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A B S T R A C T

Inter-limb asymmetry in function or performance is an external measure used in sports science and medicine 
assessing readiness. How asymmetries propagate and affect internal joint loading is, however, poorly understood. 
This study presents the first investigation of asymmetries in ground reaction forces and knee joint reaction forces 
during a countermovement jump. Eleven uninjured male participants performed three countermovement jumps. 
Forces and motion were analysed in the Anybody Modelling System. Total resultant knee joint reaction force 
(KJRF[R]) was six times higher than the total resultant ground reaction force (GRF[R]) and the magnitude of the 
interlimb asymmetry was 6.6 times higher for KJRF[R] than GRF[R] indicating a significantly (p < 0.05) higher 
load in the joint structures of the dominant knee than the non-dominant knee. KJRF[AP] reached 1743 ± 556 
(877–2910) N in the posterior direction at a knee angle of 105◦, representing a load carried solely by the passive 
structures of the knee together with the articular contact surfaces. Even a small asymmetry determined through 
external measures such as GRF, therefore had a high impact on joint loading. Previously used thresholds (10 % 
deficit) for return to sport may therefore be questioned, and lower thresholds may be relevant to prevent injuries 
in the dominant limb.

1. Introduction

Inter-limb asymmetry in function or performance is an external 
measure used in sports science and medicine assessing readiness (Bishop 
et al., 2018; Helme et al., 2021; Parkinson et al., 2021). Asymmetries can 
be quantified in isometric and isokinetic tests (Marit Baste et al., 2015) 
and in dynamic functional tasks including squats, countermovement 
jumps (CMJ), drop jumps, hopping and change of direction tasks (Bishop 
et al., 2017). Isokinetic knee extension tests are often used to quantify a 
limb symmetry index (LSI) and an LSI in knee extension of 80–90 % is 
commonly used as a threshold required for return-to-sport after knee 
injuries, with asymmetries exceeding 10 % (LSI < 90 %) considered 
problematic (Marit Baste et al., 2015; Palmieri-Smith and Lepley, 2015; 
Undheim et al., 2015). Asymmetries are often attained through external 
measures (e.g. torque, force, distance and time) derived from field tests, 
force plates and/or dynamometers, which are accessible, non-invasive 

proxies for assessing biomechanical function. However, several key 
limitations and considerations must be addressed when interpreting 
asymmetries derived from external measures.

External forces such as ground reaction forces (GRF), propagate 
throughout the musculoskeletal system, affecting upstream joints such 
as the ankle, knee and hip. Reaction forces are created in all upstream 
joints to attain dynamic equilibrium in the musculoskeletal system. The 
integrity of the anatomical joint structures (e.g. tendons and ligaments) 
may be compromised depending upon how the body attains such a dy
namic equilibrium, potentially leading to injury. Injury aetiology is 
widely recognised as multifactorial (Bahr and Holme, 2003) and lower- 
limb asymmetries have been reported as one factor associated with 
injury risk in alpine skiing (Steidl-Müller et al., 2018) and soccer (Read 
et al., 2018). Notably, asymmetry has also been reported as a predictor 
of a second anterior cruciate ligament (ACL) injury following return to 
sport (Paterno et al., 2010). However, while several studies report 
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associations between asymmetry and injury risk, some researchers have 
questioned the strength and consistency of the evidence (Helme et al., 
2021; Maloney, 2019). Although a direct causal relationship may be 
difficult to establish due to the multifactorial nature of injury aetiology, 
uneven limb loading inevitably results in uneven tissue stress between 
sides.

The distinction between asymmetries found in external measures and 
the effect these have on joint biomechanics is relevant because small 
asymmetries in GRF may result in magnified asymmetries in joint re
action forces, with more relevant implications for injury risk and per
formance than external proxy loading measures.

Reinjury rates and contralateral knee injuries after returning to sport 
have previously been reported to range between 1–38 % for reinjury and 
2–30 % for contralateral knee injury depending on the study design and 
population sample (Noyes and Barber-Westin, 2019). The effectiveness 
and validity of the currently often applied ILS 10 % threshold deter
mined from external measures to assess readiness for return-to-sport 
after knee injuries may therefore be questioned. A better understand
ing of how external forces propagate through the musculoskeletal sys
tem and the effect this propagation has on joint biomechanics, would 
assist in improving the outcome of rehabilitation interventions. Joint 
reaction forces depend on all internal forces affecting the joint (i.e., from 
muscles, tendons, ligaments), which can be determined from direct 
measurement (Kelmers et al., 2023) or musculoskeletal modelling 
(Kinney et al., 2013).

Software applied in biomechanical research often provides pipelines 
to calculate a net joint force, without considering the internal forces that 
the definition of joint reaction force depends upon, most importantly 
muscles. The use of the net joint force in studies investigating joint 
loading may underestimate joint reaction forces and thus the risk of 
tissue failure (Vigotsky et al., 2019). Musculoskeletal modelling offers a 
non-invasive method to better understand how forces propagate within 
the musculoskeletal system and accounts for all internal forces affecting 
the joint (i.e., forces in muscles, tendons, ligaments) that enable the 
calculation of reaction forces, which can otherwise only be quantified 
with direct measurements (Fregly et al., 2012; Kinney et al., 2013). To 
the authors’ knowledge, the current study is the first to apply a 
musculoskeletal model when investigating inter-limb symmetry (ILS).

The aim of this study was to investigate how asymmetries in external 
forces affect joint reaction forces and potential asymmetries thereof by 
using a musculoskeletal model to facilitate an understanding of the ef
fect of lower limb external force asymmetries on knee joint loading.

It was hypothesised that differences in GRF between limbs signifi
cantly underestimate differences in knee joint reaction forces during 
countermovement jumps.

2. Materials and methods

2.1. Participants

Eleven highly trained male participants agreed to participate in the 
study. (Mean (SD) age 25.5 (4.0) years, height 1.82 (0.05) m, body mass 
91.2 (11.5) kg). All participants were uninjured and resistance trained. 
The inclusion criteria were a back squat one repetition maximum test 
weight above 1.5 times body weight (BW) and more than two years of 
continuous resistance training, which was defined as more than four 
resistance training workouts per week. The participants provided writ
ten informed consent, and the study was approved by the Swedish 
Ethical Review Authority (Dnr 2022–06292-02).

2.2. Procedure

2.2.1. Warm-up
The participants performed a ten-minute bicycle warm-up at 1 Watt/ 

kg bodyweight followed by four types of unloaded squat exercises and 
each exercise was performed three times and separated by one minute of 

rest. After a five-minute break, the participants performed three dy
namic single leg and dual leg landings from a 30 cm box and three squat 
jumps separated by one minute rest as preparation for the CMJ.

2.2.2. Countermovement jumps
One minute after the last squat jump, the participants initiated the 

CMJ test consisting of three maximal CMJ’s. The instructions were to 
start from a static standing position (extended knees), then to unload 
and flex the knees to ≈ 90◦ and then forcefully reverse the movement 
with the aim to jump as high as possible. Hands were held at the hips 
during the entire jump, and the jumps were separated by one minute of 
rest.

2.3. Data collection

2.3.1. Motion capture
A modified CAST markerset (Cappozzo et al., 1995) with 38 reflec

tive markers was used (anterior superior iliac spine, posterior superior 
iliac spine, trochanter major, three marker thigh cluster, lateral and 
medial femoral epicondyles, tibial tuberosity, three marker shank clus
ter, lateral and medial malleoli, posterior surface of calcaneus, head of 
5th metatarsal, head of 1st metatarsal, base of second metatarsal, 
proximal medial phalanx). The same marker set was placed on the left 
and right sides. Markers were tracked by an optoelectrical camera sys
tem with a sampling rate of 300 Hz (Oqus 4, Qualisys, Göteborg, 
Sweden).

2.3.2. Ground reaction forces
Two parallel floor-mounted force plates measured ground reaction 

forces with a sampling rate of 2400 Hz (Kistler 9347B, Winterthur, 
Switzerland) and the signals were imported into the motion capture 
software QTM (Qualisys Track Manager; Qualisys, Göteborg, Sweden).

2.4. Data analysis

Data were postprocessed in QTM. Marker trajectories were assigned 
labels and gaps in the trajectories were filled using cubic polynomial 
interpolation between the respective edges of the trajectory, within a 
ten-frame gap-filling window. The processed files were exported in c3d 
format for further processing.

2.4.1. Musculoskeletal modelling
The measurement data were imported to the AnyBody Modelling 

System (AMS) v8.04 (AnyBody Technology, Aalborg, Denmark). The 
kinetic and kinematic data were applied on a generic human lower body 
model in the AnyBody Managed Model Repository (AMMR) version 
3.0.4 (Morten et al., 2024), using a modified version of the analysis 
framework Plug-in-gait, MultiTrial, StandingRef (AMSMocap) with the 
Twente lower extremity model version (TLEM2) containing 11 segments 
and 169 muscles (Carbone et al., 2015). TLEM2 models hip joints as ball- 
and-socket joints, defined by a rotation centre and three orthogonal 
axes. The knee, patellofemoral, talocrural and subtalar joints were 
defined as hinge joints, with fixed rotation centres and axes. The patellar 
tendon was defined as a non-deformable element connecting the patella 
to the tibia, therefore the orientation and position of the patella 
depended solely on the knee flexion angle, without introducing an extra 
DOF. Muscles were modelled using a simple muscle model (Any
MuscleModel), where muscle strength was determined by the cross- 
sectional area (PCSA), which was estimated from cadaver studies and 
scaled (length-mass) to each specific participant.

The markers used to drive the musculoskeletal model were the 
anterior superior iliac spine, posterior superior iliac spine, mid-thigh, 
lateral and medial femoral epicondyles, mid-shank, lateral and medial 
malleoli, posterior surface of calcaneus, head of 5th metatarsal, and 
head of 1st metatarsal. Kinematic and kinetic data were low-pass filtered 
in AMS with a 15 Hz cutoff frequency (Kristianslund et al., 2012). 
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Anthropometric parameter identification was conducted on the first 
dynamic trial to optimise the positions of the markers and anthropo
metrics of the model (Andersen et al., 2010). An inverse dynamics 
approach was then used to solve the equations of equilibrium by opti
mising the load distribution of the muscle forces through recruitment 
optimisation (Damsgaard et al., 2006). In this study, the optimisation 
(Eq (1) used a squared polynomial muscle recruitment in the objective 
function 

minimise G =
∑n(M)

i

(
f (M)

i

Ni

)2 

subject to Cf = r, f (M)

i ≥ 0, i = 1⋯n(M) (1) 

where the objective function G is a function of muscle force and muscle 
strength, f (M)

i is the muscle force in muscle i, Ni is the strength of the 
muscle i, and n(M) is the number of muscles. The quotient f (M)

i / Ni ex
presses muscle activity and is summed across all muscles. r is a vector of 
external and inertial forces and C is the coefficient matrix for the un
known muscle forces and joint reaction forces in the vector f . A poly
nomial recruitment criterion penalises large terms in the sum, thus 
distributing the load more evenly across the muscles. Increasing the 
polynomial degree increases the synergy between muscles. The poly
nomial criterion with a power of two prioritises the recruitment of larger 
muscle groups, similar to the muscle recruitment pattern during high 
force, high speed movements such as the CMJ.

2.4.2. Joint reaction forces
Knee joint reaction forces were described in the tibia coordinate 

system in accordance with the International Society of Biomechanics 
recommendations (Derrick et al., 2020; Wu et al., 2002).

2.5. Post processing

Results from the inverse dynamics analysis were imported into Py
thon (Version 3.11, Python Software Foundation, Wilmington, USA) for 
further analysis. Five distinct phases of the CMJ were defined: the 
countermovement (CM) during the unweighting of the force plate and 
downward acceleration of the center of mass (COM), the eccentric (ECC) 
phase where the participant breaks the downward speed, the concentric 
(CON) phase when the participant increases the speed in the vertical 
direction, a flight phase and a landing phase. The definition of these 
phases was based upon the calculation of COM speed and COM 
displacement from the GRF (Fig. 1). CMStart was defined as the time 
where the total GRF dropped below 90 % of BW. The start of the 
eccentric phase (StartEcc) was defined as the time of maximum down
ward COM speed (McMahon et al., 2018). The end of the eccentric phase 
(EndEcc) was defined as the time of zero COM speed (VCOM0) after 

StartEcc, which corresponded to the lowest COM position (COMPos
z min). 

Take-off was defined as the moment when GRF was below 10 % of BW 
and CONPeak was defined as the first peak before take-off.

The flight and landing phases of the CMJ were not relevant for the 
study’s aims (Fig. 1). Force data were normalised to BW in order to 
compare across individuals of different body masses and time normal
isation was achieved using a linear interpolation technique to resample 
signals as 101 equidistant points, corresponding to a normalised scale of 
0–100 %, mapping each signal value to a common time base in Python 
(Van Rossum and De Boer, 1991) with NumPy (Harris et al., 2020), 
thereby preserving the temporal characteristics while aligning key 
movement events across subjects.

2.5.1. Inter-limb symmetry
Numerous methods for calculating limb asymmetries have been re

ported in the literature (Bishop et al., 2016). In this study the assumption 
was made that there would be no systematic individual inter-limb 
asymmetry; therefore, the authors defined inter-limb symmetry (ILS) as 

ILS =

⎛

⎝
ForcePeak

Right
(

ForcePeak
Right+ForcePeak

Left

)

⎞

⎠ − 0.5 • 100 (2) 

ILS was calculated to describe a participant’s limb symmetry across tests 
in terms of peak force. If ILS = 0 there is no asymmetry, whereas ILS ∕=
0 indicates an asymmetry. A negative ILS indicates left-side dominance, 
whereas a positive ILS indicates right-side dominance. ILSabs is defined 
as the norm of ILS.

2.6. Statistical methods

2.6.1. General statistical considerations
The main study question concerned differences between KJRF and 

GRF. Based on an extensive literature review, effect size was assumed to 
be greater than two, requiring seven participants to reach a power of 80 
% (Cohen, 1988). As ILS was also studied, we included additional par
ticipants to increase power, thus including a sample size of 11. Statistical 
analysis included both discrete and continuous data that were analysed 
in Python.

2.6.2. Discrete data
The Shapiro-Wilks test was used to check for normality. The paired t- 

test was applied for variables that demonstrated normal distribution. For 
variables that failed to demonstrate normal distribution the Wilcoxon 
Signed-Rank test was used.

2.6.3. Continuous data
Data were checked for normality and the spm1d paired t-test was 

performed using python (Pataky 2012, 2022).

Fig. 1. Mean, standard deviation and individual curves for different phases during the CMJ described in the global vertical direction. A) GRF[N/N] B) COM Speed 
[m/s] C) COM-Position [m], CM = Countermovement Phase, ECC = Eccentric Phase, CON = Concentric Phase. Discontinuous black horizontal line = start values in 
body weight, COM velocity and COM-position respectively.
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3. Results

3.1. Resultant ground and knee reaction forces

Spm1d of the resultant knee joint reaction force (KJRF[R]) and 
resultant ground reaction force (GRF[R]) showed a significantly higher 
KJRF[R] (Fig. 2). The total (left + right limb) KJRF[R] was approxi
mately six times higher than the total GRF[R] during the end of the 
eccentric phase (EndECC) and around five times the magnitude during 
the concentric peak force (CONPeak) (Table 1).

3.2. Knee joint reaction forces

Asymmetries were found in the normalised KJRF for all directional 
components (Fig. 3). ILS during the ECC_END were largest for the medio- 
lateral component (KJRF[ML]) with an ILS = 4 %, followed by the 
anterior-posterior component (KJRF[AP]) with an ILS = -3 % and axial 
component (KJRF[Ax]) with an ILS = 1 % Table 2).

3.3. Inter-limb symmetry

Spm1d showed no significant differences in ILS during the first part 
of the CMJ but significant differences during the final extension (ankle 
plantar flexion, knee extension, hip extension) at the time points 95 and 
96 immediately preceding take-off in the CMJ where the difference in 
ILSabs was largest (Fig. 4A). ILSabs KJRF[R] was on average 1.06 ±
1.95 % higher than ILSabs GRF[R] (Fig. 4B).

4. Discussion

The main finding of the current study was that KJRF[R] during a 
CMJ was up to six times higher than GRF[R] (Fig. 2) confirming the 
initial hypothesis. Furthermore, the difference in ILS between the 
dominant and non-dominant knee was 6.6 times higher for KJRF[R] 
than GRF[R]. This difference between GRF[R] and KJRF[R] was largest 
at the end of the eccentric phase and during the concentric phase peak 
force (Table 1), suggesting a mechanism explaining why many athletes 
attain an injury to the contralateral limb when returning to sport after 
injury (Noyes and Barber-Westin, 2019).

Direct measurements in instrumented knees or other invasive 
methods may be applied to measure KJRF (Kelmers et al., 2023; Luque- 
Seron and Medina-Porqueres, 2016). However, musculoskeletal 
modelling with muscle forces included has been shown to provide reli
able and valid estimations of KJRF in comparison to instrumented knees 
(Fregly et al., 2012; Kinney et al., 2013) and the musculoskeletal 
modelling method was therefore regarded as suitable for the current 
study. The simple model applied provided significant advantages in 
computational efficiency and stability, which were prioritised over the 
relevance of detailed physiological muscle mechanics on knee joint re
action forces. Additionally, it eliminated potential errors associated with 
the muscle calibration process. The simple muscle model applied in this 
study disregards muscle length and contraction speed, mechanisms 

Fig. 2. 2 A comparison between the resultant knee joint reaction force (dotted line) and the resultant ground reaction force (solid line) normalized with BW (N/N). 1 
= Start of countermovement (CM), 2 = Start of eccentric phase (ECCStart), 3 = End of eccentric phase and start of concentric phase (ECCEnd) (CON), 4 = Concentric 
peak force (CONPeak), 5 = Take-off and end of concentric phase. Shaded areas represent the standard deviation.

Table 1 
Differences in GRF and KJRF normalised with BW at ECCStart, ECCEnd and 
CONPeak. Mean ± SD (min–max).

ECCStart KNEE 
FLEXION ANGLE 
R:75.7 ± 9.1 
(61.4–96.6)◦

L:75.8 ± 9.1 
(62.1–96.9)◦

ECCEnd KNEE 
FLEXION ANGLE 
R:105.2 ± 10.7 
(84.7–123.3)◦

L:105.1 ± 10.4 
(84.5–122.5)◦

CONPeak KNEE 
FLEXION ANGLE 
R:81.2 ± 17.1 
(59.1–110.1)◦

L:80.5 ± 17.5 
(59.0–109.9)◦

TOTAL GRF 
[R]/BW

1.01 ± 0.01 
(0.99–1.05)

2.36 ± 0.44 
(1.41–3.06)

2.15 ± 0.26 
(1.59–2.64)

TOTAL KJRF 
[R]/BW

4.21 ± 0.48 
(3.32–5.56)

14.38 ± 3.65 
(8.03–22.30)

10.54 ± 2.16 
(7.82–17.29)

DIFFERENCE − 3.21 ± 0.47 
(− 4.54–2.33)*

− 12.02 ± 3.24 
(− 19.24–6.62)*

− 8.39 ± 2.02 
(− 14.65–5.99)*

RIGHT GRF 
[R]/BW

0.52 ± 0.05 
(0.44–0.65)

1.21 ± 0.21 
(0.78–1.55)

1.08 ± 0.13 
(0.81–1.33)

RIGHT KJRF 
[R]/BW

2.17 ± 0.36 
(1.64–3.04)

7.40 ± 1.89 
(4.56–11.33)

5.24 ± 1.32 
(3.28–9.06)

DIFFERENCE − 1.65 ± 0.32 
(− 2.48–1.18)*

− 6.19 ± 1.70 
(− 9.79–3.75)*

− 4.17 ± 1.23 
(− 7.74–2.37)*

LEFT GRF 
[R]/BW

0.48 ± 0.05 
(0.36–0.59)

1.15 ± 0.24 
(0.60–1.55)

1.07 ± 0.14 
(0.73–1.32)

L_KJRF[R]/ 
BW

2.04 ± 0.33 
(1.40–2.79)

6.98 ± 1.84 
(3.47–10.98)

5.30 ± 0.93 
(4.22–8.23)

DIFFERENCE − 1.56 ± 0.30 
(− 2.21–0.99)*

− 5.83 ± 1.61 
(− 9.45–2.87)*

− 4.23 ± 0.89 
(− 6.92–3.23)*

* P < 0.05.
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Fig. 3. Mean knee joint reaction force normalised by BW (N/N) in the directions: Anterior-posterior (A: KJRF[AP]), axial (B: KJRF[Ax]), lateral-medial (C: KJRF 
[ML]) (observe that figure C for the left leg was inverted). Average for right knee (dotted line) and left knee (solid line), shaded areas represent the stan
dard deviation.

Table 2 
Left and right KJRF normalised with BW (N/N) in different directions at ECCStart, ECCEnd and CONPeak. Mean ± SD (min–max).

ECCStart ECCEnd CONPeak

KJRF ANTERIORPOSTERIOR (N/ 
N)

LEFT KNEE ​ 0.42 ± 0.21 (0.17–1.01) 1.72 ± 0.53 (0.93–2.80) 0.74 ± 0.46 (0.29–1.61)
RIGHT 
KNEE

​ 0.46 ± 0.16 (0.21–0.89) 1.94 ± 0.54 (0.97–2.98) 0.81 ± 0.71 (0.09–2.37)

KJRF AXIAL (N/N) LEFT KNEE ​ 1.99 ± 0.32 (1.36–2.75) 6.76 ± 1.79 (3.32–10.68) 5.21 ± 0.91 (4.04–8.13)
RIGHT 
KNEE

​ 2.11 ± 0.36 (1.62–2.99) 7.12 ± 1.86 (4.42–11.04) 5.13 ± 1.25 (3.27–8.96)

KJRF RIGHT LEFT (N/N) LEFT KNEE ​ − 0.11 ± 0.08 
(− 0.30–0.04)

− 0.20 ± 0.15 
(− 0.45–0.03)

− 0.35 ± 0.16 
(− 0.70–0.07)

RIGHT 
KNEE

​ 0.12 ± 0.06 (− 0.03–0.25) 0.17 ± 0.22 (− 0.15–0.62) 0.33 ± 0.26 (− 0.14–0.95)

Fig. 4. Differences in ILSabs. A) ILSabs calculated in GRF[R] (continuous line) and KJRF[R] (dashed line), B) the difference between ILSabs for KJRF[R] and ILSabs 
for GRF[R] (ILSabsDiff). Shaded areas represent the standard deviation.
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which may influence the muscle recruitment strategy. This may alter 
which specific muscles are engaged to balance the net knee extension 
and flexion moments. However, such effects are likely to be minor with 
respect to the magnitude of the KJRF[R] and are not expected to 
compromise the conclusions of the current study.

The present study for the first time compared left and right GRF and 
KJRF using a musculoskeletal model and showed that not only force 
magnitudes, but also asymmetries were magnified proximally. The 
average Right GRF[R] − Left GRF[R] difference was 0.10 BW but the 
average Right KJRF[R] − Left KJRF[R] difference was 0.64 BW. This 
magnification of asymmetry disproportionately increases the loads of 
the dominant limb, which may increase the risk of injury.

The current study showed higher anteroposterior KJRF[AP], axial 
KJRF[Ax] and mediolateral KJRF[ML] knee joint reaction forces in the 
dominant knee. KJRF[AP] reached 1.94 ± 0.54(0.97–2.98) BW in the 
dominant leg during the end of the eccentric phase which is a similar 
magnitude as earlier reported (Cleather et al., 2013) and the KJRF[Ax] 
of 7.12 ± 1.86(4.42–11.04) BW found in the current study was also 
similar to an earlier study that reported a tibiofemoral joint peak force 
6.9 BW (Cleather et al., 2013).

KJRF derived from the current musculoskeletal model includes the 
passive forces (ligaments, tendons and joint capsule) and muscle forces 
around the knee joint, i.e. forces that control relative movement be
tween the tibia and femur (Carbone et al., 2015; Damsgaard et al., 
2006). Asymmetries in KJRF lead to increased loading of the passive 
structures in the dominant limb. KJRF[AP] represents the balancing 
forces that prevent the anterior translation of the tibia, a movement 
which is primarily opposed by the ACL in the knee (Bicer et al., 2010; 
Hirschmann and Muller, 2015; Marieswaran et al., 2018). Cadaver 
studies have indicated that the ACL ruptures at an isolated ACL force of 
2000 N and a strain of 10–12 % (Chandrashekar et al., 2006; Woo et al., 
1991). The current study demonstrated an absolute KJRF[AP] of 1743 
± 556(877–2910) N at the end of the eccentric phase, which is close to 
the reported absolute strength of ACL. The highest ACL loads have been 
reported at knee flexion angles between 10◦ to 50◦ (Beynnon et al., 
1992). However, the ACL consists of an anteromedial and posterolateral 
bundle where the latter is tensed during 0◦ to 50◦ while the ante
romedial bundle stabilises the knee in deeper knee flexion angles (Amis 
and Dawkins 1991). The current study showed highest KJRF [AP] at a 
knee joint angle of 105.2◦±10.7◦ (84.7◦-123.3◦), which may facilitate 
for other passive (e.g. joint capsule and meniscus) or active structures (e. 
g. hamstrings) than the ACL to assist in absorbing the forces (Biscarini 
et al., 2014; Draganich and Vahey, 1990; Li et al., 1999; Li et al., 2004; 
MacWilliams et al., 1999; More et al., 1993; Serpell et al., 2015; Shel
burne and Pandy, 1998; Withrow et al., 2008).

The magnification of KJRF[R] with a factor of 6.6 times in the 
dominant knee, may suggest a mechanism explaining why 2–30 % of 
athletes returning to sport after injury attain an injury to the contra
lateral knee (Noyes and Barber-Westin, 2019). The current clinical 
standard is to assess readiness through measuring asymmetries attained 
with external measures on distal segments based on the assumption that 
these represent asymmetries in loading in the more proximal limb and 
joints of interest (Barber-Westin et al., 1992; Bishop et al., 2018; Fox 
et al., 2023; Keogh et al., 2023; McGrath et al., 2016; Polyvios et al., 
2016; Rohman et al., 2015). The current study clearly showed that an 
asymmetry in GRF[R] is magnified in the knee joint KJRF[R], thus 
suggesting that even a small distal asymmetry in external forces may 
have a significant effect on asymmetrical proximal tissue loading.

Discrete analysis showed significantly higher (1.36 %) ILSabs_KJRF 
[R] compared to ILSabs_GRF[R] during the concentric peak. In addition, 
as mentioned above, although the relationship (ILSabs_KJRF[R]) be
tween right KJRF[R] and left KJRF[R] may be similar to the relationship 
between right GRF[R] and left GRF[R] (ILSabs_GRF[R]), the magnitude 
of this difference is 6.6 times higher in KJRF[R] compared to GRF[R].

Validation of MSK models has previously been conducted by adapt
ing for specific individual anatomy. MSM has been shown to produce 

similar results in KJRF in both discrete and continuous analyses of KJRF 
when compared to instrumented knees (Marra et al., 2015), which in
dicates the validity of MSM calculations. The muscle activation pattern 
from the MSM in the current study showed similar muscle function and 
load sharing and the antagonistic co-contraction of hamstrings during 
the end of the eccentric phase as pure EMG studies on CMJ (Donahue 
et al., 2021; Harry et al., 2018). Furthermore, an earlier study on single 
leg jumps AMS has shown similar activation patterns for rectus femoris, 
vastus medialis and vastus lateralis compared to EMG but with some 
delay (Wibawa, Verdonschot et al. 2016). The delay could be explained 
by the differences between contraction dynamics in EMG resulting in a 
time lag between activation and contraction while in MSM the activa
tion and contraction is immediate, without delay.

The current musculoskeletal model uses simple muscle models in
dependent of length and contraction speed. Although more physiologi
cally accurate models such as Hill-type muscle models are available, 
they depend upon precise assessment of physiological properties, which 
is challenging when using high speed and large range of motion move
ments such as the CMJ. Hill-type muscle models may provide a more 
differentiated estimation of load distribution among different muscles 
and are relevant for comparing muscle activation onset dynamics, but 
these details are beyond the scope of this study.

The application of musculoskeletal models includes some limitations 
due to the simplification of the human body to a mechanical equilibrium 
equation (Viceconti et al., 2005). Direct measurement of KJRF is not 
feasible on a healthy well-trained population and the methodology in 
itself includes limitations affecting reliability and validity of the data. 
Due to the strength criteria, far fewer females qualified for participation. 
Among those who met the strength requirement, many were athletes 
with a history of knee injuries, further complicating recruitment. To 
ensure sample homogeneity and to minimise confounding variables the 
decision was therefore made to only include male participants in the 
current study.

A limitation of the study was the small, homogeneous sample size. 
This was, however, sufficient to reach > 80 % power. The exclusion of 
females in the sample could be considered a further limitation. A more 
heterogeneous sample may have increased variability and therefore, 
reduced the standardised effect size, thereby lowering the statistical 
power. Anatomy, mechanics and muscle recruitment differ between 
individuals and sexes, but the magnifying effect is expected to generate 
substantially higher KJRF[R] compared to GRF[R] in all individuals. 
These interindividual differences may, however, lead to differences in 
KJRF directional components and thus specific tissue loading. Thus, the 
homogeneous sample in the current study was considered adequate for 
generalisability of the results, although broader inclusion criterion could 
potentially improve the robustness of the results and this is a topic for 
further investigation.

To conclude, the current study highlights the magnification effect of 
asymmetries from an external measurement to the loading of the knee. 
The highest GRF peak was found during the end of the eccentric phase of 
the CM and the difference in KRFR[R] between the right and left knee 
joints was up to 6.6 times higher than the inter-limb difference measured 
in GRF. The results show that GRF does not directly reflect joint loading, 
as compressive muscle forces amplify KJRF. This can be seen as a general 
principle in human movement. However, magnitude differences be
tween GRF and KJRF vary across individuals due to musculoskeletal 
morphology, neuromuscular control and task demands. For critical de
cisions regarding an individual, subject-specific anatomical models are 
recommended. The current study rejects the 10 % threshold without 
proposing an alternative. Asymmetry thresholds are conceptually 
problematic in human movement due to system redundancy, compen
satory capacity and the presence of asymmetries even in uninjured in
dividuals. Moreover, asymmetry is task-specific and the construct itself 
is unstable (Bishop, Turner et al. 2017, Bishop, Turner et al. 2018, 
Bishop, Read et al. 2022, Bishop, Abbott et al. 2023). Establishing a valid 
threshold would require large, prospective, multi-centre studies across 
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diverse populations to model the asymmetry–injury relationship.
Further research involving female participants is required to deter

mine whether sex differences influence KJRF during high-force move
ments such as the CMJ, which may assist in explaining sex-related 
differences in injury risk. Additionally, studies should investigate how 
asymmetries in KJRF affect specific knee ligaments and how loading 
varies across different movements and sport-specific movement 
patterns.
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