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ABSTRACT

The aim of this study was to establish alterations in vertical and lower-limb joint stiffness following
anterior cruciate ligament reconstruction (ACLR). 127 male patients 8-10 months post-ACLR and 45 non-
injured controls performed unilateral and bilateral drop jumps, and cutting, while ground reaction forces
(GRFs) and 3D kinematics were recorded. Stiffness and changes in vertical GRF were lower in ACLR
patients during bilateral drop jumps compared to non-injured controls. ACLR patients also displayed
lower knee stiffness in the bilateral drop jumps (d=-0.91, p <0.001 and d = 0.53, p < 0.001, respectively)
and cutting (d=-0.85, p < 0.001 and d =0.19, p=0.040, respectively). In the unilateral drop jump, there
were no differences in ankle, knee, or hip stiffness between groups, yet ACLR patients displayed smaller
changes in knee moments (d=-0.63, p < 0.001) and decreased knee range of motion (d=0.44, p=0.013).
During the bilateral drop jump, ACLR patients displayed lower ankle stiffness (d=0.46, p=0.003) and
smaller ankle moment changes (d=0.48, p=0.006), compared to controls. Hence, joint level analysis
provides practitioners with a more detailed insight into an athlete’s movement strategy following
ACLR than whole body analysis. Range of motion, change in moment, and stiffness of the knee joint
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especially, can help practitioners to assess fitness for return-to-sport in ACLR patients.

Introduction

Following an anterior cruciate ligament (ACL) rupture, multi-
directional field sport athletes aiming to return to their
preinjury level of sport typically undergo ACL reconstruction
(ACLR) surgery. Even after an extensive course of rehabilita-
tion to restore the function of the knee following ACLR
surgery, alterations in lower limb joint kinematics and
kinetics can still be observed in movements included in
return to sports (RTS) assessments, which may contribute
to an increase in subsequent ACL injury risk (Jones et al,
2022 Johnston et al., 2018; Paterno et al.,, 2012). Differences
in kinematics and kinetics have been found 9 months post-
ACLR during bilateral and unilateral drop jumps and
planned 90° cutting tasks in the ACLR limb, compared to
both the healthy limb and non-injured controls (Gokeler
et al, 2010, King et al, 2018a; King et al., 2018b; King
et al, 2019).

Vertical stiffness has been shown to be lower in athletes
who went on to sustain a contralateral ACL injury within 2
years compared to those that did not (King et al., 2021).
Hence, vertical stiffness may be a risk factor for ACL injury.
Vertical stiffness is the resistance of the body to undergo
vertical displacement when a ground reaction force (GRF) is
applied (Butler et al., 2003). Therefore, a larger vertical dis-
placement of the body’s centre of mass (CoM) and/or
a smaller GRF results in a lower vertical stiffness. Following

ACLR, a greater joint motion (resulting in larger vertical CoM
displacement) may indicate reduced dynamic joint stability,
which could increase the risk of injuries to soft-tissues, such
as the ACL (Shelbourne et al., 2022; Williams et al., 2001,
2004). Additionally, smaller vertical GRFs have been found in
the ACLR limb compared to the uninvolved limb and non-
injured controls (Paterno et al., 2007, 2011). Smaller peak
vertical GRFs have been associated with heightened co-
activation of the quadriceps and hamstrings (Blackburn
et al, 2019). Following ACLR, it has been proposed that
this heightened co-activation may be a compensatory
motor strategy to alleviate perceived instability (Rudolph
et al, 2001) and may imply the athlete is not ready to
RTS. Larger vertical CoM displacements and smaller GRFs
would result in lower vertical stiffness in ACLR patients,
which may contribute to an increased risk of second ACL
injury. Given that vertical stiffness is partly regulated by
modifying lower limb joint stiffness, primarily in the sagittal
plane (Serpell et al., 2012; Serpell et al., 2016), joint level
analysis may provide practitioners with a more accurate
insight of an athlete’s ACL injury risk as opposed to whole-
body analysis.

The stiffness of a joint is influenced by the interaction
between joint moments and range of motion (RoM) (Davis
et al,, 1996; Dixon et al., 2010). Underlying this, joint stiffness
is modulated through various neuromuscular and kinematic
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factors, including muscle strength (Oh & Lee, 2022), muscle (co-
)activation strategies (Kosaka et al., 2023; Verheul et al.,, 2017),
ability to rapidly produce joint moments (Brightwell et al.,
2023), and kinematic movement strategies (Padua et al.,,
2005). Rather than investigating joint stiffness itself, previous
research has primarily focused on the individual components
for calculating joint stiffness (i.e., joint moments and RoM) that
may be altered following ACLR. Compared to non-injured con-
trols, ACLR patients have been found to have greater ankle RoM
throughout the braking phase of a drop landing (Decker et al.,
2002) as well as lower mean sagittal plane ankle and knee
moments, and higher hip moments during a bilateral vertical
drop jump (Brightwell et al., 2023; Mueske et al., 2018). This
would result in ACLR patients displaying lower ankle and knee
stiffness and higher hip stiffness compared to non-injured con-
trols. Therefore, differences in ankle, knee and hip stiffness may
be important variables for practitioners to measure in RTS
assessments.

A clearer understanding of how vertical- and lower limb
joint-stiffness interact and differ in post-ACLR athletes in move-
ments typically performed in RTS assessments (a bilateral and
unilateral drop jump and a cut) may help practitioners identify
the readiness of athletes to RTS and potentially identify deficits
that should be targeted earlier and more consistently through-
out rehabilitation. Therefore, the first aim of this study was to
investigate differences in vertical stiffness between ACLR
patients and non-injured controls. The second aim was to
examine how ankle, knee, and hip stiffness differ between
ACLR patients and non-injured controls. It was hypothesised
that (1) ACLR patients would display lower vertical stiffness, (2)
ACLR patients would demonstrate lower sagittal plane ankle
and knee moments and higher ankle RoM and hip moments
compared to non-injured controls, resulting in ACLR patients
displaying lower ankle and knee stiffness and higher hip
stiffness.

Methods
Participants and experimental procedure

A total of 172 male multidirectional field-sport athletes (e.g., foot-
ball, rugby) participated in the study. Participants included 127
ACLR patients (height: 1.81 £ 0.06 m; mass: 82.7 £ 9.3 kg) and 45
non-injured controls (height: 1.82 +£ 0.07 m; mass: 81.4 +7.8kg).
Participation criteria for ACLR patients were that athletes had to
be aged between 18 and 35years, had undergone either
a hamstring graft (semitendinosus and gracilis tendons) or
a bone patellar tendon bone graft from the ipsilateral side, had
to be between 8 and 10 months post-surgery at the time of
testing, and had to have stated an aim to return to their pre-
injury level of sporting participation after surgery. All ACLR
patients underwent guided rehabilitation with their locally
referred physiotherapist and were reviewed by their orthopaedic
surgeons at 2 weeks, 3 months, and 6-9 months after surgery.
Controls had to be aged between 18 and 35 years, have never
had a previous ACL injury or other knee injury which required
surgery, or a lower limb injury within 12 weeks of testing. The
control group was matched to the ACLR cohort on limb
dominance.

All participants visited the laboratory once, completing
three movement tasks as part of a clinical testing battery:
a bilateral drop jump (from 30 cm box), a unilateral drop jump
(from 20 cm box) and a maximal effort 90° pre-planned cut. The
drop jumps and cut were performed in line with previously
described protocols (King et al., 2018a; King et al., 2018b).
Briefly, for the drop jumps participants placed their hands on
their hips and were instructed to step from a box and upon
hitting the ground, to jump as high as they could, whilst
spending as little time as possible on the force plate. For the
bilateral drop jumps, participants started with their feet
approximately hip width apart and landed with one foot on
each of the force plates (King et al., 2018b). For the pre-planned
cut, participants were required to start at a distance of 5 m from
the force plates, run as quickly as possible towards the force
plates, cutting either left or right at a 90° angle whilst planting
their contralateral foot on the force plate, and then to accel-
erate away after changing direction (King et al., 2018a).
Participants completed two submaximal practice trials of each
movement before trials were recorded. A 30-second recovery
was provided between trials. Three valid attempts (maximal
effort and full foot contact on force platform) were recorded
for each limb. Ethical approval was obtained from the Sports
Surgery Clinic, Dublin Hospital Ethics Committee (approval
reference code: 25-AFM-010) and each athlete provided written
informed consent prior to participating.

Biomechanical data collection

Kinetic and kinematic data were collected using an eight-
camera motion capture system (200 hz; Vicon Motion Systems
Ltd), synchronised with two force platforms (1000 hz;
BP400600, AMTI) recording 24 reflective markers (14-mm dia-
meter) and GRFs, respectively. Reflective markers were secured
to the body with tape based on a modified Plug-in-Gait marker
set in which the head and arm markers were removed and the
trunk segment was modelled as a single upper body combined
segment (Marshall et al., 2014). The modified Plug-in-Gait
model was used to determine kinematics and kinetics. Only
data collected from the sagittal plane during the braking
phase for the first landing in the bilateral and unilateral drop
jumps, and for the 90° pre-planned cut, and from the operated
limb of the ACLR group were analysed. The limb selected for
analysis in the control group was block randomised based on
the ratio of dominant to non-dominant limb ACLRs.

Data analysis

The braking phase was defined as the time between initial
contact (the frame vertical GRF exceeded 20 N) to the frame
preceding the lowest vertical CoM displacement. All data were
processed using Vicon Nexus software (Vicon 2.10.0, Oxford
Metrics). Motion and force data were low-pass filtered using
a fourth-order zero-lag Butterworth filter with a cut-off fre-
quency of 15 hz (Kristianslund et al., 2012). Kinematic and
kinetic analyses were carried out in MATLAB (R2019b;
MathWork, Inc). Standard inverse dynamics procedures were
used to calculate net internal joint moments at the ankle, knee
and hip joints in the sagittal plane and the instantaneous body



CoM position was estimated based on Dempster’'s segment
inertial properties (Dempster, 1955). The GRFs and joint
moments were normalised to body mass. Change in vertical
GRF and vertical CoM displacement were calculated as the
magnitude of change from initial contact to lowest vertical
CoM displacement. Vertical stiffness was calculated as ratio of
change in GRF to vertical CoM displacement. Change in sagittal
plane ankle, knee, and hip joint moments, and joint RoM were
calculated as the magnitude of change from initial contact to
lowest vertical CoM displacement. Joint stiffness was deter-
mined as the ratio of change in sagittal plane joint moments
to joint RoM.

Statistical analysis

Means £ SD of all three trials for each participant were com-
puted. For statistical analysis, the Kolmogorov-Smirnov test
and Levene’s test were used to test for normality and homoge-
neity of variance, respectively, for all variables in each condition
between groups. A Mann-Whitney test was performed for vari-
ables that were found to violate the assumptions of normality
and homogeneity of variance, and an independent samples
t-test was performed otherwise. Cohen’s d standardised effect
size was calculated and interpreted as negligible (d < 0.2), small
(0.2 £ d<0.5), medium (0.5 < d < 0.8), and large (d = 0.8) (Cohen,
2013). Statistical analysis was performed using SPSS Statistics
(SPSS 27, IBM). The level of significance was set at p < 0.05.

Results
Bilateral drop jump

The ACLR patients displayed lower vertical stiffness (p =0.012,
d=0.44; Figure 1(c)), and smaller knee and ankle stiffness
(p<0.001, d=0.53 and p=0.003, d=0.46, respectively;
Figure 2(c)) compared to controls. Additionally, the ACLR
patients demonstrated smaller changes in vertical GRFs
(p=0.001, d=0.61; Figure 1(b)) and smaller changes in knee
and ankle moments (p <0.001, d=-0.91 and p=0.006,
d =0.48, respectively; Figure 2(b)).

Unilateral drop jump

For the unilateral drop jump, the ACLR patients had smaller
magnitudes of change in knee moment (p <0.001, d =-0.63)
and decreased knee RoM (p=0.013, d=0.44) compared to
controls (Figure 2(e-f)).

Cut

During the cut, the ACLR patients had a lower knee stiffness (p
=0.040, d=0.19; Figure 2(i)) compared to controls.
Furthermore, the ACLR patients displayed a respective smaller
and greater change in knee (p < 0.001, d = —0.85) and ankle (p =
0.044, d = 0.38) moment than the controls (Figure 2(h)).
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Discussion and implications

The aim of this study was twofold. Firstly, to investigate differ-
ences in vertical stiffness between ACLR patients and non-
injured controls in RTS assessments. Secondly, to examine
how ankle, knee and hip stiffness differ between ACLR patients
and non-injured controls. It was hypothesised that (1) ACLR
patients would display lower vertical stiffness, (2) ACLR patients
would demonstrate lower sagittal plane ankle and knee
moments and higher ankle RoM and hip moments compared
to non-injured controls, resulting in ACLR patients displaying
lower ankle and knee stiffness and higher hip stiffness. The
results showed that in ACLR patients, vertical stiffness was
reduced during bilateral drop jumps, and that the range of
motion, change in moment, and stiffness of the knee joint
especially, were most prominently affected.

In partial support of the first hypothesis, vertical stiffness
was lower in ACLR patients during the bilateral drop jump due
to smaller changes in vertical GRFs. However, no differences
were observed between groups for change in vertical GRF or
vertical stiffness for either the unilateral drop jump or the cut.
This could imply that interlimb compensations have occurred
during the bilateral drop jump, whereas unilateral movements
(the unilateral drop jump and cut) do not allow for such com-
pensations. Unilateral landings are more challenging than bilat-
eral landings due to the narrower base of support and
increased muscle forces required to absorb the impact of land-
ing on only one lower limb (Pappas et al., 2007; Smith et al.,
2012) and provide a more specific assessment of each limbs
landing mechanics compared to bilateral landings. Intra-limb
compensations may have occurred in the unilateral move-
ments to reduce load on the reconstructed knee (Maestroni
et al., 2021). As such, unilateral movements may be more
appropriate to assess the landing mechanics of each lower
limb, and joint level analysis may offer practitioners a more
detailed insight into an athlete’s movement strategy than
a whole-body analysis.

In support of the second hypothesis, ACLR patients dis-
played smaller changes in knee moments during the braking
phase in all movements with medium to large effect sizes. This
aligns with previous research (King et al.,, 2018a; Lewek et al.,
2002; Schmitt et al,, 2015) and may negatively influence the
ability of the knee to adequately attenuate force. Smaller
changes in knee moments following ACLR likely indicate
a compensatory movement strategy to unload the knee joint,
which may be due to weakness in the knee extensor muscles
(e.g., quadriceps), decreased neuromuscular control, or reluc-
tance to bear weight on the reconstructed knee (Schmitt et al.,
2015). Persistent quadriceps weakness, reduced peak
moments, and the subsequent diminished ability to attenuate
load on the ACLR limb may form a particular factor of interest
for practitioners to identify increased risk of re-injury to the
knee joint for ACLR patients returning to sport (Brightwell et al.,
2023; Rice et al., 2010). However, quadriceps muscle strength is
typically targeted during conventional ACL rehabilitation pro-
grams. It is, therefore, unlikely that quadricep weakness alone is
the sole cause of the knee moment deficits observed in the
ACLR patients (Shi et al., 2019).
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Figure 1. Between group comparisons of the (a) vertical CoM displacement, (b) change in vertical GRF and (c) vertical stiffness for the bilateral drop jump, unilateral
drop jump, and 90° pre-planned cut. White bars represent ACLR patients. Grey bars represent non-injured controls. *p < 0.05. CoM = centre of mass; GRF = ground

reaction force; ACLR = anterior cruciate ligament reconstruction; A = change in.

Neuromuscular changes such as reduced knee extensor
muscle activation or increased knee flexor muscle co-
activation may also explain the smaller changes in knee
moments in ACLR patients (Gokeler et al., 2010; Smeets et al.,
2020). In ACLR patients, reduced peak quadriceps muscle activ-
ity and a delay in quadriceps muscle onset time have been
observed compared to non-injured controls, resulting in
decreased knee flexion moments (Burland et al, 2020).
Furthermore, increased co-activation of the hamstring muscles
may be a protective mechanism to limit anterior tibial transla-
tion and increase knee stability during dynamic tasks (Friemert
et al, 2010; Pamukoff et al., 2017). Conversely, a key aspect of
rehabilitation following ACLR is also focussed on restoring

hamstring function (Buckthorpe, 2019; Buckthorpe et al,
2020). A combination of reduced knee extensor strength and
activity and increased knee flexor co-activation likely results in
the smaller changes in ACLR patients in knee moments
observed in this study, which may contribute to an increase in
subsequent ACL injury risk. Additionally, imbalances in the
hamstring:quadricep strength ratio can elevate the risk of an
athlete sustaining a hamstring injury (Croisier et al., 2008).
Rehabilitation programmes predominantly focus on quadriceps
and hamstring strengthening exercises, suggesting these exer-
cises alone are ineffective at targeting biomechanical deficits
following ACLR. Practitioners should, therefore, also consider
strategies targeting neuromuscular deficits, such as using
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reconstruction.

motor learning strategies (e.g., differential learning (Gokeler
et al., 2019; Schéllhorn et al., 2012)) to improve quadricep
activation patterns (e.g., measured from electromyography or
using musculoskeletal modelling) that may allow ACLR patients
to more effectively attenuate the forces experienced when
landing. Variations of a bilateral drop jump (e.g., landing on
toes, keeping arms across chest when jumping, closing one
eye), changing the environment (e.g., performing the bilateral
drop jump in the dark or with noise from audience in a stadium)
and the athlete performing the exercise in a fatigued state are
just a few examples of how differential learning can be applied
to practicing a bilateral drop jump that may lead to the emer-
gence of more effective neural activity and movement strate-
gies to execute the task (Gokeler et al., 2019).

Due to smaller changes in knee moments, a lower knee stiff-
ness was found in the ACLR patients during the bilateral drop
jump (medium effect size) and cut (negligible effect size). A lower
knee stiffness in the ACLR patients may indicate a movement
strategy compensation to protect the involved limb or that insuf-
ficient rehabilitation has been undertaken. During the cut,
a significant but negligible effect size was reported, which war-
rants the need for further investigations into whether lower knee
stiffness is a compensatory strategy following ACLR or if it reflects
insufficient rehabilitation and should, therefore, be targeted ear-
lier and more consistently throughout rehabilitation. Although
this study was retrospective in nature, a prospective study may
provide better clarity on whether knee stiffness is a risk factor for
ACL injury. Conversely, during the unilateral drop jump, ACLR

patients displayed significantly smaller changes in knee moment,
as well as reduced knee RoM. Lower knee RoM during unilateral
rebounds are often referred to as stiffer landings (Johnston et al,
2018b), but our findings show joint level and vertical stiffness to
be unaffected. Characterising the type of landing using only knee
RoM, therefore, appears to be too simplistic and inaccurate. Thus,
using knee RoM to characterise landing stiffness should be
approached with caution.

Due to smaller changes in ankle moments during the bilat-
eral drop jump, a lower ankle stiffness was observed in the
ACLR patients compared to controls. This aligns with previous
research whereby ankle moments were lower in ACLR patients
compared to non-injured controls during a bilateral drop jump
(Mueske et al., 2018). Decreased ankle plantar flexor moments
may increase the demand of the knee extensor muscles to aid
with shock absorption (Shimokochi et al., 2009). Yet, in the
bilateral drop jump, lower internal knee extensor moments
were observed as well as reduced ankle plantar flexor moments
in the ACLR patients. This could potentially indicate that during
the bilateral drop jump the ACLR patients shifted the demand
of landing on to their uninvolved limb (interlimb compensa-
tion), which may increase their risk of sustaining a contralateral
ACL injury. This shift towards the uninvolved limb is supported
by recent evidence showing a reduced energy absorption abil-
ity in the ACLR knee during landing from a jump (Brightwell
et al., 2023). Future research may wish to consider comparing
lower limb joint moments between the ACL reconstructed limb
to the uninvolved limb to understand compensatory
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movement strategy adjustments in more detail. However, com-
paring the ACL reconstructed limb to the uninvolved limb
ignores the likelihood that bilateral deficits are present follow-
ing ACLR (Kline et al., 2015); thus, between limb comparisons,
post-ACLR should be interpreted with caution.

A limitation of this study was that joint stiffness was
defined using a simplistic model as the ratio of joint
moments to joint RoM (Farley et al., 1998), which fails to
account for multiple components within the multi-joint sys-
tem (e.g., degrees of freedom, tendons, ligaments, bones,
etc.). Joint stiffness is influenced by both active (e.g., mus-
cles) and passive (e.g., ligaments) elements (Dixon et al.,
2010; Wojtys et al., 2003). A combination of both passive
and active elements in similar proportions is required to
resist external loads. If active joint stiffness is reduced, how-
ever, a greater proportion of the load must be borne by
passive structures (Wojtys et al., 2003). Passive joint stiffness
can be measured using an isokinetic dynamometer.
Subtracting passive joint stiffness as a function of joint
angle from the total joint stiffness to obtain the active
joint stiffness, which is accounted for by muscular activity,
could be useful for practitioners to understand the differ-
ences in active and passive joint stiffness ratios in ACLR
patients that increase the load on the ACL, and thus, result-
ing in increased ACL injury risk. Secondly, a retrospective
cohort design was utilized in this study. Ideally,
a prospective cohort design should be used to quantify
differences in biomechanical variables that would more
accurately reflect injury risk factors. However, prospective
studies are time-consuming and expensive, with no certainty
that an injury will occur. Thirdly, the data in our study did
not allow for a detailed analysis of rehabilitation status and
its correlation with biomechanical characteristics. Although
the ACLR patients were all between 8 and 10 months post-
surgery, no specifics on, e.g., physical activity or acute/
chronic pain levels, were available. Future work may focus
on the biomechanical variables of interest determined in this
study, in relation to quantified rehabilitation parameters.
Finally, we did not account for the influence of graft type.
Lower knee flexion moments have been found in ACLR
patients who have undergone a bone patellar tendon bone
graft compared to a hamstring graft; however, both graft
types have lower knee flexion moments compared to con-
trols (Mueske et al., 2018). Whilst the magnitude of differ-
ences between ACLR patients and non-injured controls may
alter slightly if graft types are controlled for, the general
direction of the differences would be expected to remain
unchanged.

Conclusion

This study found that joint level analysis may offer practi-
tioners a better insight into an athlete’s movement strategies
during RTS assessments as opposed to whole body analysis.
The knee joint especially showed the strongest significant
effects across all movements and variables. Compared to
non-injured controls, ACLR patients displayed reduced knee
moments during all movements typically performed in prac-
titioner assessments of ACL injury risk. This resulted in lower

knee stiffness being observed during the bilateral drop jump
and cut. However, during the unilateral drop jump, there
were no differences between ACLR patients and controls in
knee stiffness as the ACLR patients displayed smaller changes
in knee moments as well as reduced knee RoM. Overall, these
findings highlight differences between ACLR patients and
non-injured controls in knee RoM, moment and stiffness.
These differences may be a safety mechanism employed to
reduce the risk of second ACL injury or a compensatory
strategy that may increase the risk of second injury. To
determine if knee RoM, moment and stiffness are associated
with ACL injury risk, future research should assess these
variables by means of a prospective study.
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