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This study compared lower-limb muscle function, defined as the contributions of muscles to center-of-mass support and braking,
during a single-leg hopping task in anterior cruciate ligament-reconstructed (ACLR) individuals and uninjured controls. In total,
65 ACLR individuals and 32 controls underwent a standardized anticipated single-leg forward hop. Kinematics and ground
reaction force data were input into musculoskeletal models to calculate muscle forces and to quantify muscle function by
decomposing the vertical (support) and fore-aft (braking) ground reaction force components into contributions by individual
lower-limb muscles. Four major muscles, the vasti, soleus, gluteus medius, and gluteus maximus, were primarily involved in
support and braking in both ACLR and uninjured groups. However, although the ACLR group demonstrated lower peak forces
for these muscles (all Ps < .001, except gluteus maximus, P = .767), magnitude differences in these muscles’ contributions to
support and braking were not significant. ACLR individuals demonstrated higher erector spinae (P = .012) and hamstrings forces
(P = .085) to maintain a straighter, stiffer landing posture with more forward lumbar flexion. This altered landing posture may
have enabled the ACLR group to achieve similar muscle function to controls, despite muscle force deficits. Our findings may
benefit rehabilitation and the development of interventions to enable faster and safer return to sport.
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Anterior cruciate ligament (ACL) rupture is one of the most
common and serious injuries occurring in competitive sports.1 Despite
advancements in reconstructive surgery and rehabilitative practices,
only 65% of ACL-reconstructed (ACLR) individuals return to pre-
injury levels of competitive sport.2 Increasing the rate of postsurgery
participation in sport represents a challenge to rehabilitation research
and may be garnered through improvements in clinical assessment.

The single-leg hop for distance is a well-studied and routinely
employed task in the functional evaluation of ACLR individuals.3

Landing from a single-leg hop demands a highly specific neuro-
muscular control strategy to arrest forward momentum of the body
center of mass while preventing the stance limb from collapsing
under the body’s weight,4,5 known as center-of-mass braking
and support, respectively. During landing, individuals with ACLR
have shown considerable biomechanical adaptations at the trunk,
hip, knee, and ankle.4,6–8 In particular, reduced peak knee flexion
angle,6 reduced peak knee extension torque,7 and greater trunk
flexion8 compared with controls have been reported. Neuromuscu-
lar changes, such as quadriceps force deficits and activation failure,
are common in individuals with ACLR.9,10 Furthermore, adapta-
tions have been observed, such as elevated levels of quadriceps–
hamstrings muscle co-contractions to increase joint stiffness,11,12

which may stabilize the knee and help prevent injury.13,14

Due to dynamic coupling, localized changes in kinematics and
muscle forces can influence sagittal-plane control of the body
center of mass15 and therefore the successful performance of the
landing task. As far as we are aware, quantification of muscular
performance in arresting center of mass motion during landing in
single-leg hopping tasks has not yet been undertaken in uninjured
individuals; hence, the subsequent impact of ACLR-specific adapta-
tions is unknown. As the ground reaction force (GRF) represents a
close approximation to the resultant force acting on the center of mass
in many tasks, from Newton’s Second Law of Motion (resultant
force =mass × acceleration), the GRF can be used to directly char-
acterize the resultant center-of-mass accelerations. Thus, by decom-
posing theGRF into contributions by individual muscles, gravity, and
inertia,16,17 it is possible to quantify the muscular contributions to the
spatiotemporal coordination of the center of mass—one definition of
“muscle function16”—during dynamic activities. Understanding how
muscle function differs between uninjured and ACLR individuals
may help guide rehabilitation and the development of novel inter-
ventions to enable faster and safer return to sport.

Muscles are the largest contributors to the GRF,16 and gait
studies of healthy individuals have shown that each muscle of the
lower limb contributes to center-of-mass modulation in a highly
coordinated and predictable way.16,18,19 In walking, the gluteus
maximus, gluteus medius, vasti, soleus, and gastrocnemius are the
key muscles responsible for vertical support16 and forward pro-
gression19 of the center of mass. Subsequent analyses of running20

and stair ambulation21 have shown that the pattern of muscle
contributions to GRF, that is, timing, direction, and magnitude,
is highly specific to the task undertaken, and that musculoskeletal
pathologies can alter these coordination patterns.22,23

The aims of this study were 2-fold: (1) to quantify muscle
function during landing in a standardized single-leg hopping task
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for uninjured individuals and therefore to identify which muscles
were most important in modulation of the center of mass during this
task, and (2) to compare muscle function in ACLR individuals
undertaking the same hop-landing task with those of the uninjured
controls. We hypothesized that (1) gluteus maximus, gluteus medius,
vasti, soleus, and gastrocnemius would be the primary muscles for
support and braking in hop landings, but that their coordination
patterns would necessarily differ from those found for other tasks, and
(2) ACLR individuals would demonstrate diminished contribu-
tions to support and braking from the vasti due to quadriceps force
deficits, but elevated contributions from the gluteus maximus,
gluteus medius, soleus, and gastrocnemius as compensation.

Methods
Participant Recruitment

Previously reported experimental data for 65 ACLR individuals and
32 uninjured controls were used for this study24 with participant
characteristics provided in Table 1. Ethical approval (ID: 1136167)
for the study was provided by the Behavioural and Social Sciences
Human Ethics subcommittee at the University of Melbourne, and all
participants provided written informed consent. ACLR individuals
had undergone single-bundle primary ACLR surgery performed by
one of 2 experienced orthopedic surgeons using ipsilateral semi-
tendinosus–gracilis tendon graft 12 to 24 months prior to testing.
Eligible individuals were aged between 18 and 50 years at the time
of surgery, participating in physical activity 1 to 3 times per week.

Control participants were physically active (1–3 times per week) and
had no history of hip, knee, or ankle injury. Functional performance
was quantified with a single-leg hop-for-distance test prior to
undertaking the main hopping task. Physical activity level and
patient-reported knee function were quantified with the Tegner
Activity Scale25 and the Cincinnati Knee Rating Scale.26

Experiments and Data Collection

Each participant completed 5 trials of an anticipated, submaximal
effort, single-leg forward hop task.27 For convenience of data
collection and to reduce burden on participants, only the ACLR
limb was assessed. Participants walked forward 3 steps at a cadence
of 100 beats per minute in time with a metronome to standardize
center-of-mass velocity prior to landing. The participant then
performed a single forward hop, taking off, and landing with the
same leg. ACLR individuals performed the hop on their affected leg
while controls used their right leg only. The distance each participant
was required to hop was standardized to be equal to the participant’s
leg length. The specific take-off and landing points for each participant
were marked on the floor using colored tape. Participants were
barefoot and folded their arms across their chest throughout the
task. Landings were defined as successful if participants were able
to land on their mark and maintain balance after landing without
shuffling, moving their arms or touching the ground with their
contralateral leg. The trial was deemed valid if balancewasmaintained
for at least 2 seconds after foot strike. Previous testing in our laboratory
found the kinematic and kinetic variables derived from this task to be
highly reliable (ICC3,3: .76–.96).27

For each participant, 40 retroreflective markers were placed
on specific anatomical landmarks on the torso, pelvis, and both
lower limbs using the protocol of Schache and Baker.28 Prior to
undertaking the single-leg hop trials, a static standing trial was first
recorded to determine anatomical measurements for subsequent
musculoskeletal modeling. The single-leg hop trials were then
undertaken as described above. The spatial trajectories of the
retroreflective markers were collected using a 12-camera Vicon
motion analysis system (Oxford Metrics, Oxford, United Kingdom)
at 120 Hz. The 3-dimensional GRF was recorded using a single
force plate (AMTI, Watertown, MA). Kinematic and GRF data were
filtered at 15 Hz using a fourth-order, zero-lag, recursive Butterworth
filter. Electromyographic (EMG) data were collected at 2400 Hz
using Noraxon and silver/silver-chloride surface electrodes (Myo-
tronics, Kent, WA), placed over the bellies of the vastus lateralis,
vastus medialis, rectus femoris, lateral and medial hamstrings,
gluteus medius, and medial gastrocnemius of the ACLR individuals.
EMG data were not collected for controls. To facilitate qualitative
comparison with modeled muscle forces, for each trial, EMG data
for each muscle were de-trended, de-spiked, full-wave rectified, and
then normalized to the peak value of the waveform.

Musculoskeletal Modeling

Amusculoskeletal modeling pipeline was implemented using Open-
Sim29 and MATLAB (The MathWorks Inc, MA). For each subject,
a generic 3-dimensional 23-degree-of-freedom 92-muscle whole-
bodymodel was scaled based on anthropometricmeasurements from
the static trial.29 The hips were modeled as ball joints, while knees,
ankles, and subtalar joints were modeled as hinge joints. The head,
arms, and torso were lumped into a single body that articulated with
the pelvis via a ball joint. The metatarsophalangeal joints, modeled
as hinge joints, were locked at their reference position.

Table 1 Participant Characteristics for ACLR and
Control Groups

Quantity
ACLR
(n = 65)

Control
(n = 32) P

Age, y 28.2 (6.4) 25.2 (4.8) .022

Sex,a females 24 (37%) 17 (53%) .129

Height, m 1.76 (0.1) 1.70 (0.1) .010

Body mass, kg 78.6 (14.7) 68.0 (11.4) .001

Body mass index, kg/m2 25.4 (3.3) 23.3 (2.7) .003

Time between injury and
ACLR,b mo

3 (4.2) – –

Time between ACLR and
assessment,b mo

18 (3.0) – –

Level I/II sports participation
at testing timea

45 (69%) 22 (72%) .801

Limb dominance,a right leg 32 (49%) 19 (59%) .336

Tegner Activity Scale, /10 6.0 (1.8) 5.8 (2.1) .675

Cincinnati Knee Rating
Scale,b,c %

86.5 (12.5) 100.0 (0.0) <.001

Single-leg hop-for-distance
score,b,c %

96.0 (12.1) 101.7 (6.5) <.001

Time of peak knee
flexion angle, s

0.16 0.15 .090

Distance hopped, m 0.88 (0.06) 0.85 (0.06) .047

Abbreviation: ACLR, anterior cruciate ligament reconstruction.
Note: Unless indicated otherwise below, values are presented as mean (SD) with
P values calculated using Student t tests at a significance level of α = .05.
Statistically significant group differences are presented in italics.
aValues presented as number of subjects (% of subjects), groups compared
with chi-square tests. bValues presented as median (interquartile range). cGroups
compared using Mann–Whitney U tests.
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For each trial, inverse kinematics was used to calculate joint
angles by minimizing the sum of squares of the distances between
virtual markers on the model and measured marker trajectories.30

Joint torques were calculated using inverse dynamics. Static opti-
mization was used to estimate muscle forces by minimizing the
sum of squares of activations subject to constraints imposed by
each muscle’s force–length–velocity characteristics.31

Muscle function was quantified using a form of induced
accelerations analysis. Briefly, the vertical and fore-aft components
of the GRF were decomposed into contributions by muscles, gravity,
and inertia using a pseudoinverse-based approach, for which a full
mathematical treatment and validation is provided by Lin et al.17

Briefly, to represent the distributed GRF on the foot, 5 foot-ground
contact points were defined on the foot segment of the model. At each
time step, each foot-ground contact point was assigned a weight
indicating if they were fully constrained (1), unconstrained (0), or
partially constrained (between 0 and 1), from the instantaneous phase
of ground contact and the location of the GRF center of pressure.

Individual muscle forces, gravitational forces, and inertial
forces were successively applied to the model in isolation, and
the force induced at each foot-ground contact point as well as the
induced joint accelerations were simultaneously calculated. Spe-
cifically, at each time step, for each muscle in the model (or
gravitational forces, or inertial forces), an overdetermined system
of equations was constructed,17 with general form:

~W

2
4 M −E
W · N 0

0 I

3
5� q

::α

fα

�
= ~W

8<
:

Fα

W · Z
0

9=
; (1)

where α is the current muscle (or gravitational forces, or inertial
forces) of interest, ~W is a matrix of constraint weights, W is a
matrix of weights between 0 and 1 for each foot-ground contact
points as described above, N and Z are matrices of coefficients
associated with the accelerations of the foot-ground contact points,
M is the systemmass matrix,E is a matrix of partial velocities, Fα is

the applied muscle force (or gravitational forces, or inertial forces),
q
::α and fα are, respectively, the vectors of unknown generalized
accelerations and GRFs at each foot-ground contact point induced
by α. Rewriting Equation 1 more succinctly:

A
�
q
::α

fα

�
= b: (2)

The Moore–Penrose pseudoinverse was then used to find a least-
squares approximation for the unknown-induced accelerations and
forces on the foot-ground contact points from the overdetermined
system of equations given by Equation 2:�

q
::α

fα

�
= Aþb, (3)

where A+ is the Moore–Penrose pseudoinverse of A.

Data Analysis

The vertical and fore-aft components of the GRF were defined as
support and braking, respectively. For each valid trial, temporal
data were trimmed to 2 seconds, the minimum time allowed to
successfully complete a landing, and defined as the total time to
stabilization. The landing phase was defined as the time period
from foot strike to peak knee flexion angle. All subsequent time
until 2 seconds elapsed was defined as the stabilization phase.
Quadriceps–hamstrings co-contraction levels were quantified by
calculating the co-contraction index in both groups using a modi-
fied form of the equation provided by Rudolph et al32:

CCIi =
lower ai
higher ai

× ðlower ai þ higher aiÞ, (4)

where CCIi is the quadriceps–hamstrings co-contraction index at
time step I, lower ai and higher ai are the instantaneous activation
levels (between 0 and 1) of the less-activated muscle
and more-activated muscle, respectively. We calculated (1) the

Figure 1 — Mean and SD for joint angles calculated for the ACLR (dashed line) and uninjured control (solid line) groups. The vertical dashed line
represents the approximate end of landing phase for both groups. Positive values represent hip flexion, hip adduction, knee flexion, ankle plantar flexion,
and lumbar flexion, respectively. ACLR indicates anterior cruciate ligament reconstruction.

(Ahead of Print)

Muscle Function in ACLR Hop Landing 3



co-contraction index at the time instant of peak vertical GRF,
(2) the average co-contraction index during the landing phase,
(3) the average co-contraction index during the stabilization phase,
and (4) the average co-contraction index for the entire landing task.

To compare muscle function between the groups, muscle
contributions to the GRF were normalized to body weights (BWs).
At the time instant of peak GRF, we also calculated the percentage
of contribution by each muscle to the total peak GRF. We under-
took this for each GRF component—fore-aft and vertical—
separately.

Means and SDs were calculated for participant characteristics,
joint angles, joint torques, muscle forces, and individual contribu-
tions to the GRF. Male–female ratio, sports participation level,
and limb dominance were compared with chi-square tests. Cin-
cinnati Knee Rating Scale and hop-for-distance scores, which were
positively skewed, were compared with Mann–Whitney U tests.
Differences between the control and ACLR groups for participant
characteristics and the peak values of kinematics, joint torques,
muscle forces, co-contraction index, and normalized contributions
to GRF were compared using Student t tests. Significance levels
were set at α = .05 for all analyses.

Results
Anterior cruciate ligament-reconstructed individuals landed with
lower peak ankle dorsiflexion and peak knee flexion angle than did
uninjured controls, but their knees and hips were more flexed
through stabilization (Figure 1). ACLR individuals landed with
more forward lumbar flexion through both phases. Statistically
significant differences occurred for peak ankle dorsiflexion, knee
flexion, and lumbar flexion angles only (Table 2).

Statistically significant differences occurred at the peaks of all
reported joint torques (Table 2). The magnitudes of peak hip
flexion and lumbar flexion torques were higher in ACLR indivi-
duals throughout both phases, while all other reported peak torques
were lower in the ACLR group. Time histories of net joint torques
are provided as Supplementary Figure S1.

The pattern of ACLR muscle forces agreed well with the pattern
of EMG (Figure 2). Peak soleus, vasti, rectus femoris, and gluteus
medius muscle forces were significantly lower in the ACLR group
(Table 2). Peak gluteus maximus forces were slightly lower in the
ACLR group but not significantly different. Nevertheless, gluteus
maximus forces were higher in the ACLR group through the stabili-
zation phase (Figure 2). Hamstrings and erector spinae muscle forces
were higher in theACLRgroup throughout both phases, but only peak
erector spinae forces were significantly different (Table 2).

The ACLR group demonstrated significantly higher co-
contraction index at the time instant of peak vertical GRF, as
well as significantly higher time-averaged co-contraction index for
the landing phase, stabilization phase, and for the entire landing
task, compared with controls (Table 2).

The peak measured vertical and fore-aft GRF components
were not different between the control and ACLR groups when
normalized to BW (Table 3). In both groups, vasti, soleus, gluteus
maximus, and gluteus medius contributed positively to support,
while only vasti and soleus provided substantial braking force
through both landing and stabilization phases (Figure 3). Hamstrings
and gastrocnemius contributions were very small, while rectus
femoris and erector spinae muscles contributed almost nothing to
both components of the GRF (<0.01 BW). Gravity and inertial force
contributions to the GRFwere also virtually zero throughout landing
and are not considered further.

Group differences in the peak magnitude of muscle contribu-
tions to both support and braking were very small when normalized
to BW but some differences reached statistical significance
(Table 3). Specifically, the vasti, gluteus maximus, and hamstrings
contributions were significantly higher in the ACLR group for both
support and braking, but the magnitudes of differences were not
material. Similarly, between-group differences for the percentage
of contribution by individual muscles to both the peak fore-aft
and peak vertical GRF components were very small, although some
differences did reach statistical significance (Table 3).

Discussion
The objectives of this study were (1) to quantify muscle function
during landing in a standardized single-leg hopping task for
uninjured individuals and therefore to identify which muscles
were most important in modulation of the center of mass during
this task and (2) to compare muscle function in ACLR individuals

Table 2 Comparison of Mean Peak Values for Joint
Angles, Joint Torques, Muscle Forces, and Quadriceps–
Hamstrings Co-Contraction Index

Quantity Control ACLR P

Joint angles, deg

Hip flexion 38 (7) 38 (9) .733

Hip adduction −3 (5) −3 (5) .317

Knee flexion 63 (6) 58 (9) <.001

Ankle plantar flexion −24 (4) −21 (6) <.001

Lumbar flexion 15 (7) 19 (8) <.001

Joint torques, %BW*HT

Hip flexion −4.2 (2.0) −5.4 (2.1) <.001

Hip adduction 9.3 (1.8) 7.9 (2.0) <.001

Knee flexion −18.5 (2.8) −16.2 (3.3) <.001

Ankle plantar flexion 10.2 (3.2) 9.1 (2.8) <.001

Lumbar flexion −5.0 (2.6) −6.5 (3.0) <.001

Muscle forces, BW

Soleus 4.03 (1.19) 3.62 (1.04) <.001

Gastrocnemius 0.55 (0.34) 0.49 (0.27) .059

Vasti 5.49 (1.10) 5.10 (1.13) <.001

Rectus femoris 0.95 (0.74) 0.48 (0.48) <.001

Hamstrings 0.65 (0.48) 0.73 (0.49) .085

Gluteus maximus 1.40 (0.53) 1.38 (0.56) .767

Gluteus medius 3.50 (0.80) 2.91 (0.68) <.001

Erector spinae 1.32 (0.88) 1.54 (0.93) .012

Co-contraction index

At time of peak vertical GRF 0.28 (0.19) 0.37 (0.24) <.001

Average for landing phase 0.19 (0.07) 0.22 (0.08) .001

Average for stabilization phase 0.07 (0.04) 0.12 (0.10) <.001

Average for entire task 0.08 (0.04) 0.13 (0.09) <.001

Abbreviations: %BW*HT, percentage of body weight multiplied by subject
height; ACLR, anterior cruciate ligament reconstruction; BW, body weight;
GRF, ground reaction force. Note: Values presented as mean (SD). P values
calculated using Student t tests at a significance level of α = .05. Statistically
significant group differences are presented in italics. Co-contraction index is the
quadriceps–hamstrings co-contraction index as defined by Equation 4 in the
“Methods” section, which is itself based on that described by Rudolph et al.32
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undertaking the same hop-landing task with those of the uninjured
controls. Our hypotheses were both disproved: (1) only 4 of the
hypothesized 5 key muscles—vasti, soleus, gluteus medius, and
gluteus maximus—were important in center-of-mass modulation,
with the gastrocnemius contributing little; and (2) differences in
muscle function between ACLR and control groups were not
significant, despite some differences reaching statistical significance.

In both control and ACLR groups, we found that 4 major
uniarticular muscles were principally involved in controlling the
center of mass during both landing and stabilization phases: vasti,
soleus, gluteus medius, and gluteus maximus. Of these, the vasti was
the largest contributor to the sagittal-plane GRF throughout both the
landing and stabilization phases (about 38% of peak vertical GRF and
50% of peak fore-aft GRF in both uninjured and ACLR groups),
followed by the soleus (about 25% of peak vertical GRF and 32% of
peak fore-aft GRF in both groups). During landing, these 4 uni-
articular muscles of the lower limb acted eccentrically across the joints
they span to decelerate the body in the sagittal plane during the

landing phase,33 before acting concentrically to raise the center of
mass during the stabilization phase. In both phases, all 4muscles were
essential for support, while in braking, only the vasti and soleus
contributions were notable. Modeling studies of walking,16,19 run-
ning,20,34 and stair ambulation21 have shown that the same 4
uniarticular muscles identified in the present study—the vasti,
soleus, gluteus medius, and gluteus maximus—are also major
modulators of support and fore-aft progression in these tasks;
however, their relative contributions differ from hop landing. For
example, in running, although the vasti provides the most support
throughout stance, all 4 muscles play a roughly equal role in fore-aft
progression, with gluteus medius and gluteus maximus more domi-
nant in early stance, while the soleus dominates in late stance.20,34

Thus our findings reinforce the task dependency of muscle function
during dynamic activities.

The contributions to support and braking by the major biarti-
cular muscles of the lower limb—the gastrocnemius, hamstrings,
and rectus femoris—were of negligible magnitude in both groups.

Figure 2 — Mean and SD for the major lower-limb muscle forces calculated using static optimization for the ACLR (dashed line) and uninjured control
(solid line) groups. Mean peak-normalized EMG profiles for the ACLR group (thin gray) are presented for qualitative comparison with muscle forces.
EMG was not taken for controls. The vertical dashed line represents the approximate end of landing phase for both groups. ACLR indicates anterior
cruciate ligament reconstruction; BW, body weight; EMG, electromyography.
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In particular, the negligible contributions by the gastrocnemius are
notable, as this muscle plays a prominent role in support and progres-
sion during walking,16,19 running,20,34 and stair ambulation,21 where it
acts together with the soleus to generate large propulsive forces across
the ankle. Our finding of a lesser role of the gastrocnemius in hop
landing is supported by an EMG study of drop landing that found
diminished medial gastrocnemius activity immediately after impact.35

That study found that the gastrocnemius was in fact the most strongly
activated lower-limb muscle prior to foot strike,35 most likely to
increase ankle-joint stiffness in preparation for landing.36 However,
this large preactivation diminished rapidly after impact, with soleus
subsequently becoming more highly activated.35 Thus the gastrocne-
mius may be a more important muscle in preparing for and main-
taining a comfortable and protective landing posture, than support
and braking of the center of mass during landing tasks.

Overall, between-group differences in sagittal-plane muscle
function were not material (Figure 3 and Table 3) despite consid-
erable deficits in the peak muscle forces generated by the vasti,
soleus, gluteus medius, and gluteus maximus for the ACLR group
(Figure 2 and Table 2). All muscles contribute to the GRF through
dynamic coupling16 and the configuration of the lower limb is a
principal factor that determines how a torque produced by a muscle
acting across a joint induces accelerations elsewhere in the kinematic
chain.15 Thus, it is possible that the straighter and stiffer lower-limb
postural adaptation shown by ACLR individuals (Figure 1)—
primarily an adaptation to quadriceps weakness37 and a protective
mechanism for the knee14—may have a secondary benefit in
achieving similar center-of-mass modulation with reduced mus-
cle forces by allowing better transmission of muscle-induced joint
accelerations through the lower limb to the ground. Similar
kinematic adaptations that improve lower-limb muscle function
were previously described for gait in children with cerebral
palsy22 and adults with tibiofemoral osteoarthritis.23

Our findings suggest that the elevated hamstrings and erector
spinae muscle forces in the ACLR group were more likely to be
associated with altered postural demands, than with support and
braking. The hamstrings and erector spinae muscle forces were
higher in the ACLR group than uninjured controls throughout both
landing and stabilization phases (Figure 2 and Table 2, significantly
different for the erector spinae only). Yet, the hamstrings and
erector spinae contributed very little to the sagittal-plane GRF in
both groups, therefore they played a minor role in overall center-of-
mass modulation. In our models, the larger erector spinae muscle
force was likely required to maintain greater forward lumbar
flexion in the ACLR group (Figure 2). Any associated induced
forward pelvic tilt could be constrained by activating the hip
extensors. Preferentially activating the hamstrings for this purpose
could, hypothetically, enable the gluteus maximus and gluteus
medius to be more usefully engaged in braking and support. In this
way, the elevated quadriceps–hamstrings co-contractions observed
in ACLR individuals in our present work and previous studies,11

understood to be a protective mechanism for the compromised
knee,5,14 may also be partially attributed to the altered postural
demands. Greater lumbar flexion angle throughout the landing task
(Figure 1) is an important adaptation in ACLR individuals, being
the primary postural mechanism by which lower-limb torque
demand is shifted away from the compromised knee.38 This also
ensures a lower center-of-mass height above ground to more reliably
achieve successful landings, by compensating for a straighter lower
limb which itself would tend to push the center-of-mass upward.37

Our findings have important clinical implications. A straighter
and stiffer landing posture likely comes at increased risk of reinjury.
Prilutsky and Zatsiorsky33 found that muscular coordination of all the
lower-limb muscles is important in dissipating impact energy. During
landing, the biarticular muscles transfer mechanical energy from distal
to proximal limbs, where it is dissipated through eccentric action of the

Table 3 Contributions of Muscles at the Time Instants Corresponding to Peak Values of Support (Vertical GRF) and
Braking (Fore-Aft GRF) for ACLR and Control Groups

Support (vertical GRF) Braking (fore-aft GRF)

Quantity Control ACLR P Control ACLR P

Contribution to peak GRF, BW

Total GRF 2.40 (0.45) 2.41 (0.36) .760 0.77 (0.17) 0.75 (0.13) .472

Gastrocnemius 0.08 (0.06) 0.09 (0.06) .081 0.02 (0.02) −0.02 (0.02) .825

Vasti 0.91 (0.34) 0.97 (0.27) .042 0.39 (0.10) 0.41 (0.11) .033

Hamstrings 0.03 (0.04) 0.05 (0.05) .003 −0.08 (0.04) −0.09 (0.04) .011

Gluteus maximus 0.31 (0.18) 0.34 (0.17) .034 0.03 (0.03) 0.04 (0.03) <.001

Gluteus medius 0.23 (0.12) 0.25 (0.13) .147 −0.03 (0.03) −0.03 (0.03) .758

Soleus 0.62 (0.40) 0.59 (0.40) .471 0.25 (0.10) 0.25 (0.10) .962

Proportion of peak GRF (% of total GRF)

Total GRF 100 100 – 100 100 –

Gastrocnemius 3 (3) 4 (3) .087 2 (2) 2 (2) .939

Vasti 38 (14) 40 (11) .072 52 (13) 56 (14) .007

Hamstrings 1 (2) 2 (2) .004 −11 (6) −12 (5) .003

Gluteus maximus 13 (8) 14 (7) .052 4 (4) 6 (5) <.001

Gluteus medius 10 (5) 10 (5) .208 −7 (4) −6 (4) .022

Soleus 26 (17) 25 (17) .460 32 (13) 33 (14) .726

Abbreviations: ACLR, anterior cruciate ligament reconstruction; BW, body weight; GRF, ground reaction force. Note: Values are presented as mean (SD). Contributions to
peak GRF are reported in units of BW. Proportion of peakGRF is reported as percentage of total peak GRF.P values calculated using Student t tests at a significance level of
α = .05. Statistically significant group differences are presented in italics. Positive values for support and braking represent forces directed upward and backward,
respectively. Rectus femoris and erector spinae contributions were almost zero throughout.
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uniarticular muscles.33 Thus a straighter, stiffer lower-limb landing
configuration may be less able to dissipate the energy of impact
through the muscles, instead directing it through the skeletal system.
Tsai and Powers12 found that this altered landing configuration
increased axial hip, knee, and ankle joint loading, with implications
for risk of ACL reinjury and future osteoarthritis. Thus, although
we found that muscle function in support and braking is relatively
unaffected by the altered lower-limb landing posture adopted by
ACLR individuals, a retraining approach that focuses on improving
overall kinematics to a more-flexed and less-stiff configuration may
benefit landing comfort and mitigate reinjury risk. Additionally, based
on our finding of larger vasti muscle forces in the uninjured group,
we can infer that when a more-flexed and less-stiff landing posture
is adopted, larger quadriceps forces may necessarily be required for
effective support and braking. This therefore reinforces the current
clinical focus on improving quadriceps strength, which has been
associated with greater knee flexion angles and torques during single-
leg landing tasks,39 as part of a post-ACLR rehabilitation program.

From our findings, we derive an important constraint on the
use of the GRF decomposition for quantifying muscle function.
Since the GRF represents the body’s interaction with its environ-
ment, GRF decomposition can therefore naturally only identify
muscles that modulate interaction with the environment, but not
muscles that modulate internal phenomena, such as posture. Other

forms of analysis, such as muscle-induced joint/segment motion40

or simply inspecting results (as in our present study), may be
required to better quantify and explain these internal phenomena.

This study has some limitations. First, due to the cross-
sectional study design, it was not possible to determine whether
muscle force deficits resulted from ACL injury and/or surgery, or
were preexisting; and whether these deficits are prospectively
associated with knee function or sports participation. In addition,
we did not exclude individuals with full-thickness chondral lesions
or meniscal pathology and, as such, the relationship between
concomitant chondral or meniscal injuries and muscle force deficits
is unclear. Second, by implementing a hinge knee in our models, we
did not include the effects of anteroposterior knee-joint laxity in our
muscle force calculations. Knee-joint laxity is an important clinical
feature in some ACLR individuals,41 which may influence the level
of coactivity in the knee-spanning muscles. Thus, although our
models predicted increased quadriceps–hamstrings co-contraction in
the ACLR group (Table 2), we would expect this level of co-
contraction to be underestimated. Underestimation of co-contraction
may also be partially attributed to our use of static optimization to
calculate muscle forces. Nevertheless, static optimization produced
patterns of muscle forces in the ACLR group that agreed well with
measured EMG (Figure 2), and in the uninjured group, muscle forces
agreed with bothmuscle forces and EMG reported for single-leg hop

Figure 3 — Pattern of contributions by the major knee-spanning muscles (top row) and non-knee-spanning muscles (bottom row) of the lower limb to
support (left) and braking (right) for the ACLR (dashed line) and uninjured control (solid line) groups. The vertical dashed line represents the approximate
end of landing phase for both groups. Positive values for support and braking represent forces directed upward and backward, respectively. Rectus femoris
and erector spinae contributions were almost zero throughout. ACLR indicates anterior cruciate ligament reconstruction; BW, body weight; GRF, ground
reaction force; GAS, gastrocnemius; GMAX, gluteus maximus; GMED, gluteus medius; HAMS, hamstrings; SOL, soleus; VAS, vasti.
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landings by Mokhtarzadeh et al,42 and as well as drop landings by
Iida et al.35 Importantly, the study by Mokhtarzadeh et al42 estab-
lished that static optimization is a valid and robust technique for
estimatingmuscle forces during the landing phase of a single-leg hop
task. Therefore, we are confident that the stated limitations in
muscle force calculations should not have significant impact on
our findings.

Four major muscles—the vasti, soleus, gluteus medius, and
gluteus maximus—were principally involved in support and brak-
ing during single-leg hop landing. Both groups achieved similar
muscle function despite force deficits in these 4 muscles in the
ACLR group. Postural adaptations in the ACLR group required
more hamstrings and erector spinae activity, but these muscles did
not impact center-of-mass modulation. Our findings provide a new
perspective on understanding the complex neuromuscular interac-
tions in biomechanical tasks associated with the evaluation of
ACLR individuals for a successful return to sport.
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