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The hamstrings are often associated with the development of crouch gait, a fatiguing form of walking
characterized by excessive hip flexion, knee flexion and ankle dorsiflexion during stance. However,
recent studies have called into question whether abnormally active hamstrings induce the limb to
move into a crouch posture. The purpose of this study was to directly measure the influence of the
hamstrings on limb posture during stance. Nineteen healthy young adults walked on an instrumented
treadmill at their preferred speed. A 90 ms pulse train was used to stimulate the medial hamstrings
during either terminal swing or loading response of random gait cycles. Induced motion was defined as
the difference in joint angle trajectories between stimulated and non-stimulated strides. A dynamic
musculoskeletal simulation of normal gait was generated and similarly perturbed by increasing
hamstring excitation. The experiments show that hamstring stimulation induced a significant increase
in posterior pelvic tilt, knee flexion and ankle dorsiflexion during stance, while having relatively less
influence on the hip angular trajectory. The induced motion patterns were similar whether the
hamstrings were stimulated during late swing or early stance, and were generally consistent with the
direction of induced motion predicted by gait simulation models. Hence, we conclude that overactive
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hamstrings have the potential to induce the limb to move toward a crouch gait posture.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The hamstrings have long been associated with the develop-
ment of crouch gait, a fatiguing form of walking characterized by
excessive hip flexion, knee flexion and ankle dorsiflexion during
stance (Rodda and Graham, 2001; Sutherland and Davids, 1993).
However, clinical treatment of the hamstrings (e.g. surgical length-
ening) does not consistently correct crouch gait in children, with
some individuals demonstrating much improved hip and knee
extension while others exhibiting little change (DeLuca et al., 1998;
Novacheck et al., 2002). In addition, excessive anterior pelvic tilt
can be an unintended result of hamstring lengthening (Chang et al.,
2004; Hoffinger et al., 1993). These observations have led to
development of dynamic gait models to rigorously investigate
muscular contributions to limb motion during gait (Arnold et al.,
2005, 2007; Jonkers et al., 2003; Kimmel and Schwartz, 2006;
Neptune et al., 2004; Piazza and Delp, 1996). Interestingly, these
models suggest that the hamstrings have greater capacity to induce
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hip extension than knee flexion during stance, and may even
induce knee extension (Arnold et al., 2005; Jonkers et al., 2003;
Kimmel and Schwartz, 2006). This potential non-intuitive function
at the knee is a result of multi-body dynamic effects, which allow
for biarticular muscles to induce motion opposite to that assumed
based on traditional anatomical classifications (Hernandez et al.,
2010; Zajac and Gordon, 1989). However, there is a lack of
empirical data to substantiate model predictions of muscle func-
tion (Piazza, 2006), which make it challenging to translate model-
ing results to clinical diagnosis and treatment of crouch.
Electrical stimulation experiments can be used to selectively
activate individual muscles and thereby assess the influence that
muscle has on skeletal movement (Hernandez et al., 2008, 2010;
Hunter et al., 2009; Stewart et al., 2007, 2008). Stewart et al.
(2008) used such a paradigm to show that the biarticular ham-
strings induce knee flexion in upright postures, but tend to induce
knee extension in crouch postures. Hunter et al. (2009) measured
induced limb accelerations when subjects were held in swing
limb postures by a robotic exoskeleton, and found that the
hamstrings may have greater potential to induce knee flexion
than hip motion. However, these assessments were done in static
postures, which does not account for the time-varying limb
configurations and foot-floor interactions that occur in gait. Our
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group has established an electrical stimulation protocol for the
direct measurement of dynamic muscle function during walking
and recently used it to investigate the motion induced by the
rectus femoris (Hernandez et al., 2010). The purpose of this study
was to empirically assess the influence of hamstring activity on
stance limb motion during the terminal swing-to-early stance
transition in normal gait. Based on prior models (Arnold et al.,
2007; Kimmel and Schwartz, 2006), we hypothesized that the
hamstrings would induce hip extension when activated in term-
inal swing or early stance, while having less influence on knee
motion. We additionally explored the effects of hamstring stimu-
lation on pelvic and ankle motion, to better understand how
surgical treatment of the hamstrings could alter motion at joints
not crossed by the muscle. Finally, we compared our experimen-
tal measures of muscle function to dynamic gait simulations,
thereby providing a direct assessment of model predictions.

2. Methods
2.1. Experimental methodology overview

Nineteen healthy young adults (age=26.8 + 5.4 yr, mass=69.5 + 11.3 kg, height=
1.73 £ 0.10 m) participated in this study, which was approved by the University of
Wisconsin’s Health Science’s Internal Review Board. Subjects performed 90 s walking
trials on a split-belt instrumented treadmill (Bertec Corp., Columbus, OH) at their
preferred gait speed (1.15 + 0.12 m/s).

2.2. Electrical stimulation synchronized to the gait cycle

A current-controlled stimulator (Grass S88, Astro-Med Inc., West Warwick, RI)
was used to stimulate the hamstrings via surface electrodes (Fig. 1). For each
subject, we first located the motor point of the MH by moving surface stimulating
electrodes over the skin until a maximum twitch response was observed. The
desired electrode positions on the skin were prepared by shaving and cleaning the
skin with alcohol pads prior to the placement of self-adhering surface electrodes
(1.25 x 1.5 inches). Ninety ms current pulse trains (four 300 ps pulses at 33 Hz)
were delivered to the MH at selected times on random gait cycles (Fig. 1). The
stimulating current (<50 mA) was set for each subject to a level that was
tolerable but could also elicit hip and/or knee motion in a relaxed limb.
Stimulation timing was controlled using a custom LabView (National Instruments,
Austin, TX) program that identified heel strikes by monitoring vertical ground
reactions under each foot. Successive heel strikes were used to maintain a moving
average estimate (over 3 strides) of the stride duration. The stimulator was
triggered at either 90% (terminal swing) or 0% (loading response) of random gait
cycles (Fig. 1). A minimum of five non-stimulated strides followed every
stimulated stride.

2.3. Kinematics analysis

Whole body kinematics were recorded at 100 Hz using an 8-camera motion
capture system (Motion Analysis, Santa Rosa, CA) to track 44 reflective markers
(Fig. 1a). Twenty-five markers were placed over anatomical bony landmarks and
additional tracking markers were attached to plates that were strapped tightly to
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lower limb segments. All kinematic data were low-pass filtered at 6 Hz. Joint
angles were computed using a whole body model that included 23 segments and
21 lower extremity degrees of freedom (dof) to represent the low back, hip, knee
and ankle joints (Thelen and Anderson, 2006). The pelvis was the base segment
with 6 dof. Each lower limb included a 3 dof ball-and-socket representation of the
hip, a 2 dof ankle with non-intersecting talocrural and subtalar joints, and a 1 dof
knee where translations and non-sagittal rotations were functions of knee flexion
(Arnold et al., 2010). Segment lengths in the model were first scaled to each
subject using anatomical marker positions measured in a standing upright trial.
The hip joint center in the pelvic reference frame was then calibrated using a
functional joint center identification routine (Piazza et al., 2004). We then used a
global optimization inverse kinematics routine to compute pelvic position and
joint angles that minimize the discrepancy between measured marker positions
and corresponding markers fixed to the body segments (Lu and O’Connor, 1999).
The stimulation-induced motion was determined by comparing joint kine-
matics in a stimulated stride to the preceding non-stimulated stride. We quantified
the effect by determining the difference in joint angles between a stimulated stride
and the preceding non-stimulated stride at 100 ms intervals following stimulation
onset (Fig. 2). We also measured the difference in joint angles between the same
time points in the two strides preceding the stimulation, so as to have a baseline
reference of normal stride-to-stride variability. Joint angle differences were com-
puted for each stimulated stride and the average difference was taken across all
stimulated strides in a trial. Differences were then averaged across the two repeat
trials for each condition. A two-way repeated measure analysis of variance was then
used to determine the effect of stimulation onset time (90%, 0% gait cycle) and the
presence of stimulation (baseline, stimulated) on the change in joint angles at 100,
200 and 300 ms following stimulation onset. Tukey’s post-hoc tests were used to
perform follow-up pair wise comparison. Significance level was set at p=0.05.

2.4. Muscle activity

Pre-amplified, single differential EMG electrodes (DE-2.1, DelSys Inc., Boston,
MA) were placed on the rectus femoris, vastus lateralis, vastus medialis, medial
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Fig. 2. Representative knee flexion curves with stimulation introduced at heel
contact (HC). An increase in knee flexion persisted through stance and the
subsequent toe off (TO). Induced motion was defined as the difference in joint
kinematics between the stimulated stride and prior non-stimulated stride at
discrete time points.
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Fig. 1. (a) Subjects performed constant speed walking trials on a split-belt instrumented treadmill. Ground reaction forces (GRF) were monitored in real-time via a data
acquisition unit (DAQ) and used to track heel strike events. In random strides, the stimulator was triggered at either 90% (terminal swing) or 0% (loading response) of the
gait cycle. (b) A 90 ms long stimulation pulse train (four pulses delivered at 33 Hz) was delivered to the medial hamstrings via surface electrodes. Surface EMG was

recorded from the medial and lateral hamstrings (MH, LH).
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hamstrings, lateral hamstrings and adductor muscle group of the right limb
(Fig. 1b). These EMG activities, the ground reaction forces from the treadmill and
the stimulator’s trigger signal were sampled synchronously at 2000 Hz. The EMG
recordings were full wave rectified and used to evaluate stimulus spill-over and
potential reflex activity as a consequence of the electrical stimulation. To evaluate
spill-over, we quantified induced EMG activity between stimulus pulses (Fig. 6a)
and determined the percentage of total activity seen in individual muscles. Reflex
activity was evaluated by comparing muscle activities in a post-stimulation
window (150-300 ms after the stimulation onset) to baseline activity levels from
non-stimulated strides.

2.5. Forward dynamic simulations of gait

A whole body musculoskeletal model was used to simulate normal walking
mechanics. To perform simulations, we added 92 musculotendon actuators to the
linked segment model, representing the major muscles acting about the low back,
hip, knee and ankle joints (Arnold et al., 2010). The input to each muscle was an
excitation that could vary between 0 and 1. Excitation-to-activation dynamics
were represented via a bi-linear differential equation with activation and deacti-
vation time constants of 10 and 40 ms, respectively (Thelen, 2003). A Hill-type
musculotendon model was used to describe contraction dynamics (Thelen, 2003).
We generated simulations that closely emulated kinematic and kinetic measures
of a young adult (height=1.7 m, mass=60 kg) walking overground at 1.2 m/s. To
do this, we first used a least squares forward dynamic algorithm to resolve
dynamic inconsistencies between measured kinematics and ground reactions over
a gait cycle (Remy and Thelen, 2009). A computed muscle control algorithm was
then used to compute muscle excitations (Fig. 3) that drive the model to track
these joint angle trajectories, with measured ground reactions applied directly on
the feet (Thelen and Anderson, 2006). Muscle redundancy was resolved by using a
static optimization routine to minimize the muscle volume weighted sum of
squared muscle activations at each time step (Happee, 1994). Upper extremity
kinematics were prescribed to track measured values. The simulation emulated
pelvis tilt and ankle dorsiflexion angles that were within 1° of kinematic measures,
and hip and knee flexion angles that were within 2° of kinematic measures.

After generating a nominal simulation, we then perturbed the medial ham-
strings excitation patterns to emulate the experimental study. This involved
increasing the semitendinosus or semimembranosus excitation pattern starting
at either 90% or 0% of the gait cycle for a 100 ms period, and then re-running the
simulation. Our initial simulations demonstrated that the direction of linear
induced motion increase was independent of the magnitude of the change in
excitation. Hence, the change in excitation was set to a value (0.1 units) that
induced joint motions of comparable magnitude to that observed experimentally.
Changes in the interactions between the stance-limb foot and the ground were
accounted for by applying a translational damper between the foot and ground at
the current center of pressure of the foot. Hence, the ground reaction forces could
change in response to the perturbation. As in the experimental case, the change in
sagittal pelvis, hip, knee and ankle angles were determined by comparing the
kinematic trajectories between the nominal and perturbed simulations.

To better understand the influence of musculoskeletal geometry on muscle
function, we varied the anterior-posterior position of the distal hamstring
insertion by +5mm. For each variation in geometry, we generated a gait
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simulation using computed muscle control (Thelen and Anderson, 2006), and
then altered the hamstring excitation pattern to predict the induced motion at the
pelvis, hip, knee and ankle. Changing the hamstring insertion altered the knee
flexor moment arm of the muscle while leaving the hip extensor moment arm
relatively constant. To characterize this change in geometry, we computed the
average hip extension and knee flexion moment arm over a 300 ms period after
stimulation onset, and used this data to compute the hip extensor-to-knee flexor
moment arm ratio of both the semimembranosus and semitendinosus muscles.
The influence of this moment arm ratio on induced motion at the pelvis, hip, knee
and ankle was determined.

3. Results
3.1. Measurements of hamstring function

Hamstring stimulation during either terminal swing or loading
response induced significant (p <0.05) shifts toward posterior
pelvic tilt and knee flexion at 200 ms after stimulation onset
(Fig. 4). There was also a shift toward increased dorsiflexion,
though the change did not reach significance until 300 ms after
stimulation onset. There were no significant differences in hip
flexion between baseline and stimulated strides at any of the time
points considered. There were also no significant differences in
induced motion measures at any of the joints between the
terminal swing and loading response stimulations.

3.2. Model predictions of hamstring function

The model predicted that increased hamstring excitation in
terminal swing would increase posterior pelvic tilt, hip extension
and knee flexion at heel contact (Fig. 5). After heel contact, the
model predicted that hip extension would cease to increase, while
posterior tilt would continue progress. The same magnitude of
hamstring excitation had less effect on the pelvis, hip and knee
angle trajectories when stimulation onset occurred at heel strike.
Model predictions of induced motion were generally consistent
with empirical measures, and did not differ substantially between
the semimembranosus and semitendinosus muscles.

Altering the anterior-posterior position of the distal hamstring
insertion varied the hip extensor-to-knee flexor moment arm
ratio from 1.1 in the anterior insertion case to 1.9 in the posterior
insertion case. The moment arm ratio had a large influence on the
induced motion patterns at the hip and knee. At the hip, all
moment arm ratios resulted in a prediction of induced hip
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Fig. 3. Computed muscle control was used to determine muscle excitations that drive a dynamic musculoskeletal model to emulate experimental gait kinematics. The gait
simulation was subsequently perturbed with the medial hamstring excitations (semimembranosus, semitendinosus) increased at either 90% or 0% of the gait cycle, and the

simulation re-run to predict induced changes in motion.
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Fig. 4. Average ( + 1SD.) change in pelvic, hip, knee and ankle angles induced
200 ms after hamstring stimulation was introduced. Baseline measures represent
deviations in joint angles between two successive non-stimulated strides. Ham-
string stimulation induced a significant (#p <0.05, #=p <0.005) increase in
posterior pelvic tilt and knee flexion when introduced during either terminal
swing or loading response.

extension when stimulation was introduced in late swing. How-
ever when stimulation was introduced at heel contact, a large
moment arm ratio induced hip extension while a small ratio
resulted in hip flexion being induced. At the knee, the model
predicted that the hamstrings induced flexion for all moment arm
ratios, though the magnitude of knee flexion was greatly reduced
for large moment arm ratios.

3.3. Muscle activities

The vast majority (~65% on average) of the induced EMG
activity was measured in the medial hamstrings during the brief
periods following stimulation pulses (Fig. 6). The average activity
of any muscle in the post-stimulation (150-300 ms) period,
during which reflexes might be expected, was less than 10% of
the MH EMG average during a stimulated stride.

4. Discussion

This study represents the first use of muscle stimulation to
directly assess dynamic hamstring function during gait. The empirical
results show that hamstring stimulation in terminal swing or early
stance induces a significant increase in posterior pelvic tilt and knee
flexion during stance, while also tending to increase ankle
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Fig. 5. Simulated (Sim) predictions of the change in pelvic, hip, knee and ankle
angles induced by increasing semimembranosus excitation during terminal swing
and loading response. Nominal model predictions (solid line) are generally within
1 standard deviation of experimental measures, and correctly predict the induced
increases in posterior pelvic tilt and knee flexion. Shaded areas (bounded by
dashed curves) represent the range of predictions obtained when simulations
were performed with different hamstring insertion points, which varied the
average hip extension-to-knee flexion moment arm (m.a.) ratio from 1.1 to 1.9.
Induced hip and knee motion were quite sensitive to hamstring geometry, with a
smaller m.a. ratio driving the limb more toward hip and knee flexion.

dorsiflexion. These induced motion measures were generally consis-
tent with the direction of induced motion predicted by perturbations
to a normative gait simulation. Interestingly, the simulations suggest
that the same magnitude of hamstring stimulation introduced in
terminal swing has greater influence on pelvis, hip and knee angle
trajectories, than that of stimulation introduced in double support
(Fig. 5).

Prior gait models suggest that substantial changes in muscle
function can occur after heel contact, due to the distinct change in
linked segment dynamics that occurs with double support (Frigo
et al, 2010). However, our experimental data does not show
evidence of sudden changes in muscle function at heel contact,
suggesting that any changes in muscle function that arise with
double support are more gradual. It is also important to note that
we empirically investigated the relationship between muscle
excitation and joint angles, which necessarily occurs sometime
after stimulation and can reflect the influence of other muscles
generating forces on the skeleton. In contrast, muscle function is
often characterized by induced accelerations, which would repre-
sent the instantaneous relationship between an individual muscle
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Fig. 6. (a) EMG measures demonstrate that the stimulation pulses induced the largest muscle activity (see shaded areas after stimulation pulse) in the medial hamstrings
(MH). (b) Comparison of average ( 4+ 1SD) EMG activity in non-stimulated baseline strides with the induced EMG activity seen between stimulation pulses (Induced,
shaded areas in 6a) and in a 150-300 ms window (Post-Stimulation) following each pulse train. Over 60% of the induced EMG activity was present in the MH, with the
lateral hamstrings (LH), rectus femoris (RF), vastus lateralis (VL), adductors (AD) and vastus medialis (VM) exhibiting much smaller induced activities. Post-stimulation
(> 150 ms) EMG activities were considerably smaller than that induced directly by the stimulation pulses.

force and joint accelerations (Fregly and Zajac, 1996; Zajac and
Gordon, 1989; Zajac et al., 2002). We note that observations at the
position level are likely to be more consistent with qualitative
assessments of muscle function based on clinical gait analysis.

The empirical measures of induced motions were not com-
pletely consistent with our hypotheses, which were based on
prior gait models. In particular, gait models have suggested that
the hamstrings have greater influence on hip than knee motion in
stance (Arnold et al., 2005; Jonkers et al., 2003; Kimmel and
Schwartz, 2006). In contrast, our data show that both terminal
swing and early stance hamstring stimulation induced knee
flexion in stance, and that the magnitude of induced knee flexion
exceeded the change in the hip angular trajectory (Fig. 4). Though
the exact cause of discrepancies with models in the literature is
uncertain, it is known that model-based predictions of muscle
function are sensitive to variations in musculoskeletal geometry
(Hernandez et al., 2008; Zajac and Gordon, 1989), foot-floor
model assumptions (Dorn et al., 2012) and the number of degrees
of freedom included in the linked segment model (Chen, 2006).
Our gait simulations incorporated a recent description of lower
limb musculoskeletal architecture (Arnold et al., 2010), and
incorporated both three-dimensional effects and upper body
dynamics.

We performed a sensitivity analysis to better understand how
variations in hamstring geometry could affect our model predic-
tions. In the nominal model, the average hip extension moment
arms (5 cm for semimembranosus, 6 cm for the semitendinosus)
and knee flexion moment arms (3.6cm and 4.3 cm) during
terminal swing/early stance were comparable to cadaveric mea-
sures at similar postures (Arnold et al., 2000; Buford et al., 1997).
These nominal values give rise to a hip extension-to-knee flexion
moment arm ratio of 1.4, which was then varied from 1.1 to
1.9 by altering the hamstring insertion. Our results show that
induced hip and knee motion was strongly dependent on the
moment arm ratio. A small ratio resulted in the non-intuitive
prediction that the hamstrings can induce hip flexion when
stimulated in stance. Further, the model suggests that moment
arm ratios approaching 2 can result in the hamstrings inducing

knee extension in stance, which would reflect the influence of the
hip extension moment on knee motion (Fig. 5). Thus it seems
feasible that differences in muscle geometry could well underlie
some of the variable predictions of muscle function that exist in
the literature. For example, the discrepancy of this study with
Kimmel and Schwartz (2006) may arise from the fact that they
presented the induced acceleration capacity of the lateral ham-
strings (biceps femoris long head), while we measured induced
motion of the medial hamstrings (semitendinosus, semimembra-
nosus). The lateral hamstrings have a considerably smaller knee
flexion moment arm than that of the medial hamstrings (Arnold
et al., 2000), such that it would have a greater hip extension-to-
knee flexion moment arm ratio and thus greater potential to
induce knee extension. These sensitivity results highlight the
importance of documenting muscle geometry assumptions and
performing parametric studies when using models to investigate
muscle function.

The results of this study are potentially relevant for assessing
the causes and treatment of crouch gait. Short and/or spastic
hamstrings are considered potential contributors to crouch gait
(Rodda and Graham, 2001; Sutherland and Davids, 1993). Either
situation could give rise to abnormally high muscle forces when
the hamstrings lengthen in terminal swing. Our data suggest that
such excessive hamstring force could induce the lower limb to
move toward a crouch gait posture in stance (Fig. 7). Hence,
considerations of hamstring length and velocity seem warranted
when trying to assess the causes of an individual’s crouch pattern
in gait analysis labs (Arnold et al., 2006). Our study also illustrates
the strong influence of hamstring activity on posterior pelvic tilt.
Hence, the clinical observation that hamstring lengthening can
give rise to excessive anterior pelvic tilt (Chang et al., 2004;
Hoffinger et al., 1993) likely reflects diminished capacity of the
hamstrings to maintain posterior tilt.

There are limitations of the study that are important to
consider. First, for simplicity and subject comfort, we used surface
electrodes rather than fine wire electrodes to stimulate the
hamstrings. While surface electrodes increase the potential for
stimulus spillover to neighboring muscles, we did not see much
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Fig. 7. Gait model predictions of lower limb posture arising from perturbations of the semitendinosus (100 ms duration, +50% excitation) at 90% and 0% of the gait cycle.
Stimulation at 90% of the gait cycle increases knee flexion at heel contact, with subsequent increases in hip extension and ankle dorsiflexion. Stimulation at heel contact
induces an increase in posterior pelvic tilt, knee flexion and ankle dorsiflexion at mid-stance.

evidence in our experimental EMG analysis (Fig. 6). Induced reflex
activities are another potential concern, and become more rele-
vant the longer the duration after the initial stimulation. How-
ever, we observed similar directions of induced motion at both
100 and 200 ms time points after stimulation onset (Fig. 5). Hence
we are fairly confident that the induced motion represents the
direct stimulation effect. Finally, we stimulated the hamstrings in
normal gait only at a preferred speed. It is expected that muscle
function will change with posture and speed in pathological gait
(Steele et al., 2010), and further experimental work is needed to
assess these sensitivities.

In conclusion, we have shown that hamstring stimulation
during the swing-to-stance transition will induce an increase in
posterior pelvic tilt, knee flexion and ankle dorsiflexion during
stance, while having relatively less influence on hip motion.
Hence, overactive hamstrings have the potential to induce the
limb to move toward a crouch gait posture.

Conflict of interest

There are no conflicts of interest to disclose regarding
this study.

Acknowledgments

The authors gratefully acknowledge the support of NIH Grants
AR057136 and AG20013 and the contributions of Amy Silder,
Ph.D., James McCarthy, MD, and James Leonard, MD to this
research.

References

Arnold, A.S., Anderson, F.C., Pandy, M.G., Delp, S.L., 2005. Muscular contributions to
hip and knee extension during the single limb stance phase of normal gait: a
framework for investigating the causes of crouch gait. Journal of Biomechanics
38, 2181-2189.

Arnold, A.S., Liu, M.Q., Schwartz, M.H., Ounpuu, S., Delp, S.L., 2006. The role of
estimating muscle-tendon lengths and velocities of the hamstrings in the
evaluation and treatment of crouch gait. Gait and Posture 23, 273-281.

Arnold, A.S., Salinas, S., Asakawa, D.J., Delp, S.L., 2000. Accuracy of muscle moment
arms estimated from MRI-based musculoskeletal models of the lower extre-
mity. Computer Aided Surgery 5, 108-119.

Arnold, A.S., Schwartz, M.H., Thelen, D.G., Delp, S.L., 2007. Contributions of muscles
to terminal-swing knee motions vary with walking speed. Journal of Biome-
chanics 40, 3660-3671.

Arnold, E.M., Ward, S.R,, Lieber, R.L., Delp, S.L., 2010. A model of the lower limb for
analysis of human movement. Annual Review of Biomedical Engineering 38,
269-279.

Buford Jr., W.L,, Ivey Jr., F.M., Malone, ].D., Patterson, R.M., Peare, G.L., Nguyen, D.K.,
Stewart, A.A., 1997. Muscle balance at the knee-moment arms for the normal
knee and the ACL-minus knee. IEEE Transactions on Neural Systems and
Rehabilitation Engineering 5, 367-379.

Chang, W.N,, Tsirikos, AL, Miller, F., Lennon, N., Schuyler, ]., Kerstetter, L., Glutting,
J., 2004. Distal hamstring lengthening in ambulatory children with cerebral
palsy: primary versus revision procedures. Gait and Posture 19, 298-304.

Chen, G., 2006. Induced acceleration contributions to locomotion dynamics are not
physically well defined. Gait and Posture 23, 37-44.

DeLuca, P.A., Ounpuu, S., Davis, R.B., Walsh, ]J.H., 1998. Effect of hamstring and
psoas lengthening on pelvic tilt in patients with spastic diplegic cerebral palsy.
Journal of Pediatric Orthopaedics 18, 712-718.

Dorn, T.W.,, Lin, Y.C., Pandy, M.G., 2012. Estimates of muscle function in human
gait depend on how foot-ground contact is modelled. Computer Methods in
Biomechanics and Biomedical Engineering 15, 657-668.

Fregly, B.J., Zajac, F.E., 1996. A state-space analysis of mechanical energy genera-
tion, absorption, and transfer during pedaling. Journal of Biomechanics 29,
81-90.

Frigo, C., Pavan, E.E., Brunner, R., 2010. A dynamic model of quadriceps and
hamstrings function. Gait and Posture 31, 100-103.

Happee, R., 1994. Inverse dynamic optimization including muscular dynamics: a
new simulation method applied to goal directed movements. Journal of
Biomechanics 27, 953-960.



D.G. Thelen et al. / Journal of Biomechanics 46 (2013) 1255-1261 1261

Hernandez, A., Dhaher, Y., Thelen, D.G., 2008. In vivo measurement of dynamic
rectus femoris function at postures representative of early swing phase.
Journal of Biomechanics 41, 137-144.

Hernandez, A., Lenz, A.L, Thelen, D.G., 2010. Electrical stimulation of the rectus
femoris during pre-swing diminishes hip and knee flexion during the swing
phase of normal gait. IEEE Transactions on Neural Systems Rehabilitation
Engineering 18, 523-530.

Hoffinger, S.A., Rab, G.T., Abou-Ghaida, H., 1993. Hamstrings in cerebral palsy
crouch gait. Journal of Pediatric Orthopaedics 13, 722-726.

Hunter, B.V., Thelen, D.G., Dhaher, Y.Y., 2009. A three-dimensional biomechanical
evaluation of quadriceps and hamstrings function using electrical stimula-
tion. IEEE Transactions on Neural Systems Rehabilitation Engineering 17,
167-175.

Jonkers, 1., Stewart, C., Spaepen, A., 2003. The study of muscle action during single
support and swing phase of gait: clinical relevance of forward simulation
techniques. Gait and Posture 17, 97-105.

Kimmel, S.A., Schwartz, M.H., 2006. A baseline of dynamic muscle function during
gait. Gait and Posture 23, 211-221.

Lu, T.W., O’Connor, J.J., 1999. Bone position estimation from skin marker co-
ordinates using global optimisation with joint constraints. Journal of Biome-
chanics 32, 129-134.

Neptune, R.R,, Zajac, F.E., Kautz, S.A., 2004. Muscle force redistributes segmental
power for body progression during walking. Gait and Posture 19, 194-205.

Novacheck, T.F., Trost, J.P., Schwartz, M.H., 2002. Intramuscular psoas lengthening
improves dynamic hip function in children with cerebral palsy. Journal of
Pediatric Orthopaedics 22, 158-164.

Piazza, S.J., 2006. Muscle-driven forward dynamic simulations for the study of
normal and pathological gait. ]. Neuroengineering and Rehabilitation 3, 5.
Piazza, SJ., Delp, S.L., 1996. The influence of muscles on knee flexion during the

swing phase of gait. Journal of Biomechanics 29, 723-733.

Piazza, SJ., Erdemir, A., Okita, N., Cavanagh, P.R., 2004. Assessment of the
functional method of hip joint center location subject to reduced range of
hip motion. Journal of Biomechanics 37, 349-356.

Remy, C.D., Thelen, D.G., 2009. Optimal estimation of dynamically consistent
kinematics and kinetics for forward dynamic simulation of gait. Journal of
Biomechanical Engineering 131, 031005.

Rodda, J., Graham, H.K,, 2001. Classification of gait patterns in spastic hemiplegia
and spastic diplegia: a basis for a management algorithm. European Journal of
Neurology 8 (Suppl. 5), 98-108.

Steele, K.M., Seth, A., Hicks, ].L., Schwartz, M.S., Delp, S.L., 2010. Muscle contribu-
tions to support and progression during single-limb stance in crouch gait.
Journal of Biomechanics 43, 2099-2105.

Stewart, C., Postans, N., Schwartz, M.H., Rozumalski, A., Roberts, A., 2007. An
exploration of the function of the triceps surae during normal gait using
functional electrical stimulation. Gait and Posture 26, 482-488.

Stewart, C., Postans, N., Schwartz, M.H., Rozumalski, A., Roberts, A.P., 2008. An
investigation of the action of the hamstring muscles during standing in crouch
using functional electrical stimulation (FES). Gait and Posture 28, 372-377.

Sutherland, D.H., Davids, J.R,, 1993. Common gait abnormalities of the knee in
cerebral palsy. Clinical Orthopaedics and Related Research, 139-147.

Thelen, D.G., 2003. Adjustment of muscle mechanics model parameters to
simulate dynamic contractions in older adults. Journal of Biomechanical
Engineering 125, 70-77.

Thelen, D.G., Anderson, F.C., 2006. Using computed muscle control to generate
forward dynamic simulations of human walking from experimental data.
Journal of Biomechanics 39, 1107-1115.

Zajac, F.E., Gordon, M.E., 1989. Determining muscle’s force and action in multi-
articular movement. Exercise and Sport Sciences Reviews 17, 187-230.

Zajac, F.E., Neptune, R.R,, Kautz, S.A., 2002. Biomechanics and muscle coordination
of human walking part I: introduction to concepts, power transfer, dynamics
and simulations. Gait and Posture 16, 215-232.



	Empirical assessment of dynamic hamstring function during human walking
	Introduction
	Methods
	Experimental methodology overview
	Electrical stimulation synchronized to the gait cycle
	Kinematics analysis
	Muscle activity
	Forward dynamic simulations of gait

	Results
	Measurements of hamstring function
	Model predictions of hamstring function
	Muscle activities

	Discussion
	Conflict of interest
	Acknowledgments
	References




