by the hamstrings 
during running.

3.2.1	 �Hamstring Activation

Muscle activation involves the measurement of the electrical activity associated 
with muscle contraction, which usually involves the application of surface elec-
trodes to the skin directly over the target muscle of interest. This process is known 
as electromyography (EMG). The muscle EMG signal is best used to describe the 
onset and offset of muscle activation, e.g. with respect to other muscles or with 
respect to key events in the running stride cycle such as foot strike and toe-off. 
Whilst greater muscle activation can reflect an increase in muscle force production, 
the relationship between EMG signal intensity and force is difficult to determine 
and will be influenced by many factors, especially muscle length and muscle short-
ening velocity. It is also worth noting that recording EMG signals via surface elec-
trodes can be susceptible to measurement error such as crosstalk, which is the 
measurement of the electrical activity of any muscle other than the targeted muscle. 
Due to the proximity of the hamstrings relative to each other, surface EMG can only 
separate the activation of the medial (semitendinosus (ST) and semimembranosus 
(SM)) from the lateral (BFLH and BFSH) hamstring group with reasonable 
confidence.

3.2.2	 �Hamstring Kinematics

Motion capture experiments have provided much of the current knowledge of ham-
string function during running. These laboratory-based experiments typically 
involved the use of skin surface markers, placed on various anatomical locations of 
participants. Using multiple specialised cameras, the three-dimensional positions of 
these markers are tracked whilst the participant performs the required movements. 
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These data can then be used to calculate motion of the body, including joint angles, 
velocities and accelerations.

Motion capture data can be input into musculoskeletal models, which contain a 
detailed representation of the entire skeleton including various muscle-tendon unit 
(MTU) actuators that are attached to the skeleton at their anatomically correct origin 
and insertion sites. Such a model allows for direct estimation of the length of the 
hamstring MTUs during running. MTU length data are typically presented as abso-
lute lengths (in units of metres, centimetres or millimetres) or relative lengths (usu-
ally computed as % of the MTU length assumed in upright standing). These data 
can also be differentiated to compute shortening and lengthening velocities of each 
MTU, which can be used in conjunction with muscle activation data to determine 
the contraction modes of each MTU. Outputs from musculoskeletal modelling can 
also be input into a finite element model that allows for more complex representa-
tions of muscle fibre and tendon dynamics, yielding detailed information such as 
region-specific strain patterns within a given MTU [10, 11].

3.2.3	 �Hamstring Kinetics

Joint motion data obtained from motion capture experiments can be combined with 
ground reaction force data (if synchronously collected) and estimates of body seg-
ment inertial properties to solve for the generalised forces and moments necessary 
to cause the observed motion, via a process called inverse dynamics. Since the net 
joint moments obtained from these calculations are considered to represent the net 
moment produced ‘internally’, primarily by muscles, inverse dynamics can provide 
some indirect insight into hamstring function during running by considering the 
specific joint moments to which the hamstrings can be expected to provide a domi-
nant contribution (i.e. ‘internal’ hip extension and knee flexion moments). 
Nevertheless, one must be cautious about inferring muscle function via this 
approach, as inverse dynamics yields only the net joint moments, which could theo-
retically be contributed by many muscles other than the hamstrings. Whilst direct 
(in vivo) measurement of hamstring muscle kinetics during running cannot be 
achieved non-invasively, it is possible to provide estimates.

These estimates can be computed via musculoskeletal modelling, provided that 
each MTU actuator in the model contains representations of properties needed to 
provide physiologically reasonable estimates of muscle force. Whilst the level of 
complexity of these models varies, generic properties may include representations 
of activation-contraction dynamics, whilst specific properties may include represen-
tations of force-generating capacity and architectural properties, typically derived 
from cadaver experiments. Using these muscle models, as well as input experimen-
tal data (typically joint angles, ground reaction forces and sometimes EMG), esti-
mates of muscle forces can be predicted using numerical optimisation algorithms. 
Whilst the detail of this modelling approach is beyond the scope of this chapter, the 
interested reader is referred to published works to obtain a more comprehensive 
understanding [12, 13].
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Recently, innovative methods are emerging in an attempt to quantify in  vivo 
muscle forces non-invasively [14]. In this work, researchers attached a low-profile 
tapper device over the distal biceps femoris tendon of two participants performing 
treadmill running at multiple speeds. The device is capable of measuring shear wave 
speed, which can be used as an indicator of tendon tensile loading. Whilst this is 
limited and does not yield direct muscle force estimates (i.e. in Newtons of force), 
the researchers demonstrated that shear wave speed is related to tendon tensile load-
ing within physiological loads and thus could provide a useful general indicator of 
muscle force patterns.

3.3	 �Hamstring Function During Running

For the purposes of this chapter, temporal aspects of running will be described over 
the ‘stride cycle’. The stride cycle refers to the entire sequence of events that occurs 
between foot strike (i.e. the first point in time the foot contacts the ground, denoted 
as 0% of the stride cycle) and the subsequent foot strike on the same leg (i.e. 100% 
of the stride cycle). This method exploits the cyclical nature of running and is com-
monly employed in running-based studies to compare data across conditions involv-
ing contrasting running speeds and stride durations. In the following section, 
hamstring function during running will be described separately for each of the two 
primary phases of the stride cycle: stance and swing. The decision to describe the 
two key phases of the stride cycle separately in this chapter is based on prior con-
vention adopted in the literature and it permits ease of interpretation for the reader. 
Nevertheless, we do not want this decision to distract the reader. There is only one 
continuous phase of hamstring activity per stride cycle, as the hamstrings begin 
activating during the final third of the swing phase and continue activating through-
out the stance phase until just after toe-off [15, 16]. Given that the hamstrings begin 
activating during the swing phase, we have decided to describe hamstring function 
during swing followed by that during stance.

3.3.1	 �Swing Phase of the Stride Cycle

The swing phase is defined as the period in which the foot is not in contact with the 
ground and typically accounts for ~75% of the stride cycle during maximal sprint-
ing [16]. The swing phase is often subdivided into three sub-phases. Early swing 
occurs between toe-off and maximum knee flexion, mid-swing between maximum 
knee flexion and maximum hip flexion and late swing between maximal hip flexion 
and foot strike [17].

3.3.1.1	 �Hamstring Activation
Both the medial and lateral hamstrings are heavily recruited during the swing phase 
of running starting from mid-swing onwards (Fig. 3.1) [16, 17]. For both muscle 
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groups, the average magnitude of muscle activity appears to increase with running 
velocity [16, 17]. For example, Higashihara and colleagues [17] showed that aver-
age medial and lateral hamstring activity increased 2.5- and 2.9-fold, respectively, 
during late swing as running velocity progressed from 50% to 95% of maximum. 
Similarly, Schache and colleagues [16] showed that the average medial and lateral 
hamstring activity during terminal swing increased 3.5- and 4.4-fold, respectively, 
as running velocity increases from ~30% to 100% of maximum running velocity. 
There is also evidence of differences in activation of the medial and lateral ham-
strings, and these differences appear to be affected at least to some extent by the 
sprinting condition, i.e. maximal acceleration sprinting vs. maximal constant-
velocity sprinting [18]. The medial hamstrings exhibit greater activation than the 
lateral hamstrings in both the early swing and the first half of the mid-swing phases 
in both sprinting conditions [18]. This difference is also evident in the second half 
of the mid-swing phase for maximal constant-velocity sprinting, but not maximal 
acceleration sprinting [18].

3.3.1.2	 �Hamstring Kinematics
During the swing phase, the biarticular hamstring MTUs shorten from toe-off until 
~50% of the stride cycle (~33% of swing phase, Fig. 3.1) [15, 16, 19]. After this 
point, each MTU lengthens until reaching its peak at ~85% of the stride cycle 
(~60% of swing) and shortens thereafter until foot strike [16, 19, 20]. Given the 
hamstrings are activating during the mid- and late swing sub-phases, each ham-
string MTU is therefore undergoing an active stretch-shortening cycle during this 
period. The magnitude of this peak MTU stretch increases when running velocity 
increases from low to high (~30–80%) [16], but is invariant as running speed 
approaches maximal sprinting (80–100%) [16, 19, 21]. Additionally, the magni-
tude of the peak MTU stretch during maximal sprinting (Table 3.1) is greatest for 
the BFLH, followed by the medial hamstrings [15, 16, 19, 22]. Most studies show 
that peak MTU stretch is greater for SM than ST [15, 16, 19], although the reverse 
has been reported [22] which is most likely attributable to variability in modelling 
properties.

3.3.1.3	 �Hamstring Kinetics
Model-based studies have predicted that peak muscle forces for all of the biarticular 
hamstrings occurs during the late swing phase of running (~60% of swing or ~85% 
of stride cycle), regardless of running velocity (Fig. 3.2) [15, 19, 21]. The magni-
tude, however, is sensitive to running velocity as well as the specific hamstring 
muscle. As running velocity increases from 80% to 100% of maximal sprinting 
velocity, hamstring muscle force increases ~1.3-fold [19, 21]. Regardless of running 
velocity, the SM produces the most force, followed by the BFLH and the ST 
(Table 3.1) [15, 19, 21, 23]. As each hamstring MTU is also actively lengthening for 
a certain portion of the late swing sub-phase, the hamstrings perform negative work 
at this stage of the stride cycle (Fig. 3.2). The magnitude of negative work is also 
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related to both running velocity and muscle. The SM produces the greatest amount 
of negative work, followed by the BFLH and ST (Table 3.1) [15, 21]. As running 
velocity increases from 80% to 100% of maximal sprinting velocity, the negative 
work during swing increases 2-fold for the SM, 1.7-fold for the ST and 1.6-fold for 
the BFLH [21].

3.3.2	 �Stance Phase of the Stride Cycle

The stance phase is defined as the period in which the foot is in contact with the 
ground (i.e. from foot strike to toe-off) and typically accounts for ~25% of the full 
stride cycle during sprinting [16]. Although it is widely believed that HSIs occur 
during the swing phase, some have suggested that the high ground reaction forces 
that occur during stance can also cause HSI [24]. Additionally, previous research 
has shown that hamstring function during stance plays an important role in running 
performance [25, 26], which can be a key component of HSI rehabilitation progres-
sion and return to play (RTP) decisions [27, 28]. Subsequently, an understanding of 
hamstring function during stance is important for practitioners.

3.3.2.1	 �Hamstring Activation
Across the stance phase of running, both the medial and lateral hamstring groups 
continue to activate (Fig.  3.1) [16, 20]. As the hamstrings are considered to be 
important contributors to forward propulsion of the centre of mass during the stance 
phase of running [25], it is unsurprising that the magnitude of hamstring activation 
during stance appears to increase as running velocities progress from low to high 

Table 3.1  Hamstring kinematics and kinetics during the swing phase of maximal sprinting

Running velocity (m/s) BFLH SM ST
Peak MTU strain (%)a

 � Schache et al. [16] 9 ± 0.7 11.5 ± 2.5 9.4 ± 14 8.3 ± 1.5
 � Chumanov et al. [19] 8.0 and 7.1b 13 ± 2 11 ± 3 10 ± 3
 � Thelen et al. 2005 [22] 9.4 and 8.1b 9.8 ± 2.8 7.5 ± 1.6 8.3 ± 1.8
 � Schache et al. [15] 9.0 ± 0.7 12.0 ± 2.6 9.8 ± 1.2 8.7 ± 1.3
Peak force (N/kg)
 � Schache et al. [15] 9.0 ± 0.7 26.4 ± 5.2 46.8 ± 6.3 5.5 ± 0.8
 � Thelen et al. 2005 [23] 9.3 17.6 NR NR
 � Chumanov et al. [21] 9.1 ± 6 and 8.2 ± 0.8 21.4 ± 5.4 27.9 ± 7.6 7.9 ± 1.8
 � Chumanov et al. [19] 8.0 and 7.1b 13.2 ± 1.5 23.9 ± 3.5 5.9 ± 1.9
Negative work (J/kg)
 � Schache et al. [15] 9.0 ± 0.7 0.3 ± 0.1 1.1 ± 0.3 0.1 ± 0.1
 � Chumanov et al. [21] 9.1 ± 6 and 8.2 ± 0.8b 0.8 ± 0.3 1 ± 0.4 0.4 ± 0.2

BFLH biceps femoris long head, SM semimembranosus, ST semitendinosus, MTU musculotendi-
nous unit, NR not reported
aExpressed as % of length in upright static standing
bReported as velocities for males and females
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[17]. For example, the average lateral and medial hamstring activity during stance 
increases 2.8- and 4.1-fold, respectively, as running velocity increases from 50% to 
95% of maximum speed [17]. Within higher running velocities (≥85% of maximum 
velocity), mean muscle activity for both hamstring groups remains relatively 
unchanged during stance [17]. Differences between muscle groups appear to vary 
across sprinting conditions, i.e. maximal acceleration sprinting vs. constant-velocity 
sprinting [18]. Lateral hamstring activation is greater than medial hamstring activa-
tion in the early stance phase of maximal acceleration sprinting, whereas no differ-
ences between muscle groups appear to exist in this phase for maximal 
constant-velocity sprinting [18]. In contrast, medial hamstring activation exceeds 
lateral hamstring activation in the late stance phase of maximal constant-velocity 
sprinting, whereas no differences appear to exist in this phase for maximal accelera-
tion sprinting [18].

3.3.2.2	 �Hamstring Kinematics
The length of each hamstring MTU during stance is less than that experienced dur-
ing swing (Fig. 3.1) [15, 16, 19]. Studies have shown that hamstrings’ MTU length 
at initial contact is approximately 5% greater than its length in upright stance [15, 
16, 19]. Throughout stance, the MTU length of the biarticular hamstrings progres-
sively shortens such that by toe-off the hamstrings’ MTU length is approximately 
5% shorter than its length in upright stance [15, 16, 19]. This trend appears to be 
consistent regardless of running velocity, and similar patterns exist for each of the 
different biarticular hamstring muscles [16, 19].

3.3.2.3	 �Hamstring Kinetics
Whilst the hamstrings generate force across the stance phase (Fig. 3.2), the peak 
force production appears invariant to running speed at higher running velocities 
(80–100% of max sprinting speed) [19]. Regardless of running velocity, peak MTU 
forces are greatest for the SM, followed by the BFLH and ST (Table 3.2) [15, 19], 
similar to what has been found during the late swing phase. As the hamstring MTUs 
are shortening during this same period, the hamstrings primarily perform positive 
work [15, 19].

Table 3.2  Hamstring kinematics and kinetics during the stance phase of maximal sprinting

Running velocity 
(m/s) BFLH SM ST

Peak force (N/kg)
 � Schache et al. [15] 9.0 ± 0.7 4.6 ± 1.0 6.5 ± 1.6 3.6 ± 0.7
 � Chumanov et al. [19] 8.0 and 7.1a 11.6 ± 1.9 12.1 ± 2.4 6.2 ± 2.2
Positive work (J/kg)
 � Schache et al. [15] 9.0 ± 0.7 0.05 ± 0.02 0.06 ± 0.02 0.04 ± 0.02

BFLH biceps femoris long head, SM Semimembranosus, ST Semitendinosus
aReported as velocities for males and females, respectively

3  Hamstrings Biomechanics Related to Running
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3.4	 �Effect of Prior Injury on Hamstring Function  
During Running

Although this chapter has described ‘typical’ hamstring function during running, it 
is important to recognise that some of these observations appear to be different in 
individuals with a history of HSI. It is well known that residual deficits in hamstring 
strength and flexibility persist well beyond apparent ‘successful’ RTP following 
HSI [29]. As running ability is an important component of rehabilitation progres-
sion [28] and RTP decisions [27], understanding residual deficits in hamstring func-
tion during running is also warranted. Although available data on this topic are 
limited and often heterogeneous, a brief overview is provided below. To explore this 
issue, some studies have specifically targeted participants with a history of unilat-
eral hamstring injury and thus compared the previously injured side to the contralat-
eral injury-free side. Other studies have adopted a between-subjects design, 
comparing people with a past history of hamstring injury to a matched group who 
have never previously sustained a hamstring injury.

3.4.1	 �Muscle Activation

It is unclear whether the hamstrings of previously injured legs exhibit altered 
muscle activation patterns during running. One investigation involving partici-
pants with prior unilateral HSI found no differences in the magnitude, onset time, 
offset time or duration of medial or lateral hamstring EMG activity at running 
velocities of 60%, 80%, 90% or 100% of maximum compared to the contralateral 
uninjured leg [30]. However, the lack of observed differences may be nullified to 
some extent by normalising the EMG data to the maximum value obtained by the 
same (injured) muscle. Another study instead normalised hamstring EMG to val-
ues obtained from other uninjured muscles during treadmill running at 20 km/hr 
[31]. This study found a lower magnitude of lateral hamstring EMG ratios (along 
with the ipsilateral gluteus maximus, erector spinae, external oblique and contra-
lateral rectus femoris) during the late swing phase in the injured leg compared to 
the uninjured control group.

3.4.2	 �Kinematics

Several studies have compared joint or hamstring MTU kinematics during running 
in unilaterally injured participants to their contralateral uninjured leg [30–32]. In 
an investigation of treadmill running at 80% of maximal velocity, Lee and col-
leagues [32] observed a lower peak hip flexion angle in previously injured legs 
during TU late swing. This decreased hip flexion was thought to be a strategy to 
reduce MTU stretch in the injured muscle group. However, in contrast, Silder et al. 
(2010) did not observe any between-leg differences in BFLH stretch when 
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investigating previously injured participants running at velocities of 60–100% of 
maximum [30]. Finally, Daly et al. (2016) collected joint kinematics during tread-
mill running at a steady-state speed of 20 km/hr from a previously injured group of 
athletes and a group who had never suffered a hamstring injury. These authors 
reported greater asymmetries in previously injured participants compared to unin-
jured participants favouring increased peak hip flexion angles, as well as increased 
anterior pelvic tilt and internal tibial rotation during late swing in previously 
injured legs [31]. These results implied that the previously injured athletes put their 
hamstrings in a more lengthened position during late swing, thus opposite to the 
findings from Lee and colleagues [32]. When results from all studies are consid-
ered together, no systematic findings regarding the effect of prior HSI on hamstring 
kinematics during running are evident.

3.4.3	 �Kinetics

Although no studies have estimated hamstring muscle forces in participants with a 
history of HSI, one study [32] provided some insight into hamstring muscle force 
production through the evaluation of the net hip extension and knee flexion joint 
moments during running. This study found no differences in lower limb joint 
moments between the injured and contralateral uninjured legs when running at 80% 
of maximum sprinting velocity.

Another way to grossly infer biomechanical load on the hamstrings is through 
the evaluation of horizontal ground reaction force production, as the hamstrings are 
considered to be a key contributor to the forward propulsion of the body’s centre of 
mass during stance [25, 26]. During non-motorised treadmill sprinting at 80% of 
maximum sprinting velocity, previously injured legs have been shown to display 
substantial deficits in maximal horizontal ground reaction force production com-
pared to the uninjured contralateral leg and an uninjured control group [33]. 
However, a similar study failed to replicate these findings in maximal effort non-
motorised treadmill sprinting [34]. Results from a third study [35] suggest that defi-
cits in horizontal ground reaction force production exist during maximal velocity 
overground sprinting at the time of RTP, but tend to resolve within 10 weeks post 
RTP. Further to this, when performing ten maximal effort sprints (6 seconds each) 
on a non-motorised treadmill, the decrement in horizontal ground reaction force 
production between the first and tenth sprint has been shown to be significantly 
greater in previously injured legs compared to the contralateral uninjured leg and an 
uninjured control group [36].

Whilst some emerging evidence is available that horizontal ground reaction force 
production may be reduced following hamstring injury, further research is required 
to fully elucidate the exact function of hamstrings during the stance phase of run-
ning and whether or not a reduction in horizontal ground reaction force for the 
recently injured limb is a valid indicator of a persisting deficit in hamstring perfor-
mance and thus a potential warning sign of likelihood for re-injury.
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3.5	 �When Is the Critical Point in the Running Stride Cycle 
Where the Hamstrings Are Most Vulnerable to Injury?

Muscle strain injury is most likely limited to periods of stride cycle when ham-
strings are highly activated and thus the muscle-tendon junction is subjected to high 
tensile loads, which based on EMG recordings is during late swing and stance. As 
previously documented, each hamstring MTU undergoes an active stretch-
shortening cycle during late swing; hence this time of the stride cycle has been 
identified as a potential critical time point for injury. Circumstantial evidence is 
available from two case studies [37, 38], both of which suggest that the onset of 
injury occurred during the late swing phase.

Alternatively, early stance has also been proposed as a potential critical time 
point for injury, based on the proposed role of the hamstrings as a key contributor 
to forward propulsion of the body’s centre of mass at this time [25, 26, 39]. 
Evidence of potentially high loads being imparted onto the hamstrings during 
early stance has been provided by some inverse dynamics-based studies [40, 41]. 
Specifically, for a brief period immediately following foot contact, the ground 
reaction force may pass in front of the knee joint thereby creating an ‘external’ 
extension moment at the knee which will be directly opposed by the hamstring 
muscles. Nevertheless, the presence of this specific joint moment in sprinting 
remains somewhat controversial, because it could simply be a by-product of a 
mismatch in cut-off frequencies when digitally filtering the kinematic and ground 
reaction force data [42].

Ongoing debate on this issue persists in the literature [43–46]. Whilst further 
research on this topic is warranted, ultimately it may simply be an academic argu-
ment. The critical point in the stride cycle might well vary from person to person, 
dependent upon contextual factors such as the presence of compromised tissue 
thresholds (e.g. from recent heavy training) and/or the exact nature of the functional 
activity being performed at the time of injury. It is noted that the majority of the 
literature covered in this chapter is derived from analysis of constant-speed running, 
and additional work in acceleration and deceleration efforts is warranted, as well as 
efforts requiring change of direction.

3.6	 �Factors That Influence Biceps Femoris Long Head Strain 
During Sprinting

Given that (a) HSI most commonly involves BFLH [47], (b) HSI commonly occurs 
during high-speed running [48] and (c) peak MTU stretch during the terminal swing 
phase of high-speed running has been shown to be greatest for BFLH, researchers 
have understandably been tempted to link these observations [15, 16, 19, 21, 22]. 
Understanding factors that may modulate peak MTU stretch may have important 
implications for interventions aiming to alter risk of HSI.
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3.6.1	 �Muscle Coordination

In an effort to identify the influence of muscle force on peak BFLH stretch during 
swing, one study [21] conducted a perturbation analysis of musculoskeletal simula-
tions of the double float phase (i.e. when both legs are simultaneously in swing) 
during maximal sprinting. These authors found that greater stretch in the BFLH was 
induced by muscle force from the ipsilateral rectus femoris and iliopsoas, as well as 
the contralateral iliopsoas, erector spinae and rectus femoris. Muscles with the 
greatest potential to decrease BFLH stretch were the ipsilateral adductor magnus and 
hamstrings, as well as the contralateral internal oblique. It is currently unclear to 
what extent these simulation results reflect reality and therefore whether they can be 
used to directly inform rehabilitative and preventative interventions.

3.6.2	 �Series Elastic Component Stiffness

This chapter has provided evidence from multiple studies describing MTU stretch 
of the hamstrings during running. Although MTU stretch during running may well 
be a relevant variable for understanding the biomechanics of HSI, it is important to 
recognise that this term describes length changes of the entire MTU. Due to elastic 
properties of the series elastic component (i.e. tendon, aponeurosis), length changes 
of the entire musculotendinous unit are not necessarily accurate representations of 
length changes within the muscle fibres. The decoupling of muscle fibre and series 
elastic component length changes during dynamic activities is well established 
in vivo for other human lower limb muscle groups such as the ankle plantar flexor 
muscles (e.g. [49–51]). Equivalent in vivo data for the human hamstrings during 
running are not presently available; however, musculoskeletal modelling studies 
have shown that, across a range of physiologically reasonable tendon stiffness val-
ues, the relative strain experienced by the BFLH muscle fibres during swing is 
directly related to the stiffness of the series elastic component [23]. This may sug-
gest that tendon stiffness is an important regulator of muscle fibre strains experi-
enced during swing and might therefore be important for injury risk. It is currently 
unknown, however, whether alteration of tendon stiffness will provide meaningful 
change in the risk of HSI.

3.6.3	 �Non-Uniform Strain Distribution

Musculoskeletal modelling studies describing MTU stretch during sprinting use sim-
plified representations of muscle-tendon architecture and therefore dynamics, assum-
ing uniformity in fibre strain distribution across the entire MTU. Whilst human in vivo 
data for the hamstrings is currently lacking, non-uniform muscle tissue strain distribu-
tions have been observed in the human biceps brachii muscle during loaded elbow 
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flexion [52]. As these non-uniformities are due to the complex architecture of skeletal 
muscle, it is plausible that the human hamstrings may exhibit similar non-uniformity 
during running. To examine this, prior studies [10, 11] have utilised advanced imaging 
techniques to develop finite element models of the BFLH, which contain more physi-
ologically accurate complex representations of muscle fibre and tendon architecture 
and dynamics than what is typically accounted for in musculoskeletal modelling stud-
ies. Using these complex models and input experimental data from sprinting (i.e. 
MTU kinematics and muscle activation data), these studies have been able to provide 
insight into region-specific BFLH muscle fibre strain patterns during the swing phase 
of sprinting. These data suggest that local muscle fibre strains exhibit non-uniformity 
across the MTU, with the greatest strains observed at the proximal musculotendinous 
junction [11]. This observation may provide an explanation as to why the proximal 
musculotendinous junction is the most frequently reported site of BFLH strain injury 
[53]. Additionally, both the magnitude and non-uniformity of local fibre strain appear 
to increase as running velocity is increased [11].

3.7	 �Conclusion

In summary, the current evidence base suggests that the hamstrings are recruited for 
the entire stance phase, as well as during a portion of the swing phase (from mid-
swing onwards). The late swing phase has been identified as the most likely period 
of injury, as the hamstrings undergo active lengthening and experience peak lengths. 
The forces produced by each hamstring muscle during this period increase with 
increasing running velocity, whilst the peak length experienced during this same 
period is largely invariant amongst high running velocities (>80% max). Whilst 
hamstring function is likely compromised following HSI, the findings from investi-
gating studies are often conflicting; thus, more research is needed to identify which 
specific parameters need the most consideration during rehabilitation. Overall, the 
information in this chapter may inform clinicians aiming to develop HSI preventa-
tive and rehabilitative interventions.

References

	1.	 Bennell KL, Crossley K. Musculoskeletal injuries in track and field: incidence, distribution and 
risk factors. Aust J Sci Med Sport. 1996;28(3):69–75.

	2.	 Brooks JH, Fuller CW, Kemp SP, Reddin DB.  Incidence, risk, and prevention of hamstring 
muscle injuries in professional rugby union. Am J Sports Med. 2006;34(8):1297–306.

	3.	 Ekstrand J, Hägglund M, Waldén M. Injury incidence and injury patterns in professional foot-
ball: the UEFA injury study. Br J Sports Med. 2011;45(7):553–8.

	4.	 Orchard JW, Seward H, Orchard JJ. Results of 2 decades of injury surveillance and public release 
of data in the Australian Football League. Am J Sports Med. 2013;41:0363546513476270.

	5.	 Verrall GM, Slavotinek JP, Barnes PG, Fon GT.  Diagnostic and prognostic value of clini-
cal findings in 83 athletes with posterior thigh injury: comparison of clinical findings with 
magnetic resonance imaging documentation of hamstring muscle strain. Am J Sports Med. 
2003;31(6):969–73.

N. Maniar et al.



79

	 6.	Woods C, Hawkins R, Maltby S, Hulse M, Thomas A, Hodson A. The Football Association 
Medical Research Programme: an audit of injuries in professional football—analysis of ham-
string injuries. Br J Sports Med. 2004;38(1):36–41.

	 7.	Gabbe BJ, Finch CF, Bennell KL, Wajswelner H. Risk factors for hamstring injuries in com-
munity level Australian football. Br J Sports Med. 2005;39(2):106–10.

	 8.	Askling C, Tengvar M, Saartok T, Thorstensson A. Sports related hamstring strains—two cases 
with different etiologies and injury sites. Scand J Med Sci Sports. 2000;10(5):304–7.

	 9.	Askling C, Saartok T, Thorstensson A.  Type of acute hamstring strain affects flexibility, 
strength, and time to return to pre-injury level. Br J Sports Med. 2006;40(1):40–4.

	10.	Fiorentino NM, Blemker SS. Musculotendon variability influences tissue strains experienced by 
the biceps femoris long head muscle during high-speed running. J Biomech. 2014;47(13):3325–33.

	11.	Fiorentino NM, Rehorn MR, Chumanov ES, Thelen DG, Blemker SS. Computational mod-
els predict larger muscle tissue strains at faster sprinting speeds. Med Sci Sports Exerc. 
2014;46(4):776–86.

	12.	Erdemir A, McLean S, Herzog W, van den Bogert AJ.  Model-based estimation of muscle 
forces exerted during movements. Clin Biomech (Bristol, Avon). 2007;22(2):131–54.

	13.	Pandy MG, Andriacchi TP. Muscle and joint function in human locomotion. Annu Rev Biomed 
Eng. 2010;12:401–33.

	14.	Martin JA, Brandon SCE, Keuler EM, Hermus JR, Ehlers AC, Segalman DJ, et al. Gauging 
force by tapping tendons. Nat Commun. 2018;9(1):1592.

	15.	Schache AG, Dorn TW, Blanch PD, Brown N, Pandy MG. Mechanics of the human hamstring 
muscles during sprinting. Med Sci Sports Exerc. 2012;44(4):647–58.

	16.	Schache AG, Dorn TW, Wrigley TV, Brown NA, Pandy MG.  Stretch and activation of 
the human biarticular hamstrings across a range of running speeds. Eur J Appl Physiol. 
2013;113(11):2813–28.

	17.	Higashihara A, Ono T, Kubota J, Okuwaki T, Fukubayashi T.  Functional differences 
in the activity of the hamstring muscles with increasing running speed. J Sports Sci. 
2010;28(10):1085–92.

	18.	Higashihara A, Nagano Y, Ono T, Fukubayashi T. Differences in hamstring activation char-
acteristics between the acceleration and maximum-speed phases of sprinting. J Sports Sci. 
2018;36(12):1313–8.

	19.	Chumanov ES, Heiderscheit BC, Thelen DG.  Hamstring musculotendon dynamics during 
stance and swing phases of high speed running. Med Sci Sports Exerc. 2011;43(3):525.

	20.	Yu B, Queen RM, Abbey AN, Liu Y, Moorman CT, Garrett WE. Hamstring muscle kinematics 
and activation during overground sprinting. J Biomech. 2008;41(15):3121–6.

	21.	Chumanov ES, Heiderscheit BC, Thelen DG.  The effect of speed and influence of indi-
vidual muscles on hamstring mechanics during the swing phase of sprinting. J Biomech. 
2007;40(16):3555–62.

	22.	Thelen DG, Chumanov ES, Hoerth DM, Best TM, Swanson SC, Li L, et al. Hamstring muscle 
kinematics during treadmill sprinting. Med Sci Sports Exerc. 2005;37(1):108–14.

	23.	Thelen DG, Chumanov ES, Best TM, Swanson SC, Heiderscheit BC. Simulation of biceps 
femoris musculotendon mechanics during the swing phase of sprinting. Med Sci Sports Exerc. 
2005;37(11):1931.

	24.	Thelen DG, Chumanov ES, Sherry MA, Heiderscheit BC. Neuromusculoskeletal models pro-
vide insights into the mechanisms and rehabilitation of hamstring strains. Exerc Sport Sci Rev. 
2006;34(3):135–41.

	25.	Hamner SR, Delp SL. Muscle contributions to fore-aft and vertical body mass center accelera-
tions over a range of running speeds. J Biomech. 2013;46(4):780–7.

	26.	Morin J-B, Gimenez P, Edouard P, Arnal P, Jiménez-Reyes P, Samozino P, et al. Sprint accel-
eration mechanics: the major role of hamstrings in horizontal force production. Front Physiol. 
2015;6:404.

	27.	van der Horst N, van de Hoef S, Reurink G, Huisstede B, Backx F.  Return to play after 
hamstring injuries: a qualitative systematic review of definitions and criteria. Sports Med. 
2016;46(6):899–912.

3  Hamstrings Biomechanics Related to Running



80

	28.	Hickey JT, Timmins RG, Maniar N, Williams MD, Opar DA. Criteria for progressing rehabili-
tation and determining return-to-play clearance following hamstring strain injury: a systematic 
review. Sports Med (Auckland). 2017;47(7):1375–87.

	29.	Maniar N, Shield AJ, Williams MD, Timmins RG, Opar DA. Hamstring strength and flex-
ibility after hamstring strain injury: a systematic review and meta-analysis. Br J Sports Med. 
2016;50(15):909–20.

	30.	Silder A, Thelen DG, Heiderscheit BC. Effects of prior hamstring strain injury on strength, 
flexibility, and running mechanics. Clin Biomech (Bristol, Avon). 2010;25(7):681–6.

	31.	Daly C, McCarthy Persson U, Twycross-Lewis R, Woledge RC, Morrissey D. The biomechan-
ics of running in athletes with previous hamstring injury: a case-control study. Scand J Med 
Sci Sports. 2016;26(4):413–20.

	32.	Lee MJ, Reid SL, Elliott BC, Lloyd DG. Running biomechanics and lower limb strength asso-
ciated with prior hamstring injury. Med Sci Sports Exerc. 2009;41(10):1942–51.

	33.	Brughelli M, Cronin J, Mendiguchia J, Kinsella D, Nosaka K. Contralateral leg deficits in 
kinetic and kinematic variables during running in Australian rules football players with previ-
ous hamstring injuries. J Strength Cond Res. 2010;24(9):2539–44.

	34.	Barreira P, Drust B, Robinson M, Vanrenterghem J. Asymmetry after hamstring injury in eng-
lish premier league: issue resolved, or per haps not. Int J Sports Med. 2015;36:455–9.

	35.	Mendiguchia J, Samozino P, Martinez-Ruiz E, Brughelli M, Schmikli S, Morin JB, et  al. 
Progression of mechanical properties during on-field sprint running after returning to sports 
from a hamstring muscle injury in soccer players. Int J Sports Med. 2014;35(8):690–5.

	36.	Lord C, Blazevich AJ, Drinkwater EJ, Ma’ayah F.  Greater loss of horizontal force after a 
repeated-sprint test in footballers with a previous hamstring injury. J Sci Med Sport. 
2019;22(1):16–21.

	37.	Schache AG, Wrigley TV, Baker R, Pandy MG. Biomechanical response to hamstring muscle 
strain injury. Gait Posture. 2009;29(2):332–8.

	38.	Heiderscheit BC, Hoerth DM, Chumanov ES, Swanson SC, Thelen BJ, Thelen DG. Identifying 
the time of occurrence of a hamstring strain injury during treadmill running: a case study. Clin 
Biomech (Bristol, Avon). 2005;20(10):1072–8.

	39.	Hamner SR, Seth A, Delp SL. Muscle contributions to propulsion and support during running. 
J Biomech. 2010;43(14):2709–16.

	40.	Sun Y, Wei S, Zhong Y, Fu W, Li L, Liu Y. How joint torques affect hamstring injury risk in 
sprinting swing-stance transition. Med Sci Sports Exerc. 2015;47(2):373–80.

	41.	Zhong Y, Fu W, Wei S, Li Q, Liu Y. Joint torque and mechanical power of lower extremity and 
its relevance to hamstring strain during sprint running. J Healthc Eng. 2017;2017:8927415.

	42.	Bezodis NE, Salo AIT, Trewartha G. Excessive fluctuations in knee joint moments during early 
stance in sprinting are caused by digital filtering procedures. Gait Posture. 2013;38(4):653–7.

	43.	Van Hooren B, Bosch F.  Is there really an eccentric action of the hamstrings during the 
swing phase of high-speed running? Part I: a critical review of the literature. J Sports Sci. 
2017;35(23):2313–21.

	44.	Van Hooren B, Bosch F.  Is there really an eccentric action of the hamstrings during 
the swing phase of high-speed running? Part II: implications for exercise. J Sports Sci. 
2017;35(23):2322–33.

	45.	Yu B, Liu H, Garrett WE. Comment on “The late swing and early stance of sprinting are most 
hazardous for hamstring injuries” by Liu et al. J Sport Health Sci. 2017;6(2):137–8.

	46.	Liu Y, Sun Y, Zhu W, Yu J. Comments to “Mechanism of hamstring muscle strain injury in 
sprinting” by Yu et al. J Sport Health Sci. 2017;6(2):139–40.

	47.	Koulouris G, Connell DA, Brukner P, Schneider-Kolsky M.  Magnetic resonance imaging 
parameters for assessing risk of recurrent hamstring injuries in elite athletes. Am J Sports 
Med. 2007;35(9):1500–6.

	48.	Silder A, Sherry MA, Sanfilippo J, Tuite MJ, Hetzel SJ, Heiderscheit BC. Clinical and mor-
phological changes following 2 rehabilitation programs for acute hamstring strain injuries: a 
randomized clinical trial. J Orthop Sports Phys Ther. 2013;43(5):284–99.

N. Maniar et al.



81

	49.	Farris DJ, Sawicki GS. Human medial gastrocnemius force–velocity behavior shifts with loco-
motion speed and gait. Proc Natl Acad Sci. 2012;109(3):977–82.

	50.	Lichtwark GA, Bougoulias K, Wilson AM. Muscle fascicle and series elastic element length 
changes along the length of the human gastrocnemius during walking and running. J Biomech. 
2007;40(1):157–64.

	51.	Lai A, Lichtwark GA, Schache AG, Lin Y-C, Brown NA, Pandy MG.  In vivo behavior of 
the human soleus muscle with increasing walking and running speeds. J Appl Physiol. 
2015;118(10):1266–75.

	52.	Zhong X, Epstein FH, Spottiswoode BS, Helm PA, Blemker SS. Imaging two-dimensional dis-
placements and strains in skeletal muscle during joint motion by cine DENSE MR. J Biomech. 
2008;41(3):532–40.

	53.	Silder A, Heiderscheit BC, Thelen DG, Enright T, Tuite MJ.  MR observations of long-
term musculotendon remodeling following a hamstring strain injury. Skelet Radiol. 
2008;37(12):1101–9.

3  Hamstrings Biomechanics Related to Running


	3: Hamstrings Biomechanics Related to Running
	3.1	 Introduction
	3.2	 Quantification of Hamstring Function
	3.2.1	 Hamstring Activation
	3.2.2	 Hamstring Kinematics
	3.2.3	 Hamstring Kinetics

	3.3	 Hamstring Function During Running
	3.3.1	 Swing Phase of the Stride Cycle
	3.3.1.1	 Hamstring Activation
	3.3.1.2	 Hamstring Kinematics
	3.3.1.3	 Hamstring Kinetics

	3.3.2	 Stance Phase of the Stride Cycle
	3.3.2.1	 Hamstring Activation
	3.3.2.2	 Hamstring Kinematics
	3.3.2.3	 Hamstring Kinetics


	3.4	 Effect of Prior Injury on Hamstring Function During Running
	3.4.1	 Muscle Activation
	3.4.2	 Kinematics
	3.4.3	 Kinetics

	3.5	 When Is the Critical Point in the Running Stride Cycle Where the Hamstrings Are Most Vulnerable to Injury?
	3.6	 Factors That Influence Biceps Femoris Long Head Strain During Sprinting
	3.6.1	 Muscle Coordination
	3.6.2	 Series Elastic Component Stiffness
	3.6.3	 Non-Uniform Strain Distribution

	3.7	 Conclusion
	References


