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Highlights 
 Scaling errors due to altered thigh length of ±15% were investigated 

 Thigh and shank scaling errors influenced simulation results at all joints 

 Joint kinematics and kinetics influenced by up to 9.4° and 0.15 Nm/kg respectively 

 Maximum muscle and joint contact force errors of 46% and 72% bodyweight 
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Abstract 

Background 

Musculoskeletal simulations are widely used in the research community. The locations of 

surface markers are mostly used to scale a generic model to the participant’s 

anthropometry. Marker-based scaling approaches include errors due to inaccuracies in 

marker placements.  

Research question 

How do scaling errors of the thigh and shank segments influence simulation results? 

Methods 

Motion capture data and magnetic resonance images from a child with cerebral palsy and a 

typically developing child were used to create a subject-specific reference model for each 

child. These reference models were modified to mimic scaling errors due to inaccurately 

placed lateral epicondyle markers, which are frequently used to scale the thigh and shank 

segments. The thigh length was altered in 1% steps from the original length and the shank 

length was accordingly adjusted to keep the total leg length constant. Thirty additional 

models were created, which included models with an altered thigh length of ±15%. 

Subsequently, musculoskeletal simulations with OpenSim were performed with all models. 

Joint kinematics, joint kinetics, muscle forces and joint contact forces (JCF) were compared 

between the reference and altered models.  

Results 

The investigated scaling error influenced joint kinematics and joint kinetics by up to 9.4° 

(hip flexion angle) and 0.15 Nm/kg (knee flexion moment), respectively. Maximum muscle 

and JCF differences of 46% (medial gastrocnemius) and 72% (hip JCF) bodyweight, 

respectively, were observed between the reference and altered models. Scaling errors 
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mainly changed the magnitude but not the shape of most analyzed parameters. The 

influence of scaling errors on simulation results were similar in both participants. 

Significance 

Scaling errors of the thigh segment influence simulation results at all joints due to the 

global optimization approach used in musculoskeletal simulations. Our findings can be 

used to estimate potential errors due to marker-based scaling approaches in previous and 

future studies.  

 

Keywords: musculoskeletal simulation, scaling, cerebral palsy, opensim 
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Introduction 

Musculoskeletal simulations based on commercial (i.e. Anybody, [1]) and open-source 

software packages (e.g. OpenSim, [2]) are widely used in the research community [3]. Over 

the last decade, musculoskeletal simulations are increasingly used to answer clinical-

relevant questions [4–7]. Furthermore, musculoskeletal simulations in combination with 

finite-element simulations enable to conduct multi-scale studies to estimate tissue stresses 

[8] or predict bone growth [9]. 

The first step in the musculoskeletal simulation workflow is to generate the subject-

specific model. The gold standard for personalizing a musculoskeletal model is to create 

the model based on the segmentation of medical images [10–14]. This, however, requires 

the collection of medical images (i.e. magnetic resonance images or computer 

tomography), which is expensive and demanding on the participants, especially in children 

or pathological populations. Alternatively, biplane x-rays or 3D ultrasound measurements 

could be used to determine subject-specific anatomical landmarks for personalizing a 

model [15]. X-rays and computer tomography, however, are invasive and therefore are 

barely used in children without a clinical reason. Furthermore, creating a model from 

medical images is very time-consuming and requires a lot of expertise. Hence, this 

approach is not used in clinical practice and barely used in the research community.  

In most cases, a generic musculoskeletal model is scaled to the anthropometry of the 

participant based on the location of surface markers on the model and the participant. 

Several marker-based scaling approaches have been proposed to adjust the segment 

lengths of the model [16,17]. However, all approaches include errors. Scaling is the first 

step of a musculoskeletal simulation workflow. Hence, scaling errors will impact on all 

further calculations. 
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The lateral femoral epicondyle marker is difficult to place and therefore the intra- and 

inter-examiner precision is only around 10 mm and 19 mm, respectively [18]. This marker, 

however, is frequently used to scale the thigh and shank segments. Inaccurately placed 

lateral epicondyle markers can lead to increased femur and decreased tibia length or vice 

versa. Furthermore, it is very common to scale the thigh segment based on the distance 

between the lateral femoral epicondyle marker and the anterior superior iliac spine 

marker. Additionally, to the marker position, this distance, however, depends on the hip 

flexion angle and therefore can lead to increased errors, especially in people who have 

difficulties to stand in the anatomical neutral position (e.g. many children with cerebral 

palsy (CP)). In children, the typically used linear scaling methods lead to errors up to 15% 

of femur length [16]. The purpose of this study was to quantify the impact of scaling errors 

of the thigh and shank on the musculoskeletal simulation results in children. A reference 

model from a typically developing (TD) child and a child with CP was modified to mimic 

scaling errors of the thigh segment. Joint kinematics, joint kinetics, muscle forces and joint 

contact forces of the lower limbs during walking were compared between the reference 

models and models with different amount of scaling errors. It was expected that scaling 

errors of the thigh and shank segments will influence simulation results at all joints due to 

the global optimization approach used in musculoskeletal simulations. 

Methods 

Magnetic resonance imaging data and motion capture data (marker trajectories and 

ground reaction forces) of a child with CP and one TD child were retrospectively analyzed 

for this study. The data was captured during a previous study [16] and ethics approval was 

obtained from the local ethics committee. These two male children were chosen to have 

the same age (both 8 years), nearly the same body mass (22 kg and 20 kg) and height (125 
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cm and 124 cm). Detailed information about the participants can be found in 

supplementary Table S1. 

Musculoskeletal models 

The torso body and associated muscles were removed from the generic ’gait2392’ 

OpenSim model [2], which included 92 muscles and 23 degrees of freedom. Furthermore, 

the metatarsophalangeal joints were locked. Subsequently a reference model was created 

for every participant based on measurements from the MRI images. Pelvis width, height 

and depth as well as femur and tibia length were calculated from the MRI images as 

described in detail by Kainz et al. [16]. These ’gold standard’ measures were used to scale 

the musculoskeletal model to create the reference model for each participant. The 

maximum isometric muscle forces were scaled by Equation 1 [19,20]. 

 (1) 

The reference model was systematically modified to create models, which included 

different amounts of scaling errors. The thigh length was altered in 1% steps from the 

original length and the shank length was accordingly adjusted to keep the total leg length 

constant. Furthermore, the marker positions of the musculoskeletal model were adjusted 

to match the position of the markers of the 3DGA using a customized MATLAB script. 

Thirty additional models were created, which included models with an altered thigh length 

of ±15%. This error range was chosen based on the data of a previous study which 

evaluated the accuracy of marker-based scaling approaches reporting femur length scaling 

errors of approximately +/-10% in TD children and up to 12.4% in children with CP [16]. 

This error span includes errors due to misplaced surface markers and deviation in joint 

angles from the anatomical position (i.e. hip flexion angle will influence scaling if a pelvis 

and knee marker is used to scale the thigh segment). 
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Musculoskeletal simulations 

For the musculoskeletal simulations three and four gait trials were used for the TD and 

the CP child, respectively. The motion capture data was based on the Plug-in-Gait marker 

set with additional clusters of three markers on each thigh and shank segment and an 

additional marker at the 5th metatarsal head of each foot. The reference models and the 

corresponding gait analysis data were used to run inverse kinematics followed by inverse 

dynamics, static optimization by minimizing the sum of squared muscle activations and 

joint reaction load analyzes [21] with MATLAB R2020a (Mathworks Inc., Natick, MA, USA) 

and OpenSim 4.1 [3]. Markers close to joint axes were excluded during inverse kinematics. 

The remaining markers were weighted equally as detailed in the supplementary Table S2. 

Afterwards, the same workflow was used to run the simulations for the 30 modified 

models of each participant. 

Data analysis 

Joint kinematics, joint kinetics, muscle forces, joint contact forces and joint contact force 

orientations of the lower limbs during walking were compared between the reference 

models and models with different amount of scaling errors. First, all results were time 

normalized to a full gait cycle from initial contact to the following initial contact of the 

same foot. Subsequently for every model and analyzed parameter, the mean waveform for 

all gait trials were calculated. Afterwards, the root-mean-square-error (RMSE) between the 

reference model and every single other model was computed. The orientation of the joint 

contact forces was defined as the mean value of the contact force during the whole gait 

cycle. 

Results 

All plots in figures 1 to 6 show the results for the left leg, results for the right leg can be 

found in the supplementary material. Detailed numeric results are available as a MATLAB 
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file in the electronic appendix. In general, the RMSE due to scaling error were similar 

between the TD and CP participant (Figure 1). 

Joint kinematics 

Errors due to altered femur and tibia length mainly altered joint kinematics in sagittal 

and frontal plane while effects on transversal plane kinematics were negligible (Figure 2). 

Maximum absolute differences between the reference and modified models were 9.4° and 

7.8° for the hip flexion angle in the TD and the CP child, respectively. All tracking errors of 

the inverse kinematic simulations were below the OpenSim’s best practice 

recommendations (supplementary Table S3). 

Joint kinetics 

Scaling errors had a minor impact on joint moments (Figure 3). The largest differences 

were 0.15 Nm/kg and 0.12 Nm/kg (right leg) for the knee flexion moment of the TD and 

the CP child, respectively. All other joint moments showed errors lower than 0.08 Nm/kg 

for both participants. 

Muscle forces 

The influence of scaling errors on estimated muscle forces varied between muscles 

(Figure 4 and 5). In the TD child the largest error occurred at the rectus femoris muscle 

with a value of 34% of the bodyweight (Figure 5). In the child with CP, the biggest 

influence of the scaling error was observed in the medial gastrocnemius muscle with an 

error of 46% of the bodyweight. 

Joint contact forces (JCF)  

A decreased femur length and increased tibia length led to higher hip JCF and lower knee 

JCF in both participants (Figure 3). The errors in ankle JCF were small compared to the 

errors in hip and knee JCF. 
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 Maximum differences in JCF of 72% bodyweight and 35% bodyweight were observed 

for the TD and the CP child, respectively. These values corresponded with an increase of 

12% and 14% of the first peak of the hip JCF for the TD child and CP child, respectively.  

JCF orientations 

Scaling error had an impact on the JCF orientation in transversal plane while the 

differences in the frontal and sagittal plane were minor (Figure 6). For both participants, 

the largest errors were observed for ankle JCF orientations in the transverse plane.  

Discussion 

The purpose of this study was to investigate the impact of scaling errors on simulation 

results. In general, we found that scaling errors of the thigh segment influence all 

simulation results, which was in agreement with our assumption. Furthermore, our 

findings showed that the impact of scaling errors on simulation results is similar for 

pathological and typical gait. 

Simulation results of the reference models were in agreement with previous studies. 

Joint kinematics and kinetics were comparable to Schwartz et al. [22] and muscle and JCF 

were in agreement with Modenese et al [13] and Bergmann et al [23]. The simulation 

results from our participant with CP were similar to previous studies in children with CP, 

which reported joint kinematics and kinetics [24], muscle forces [20] and JCF [21]. 

In most analyzed parameters, scaling errors led to a shift of the waveforms and did not 

change the shape or function of the parameter. This, however, was not the case for the hip 

adduction angle. Interestingly, increased femur length changed the hip movement strategy 

from hip adduction to abduction during terminal stance and pre-swing in the participant 

with CP.  Jo
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Scaling errors mainly influenced joint moments at the knee joint. Femur and tibia length 

were altered contrary; therefore, the leg length was constant over all models. This barely 

affected the ankle and hip joint center locations; hence, the impact was small on these joint 

moments. 

The influence of scaling errors on muscle forces varied between muscles. Due to changed 

joint kinematics the muscle moment arms were influenced. Hence, this led to altered 

muscle forces. Furthermore, because of the changed knee joint moment, some muscles had 

to generate a different force to provide the altered joint moment.  

Maximum errors in JCF were observed at the hip joint. The used joint reaction analysis of 

OpenSim implements an inverse approach [21]. Hence, JCF were calculated from the ankle 

moving upwards. Therefore, altered ankle JCF influenced the knee JCF which, furthermore, 

affected the hip JCF. The cumulated error from the ankle to the hip JCF might explain why 

the maximum error was found at the hip joint. 

JCF orientations, especially at the hip and knee joint, barely changed although the 

magnitude of the JCF were influenced by the scaling errors. Therefore, the magnitude 

changed in a similar way in all three anatomical directions. This is an important finding for 

multi-scale studies which use the JCF orientations as an input for further calculations (e.g. 

bone growth simulations [25]). 

In a recent study the influence of a misplaced knee marker on joint kinematics was 

investigated using the Conventional Gait Model [26]. The Conventional Gait Model, 

however, uses a direct kinematics instead of an inverse kinematic approach to calculate 

joint angles and does not allow estimating muscle forces or JCF. Hence, to the best of the 

authors’ knowledge, this is the first study, which investigated the impact of scaling errors 

on simulation results of musculoskeletal models in a systematic and comprehensive way. 
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Our error span included worst case scenarios due to misplaced markers and deviation in 

joint angles from the anatomical position. Scaling errors solely due to misplaced knee 

markers would likely result in a change in thigh length of less than 2cm [18], which would 

be approximately 7% of the thigh length of our participants. 

Marker-based scaling approaches usually induce errors at every segment, which is 

scaled based on the location of surface markers. In (lean) children, however, the placement 

of pelvic, ankle and foot markers are relatively easy compared to the placement of the knee 

markers. Hence, we did not investigate the concurrent errors due to scaling inaccuracies of 

different segments. 

Several model assumptions and simplifications influence musculoskeletal simulation 

results, whereas we only investigated the impact of thigh and shank scaling errors on the 

results. For example, we did not consider the age-specific bony geometry (e.g. femoral 

neck-shaft angle) in our participants because previous studies already quantified the 

impact of subject-specific geometry on simulation results in TD and CP children [9,14,27]. 

Furthermore, we did not consider soft tissue artifacts [28] and different optimization 

methods to estimate muscle forces [29,30] because we solely wanted to quantify the 

impact of scaling errors on simulation results independent of any confounding factors.  

In summary, this is the first study which quantified the impact of scaling errors due to 

misplaced lateral epicondyle markers on musculoskeletal simulation results with OpenSim 

in a systematic and comprehensive way. Scaling errors mainly changed the magnitude but 

not the shape and function of most analyzed parameters. Our RMSE plots can be used to 

estimate potential errors due to marker-based scaling approaches in previous and future 

studies. Furthermore, the gained insights are relevant for multi-scale studies, which use 

musculoskeletal simulation results as an input for further simulations (e.g. hip JCF 

magnitude and orientation for femoral growth simulations [25]).  

Jo
ur

na
l P

re
-p

ro
of



12 

 

 

Conflict of interest 

The authors declare no conflict of interest.

Jo
ur

na
l P

re
-p

ro
of



 

References 

[1] M. Damsgaard, J. Rasmussen, S.T. Christensen, E. Surma, M. de Zee, Analysis of musculoskeletal systems in the 
AnyBody Modeling System, Simulation Modelling Practice and Theory. 14 (2006) 1100–1111. 
https://doi.org/10.1016/j.simpat.2006.09.001. 

[2] S.L. Delp, F.C. Anderson, A.S. Arnold, P. Loan, A. Habib, C.T. John, E. Guendelman, D.G. Thelen, OpenSim: Open-
Source Software to Create and Analyze Dynamic Simulations of Movement, IEEE Trans. Biomed. Eng. 54 (2007) 
1940–1950. https://doi.org/10.1109/TBME.2007.901024. 

[3] A. Seth, J.L. Hicks, T.K. Uchida, A. Habib, C.L. Dembia, J.J. Dunne, C.F. Ong, M.S. DeMers, A. Rajagopal, M. Millard, S.R. 
Hamner, E.M. Arnold, J.R. Yong, S.K. Lakshmikanth, M.A. Sherman, J.P. Ku, S.L. Delp, OpenSim: Simulating 
musculoskeletal dynamics and neuromuscular control to study human and animal movement, PLoS Comput Biol. 
14 (2018) e1006223. https://doi.org/10.1371/journal.pcbi.1006223. 

[4] H. Kainz, H. Hoang, L. Pitto, M. Wesseling, S. Van Rossom, A. Van Campenhout, G. Molenaers, F. De Groote, K. 
Desloovere, I. Jonkers, Selective dorsal rhizotomy improves muscle forces during walking in children with spastic 
cerebral palsy, Clinical Biomechanics. 65 (2019) 26–33. https://doi.org/10.1016/j.clinbiomech.2019.03.014. 

[5] A. Rajagopal, Ł. Kidziński, A.S. McGlaughlin, J.L. Hicks, S.L. Delp, M.H. Schwartz, Pre-operative gastrocnemius 
lengths in gait predict outcomes following gastrocnemius lengthening surgery in children with cerebral palsy, PLoS 
ONE. 15 (2020) e0233706. https://doi.org/10.1371/journal.pone.0233706. 

[6] S. Van Rossom, H. Kainz, M. Wesseling, E. Papageorgiou, F. De Groote, A. Van Campenhout, G. Molenaers, K. 
Desloovere, I. Jonkers, Single-event multilevel surgery, but not botulinum toxin injections normalize joint loading 
in cerebral palsy patients, Clinical Biomechanics. 76 (2020) 105025. 
https://doi.org/10.1016/j.clinbiomech.2020.105025. 

[7] C.P. Carty, H.P.J. Walsh, J.G. Gillett, T. Phillips, J.M. Edwards, M. deLacy, R.N. Boyd, The effect of femoral derotation 
osteotomy on transverse plane hip and pelvic kinematics in children with cerebral palsy: A systematic review and 
meta-analysis, Gait & Posture. 40 (2014) 333–340. https://doi.org/10.1016/j.gaitpost.2014.05.066. 

[8] C. Pizzolato, V.B. Shim, D.G. Lloyd, D. Devaprakash, S.J. Obst, R. Newsham-West, D.F. Graham, T.F. Besier, M.H. 
Zheng, R.S. Barrett, Targeted Achilles Tendon Training and Rehabilitation Using Personalized and Real-Time 
Multiscale Models of the Neuromusculoskeletal System, Front. Bioeng. Biotechnol. 8 (2020) 878. 
https://doi.org/10.3389/fbioe.2020.00878. 

[9] H. Kainz, B.A. Killen, M. Wesseling, F. Perez-Boerema, L. Pitto, J.M. Garcia Aznar, S. Shefelbine, I. Jonkers, A multi-
scale modelling framework combining musculoskeletal rigid-body simulations with adaptive finite element 
analyses, to evaluate the impact of femoral geometry on hip joint contact forces and femoral bone growth, PLoS 
ONE. 15 (2020) e0235966. https://doi.org/10.1371/journal.pone.0235966. 

[10] G. Davico, C. Pizzolato, B.A. Killen, M. Barzan, E.K. Suwarganda, D.G. Lloyd, C.P. Carty, Best methods and data to 
reconstruct paediatric lower limb bones for musculoskeletal modelling, Biomech Model Mechanobiol. 19 (2020) 
1225–1238. https://doi.org/10.1007/s10237-019-01245-y. 

[11] R. Hainisch, A. Kranzl, Y.-C. Lin, M.G. Pandy, M. Gfoehler, A generic musculoskeletal model of the juvenile lower limb 
for biomechanical analyses of gait, Computer Methods in Biomechanics and Biomedical Engineering. (2020) 1–9. 
https://doi.org/10.1080/10255842.2020.1817405. 

[12] H. Kainz, L. Modenese, D.G. Lloyd, S. Maine, H.P.J. Walsh, C.P. Carty, Joint kinematic calculation based on clinical 
direct kinematic versus inverse kinematic gait models, Journal of Biomechanics. 49 (2016) 1658–1669. 
https://doi.org/10.1016/j.jbiomech.2016.03.052. 

[13] L. Modenese, E. Montefiori, A. Wang, S. Wesarg, M. Viceconti, C. Mazzà, Investigation of the dependence of joint 
contact forces on musculotendon parameters using a codified workflow for image-based modelling, Journal of 
Biomechanics. 73 (2018) 108–118. https://doi.org/10.1016/j.jbiomech.2018.03.039. 

[14] L. Scheys, A. Van Campenhout, A. Spaepen, P. Suetens, I. Jonkers, Personalized MR-based musculoskeletal models 
compared to rescaled generic models in the presence of increased femoral anteversion: Effect on hip moment arm 
lengths, Gait & Posture. 28 (2008) 358–365. https://doi.org/10.1016/j.gaitpost.2008.05.002. 

[15] E. Passmore, H.K. Graham, M. Sangeux, Defining the medial-lateral axis of the femur: Medical imaging, conventional 
and functional calibration methods lead to differences in hip rotation kinematics for children with torsional 
deformities, Journal of Biomechanics. 69 (2018) 156–163. https://doi.org/10.1016/j.jbiomech.2018.01.018. 

[16] H. Kainz, H.X. Hoang, C. Stockton, R.R. Boyd, D.G. Lloyd, C.P. Carty, Accuracy and Reliability of Marker-Based 
Approaches to Scale the Pelvis, Thigh, and Shank Segments in Musculoskeletal Models, Journal of Applied 
Biomechanics. 33 (2017) 354–360. https://doi.org/10.1123/jab.2016-0282. 

[17] M.E. Lund, M.S. Andersen, M. de Zee, J. Rasmussen, Scaling of musculoskeletal models from static and dynamic 
trials, International Biomechanics. 2 (2015) 1–11. https://doi.org/10.1080/23335432.2014.993706. 

Jo
ur

na
l P

re
-p

ro
of



14 

[18] U. Della Croce, A. Leardini, L. Chiari, A. Cappozzo, Human movement analysis using stereophotogrammetry, Gait & 
Posture. 21 (2005) 226–237. https://doi.org/10.1016/j.gaitpost.2004.05.003. 

[19] M.M. van der Krogt, L. Bar-On, T. Kindt, K. Desloovere, J. Harlaar, Neuro-musculoskeletal simulation of 
instrumented contracture and spasticity assessment in children with cerebral palsy, J NeuroEngineering Rehabil. 
13 (2016) 64. https://doi.org/10.1186/s12984-016-0170-5. 

[20] H. Kainz, M. Goudriaan, A. Falisse, C. Huenaerts, K. Desloovere, F. De Groote, I. Jonkers, The influence of maximum 
isometric muscle force scaling on estimated muscle forces from musculoskeletal models of children with cerebral 
palsy, Gait & Posture. 65 (2018) 213–220. https://doi.org/10.1016/j.gaitpost.2018.07.172. 

[21] K.M. Steele, M.S. DeMers, M.H. Schwartz, S.L. Delp, Compressive tibiofemoral force during crouch gait, Gait & 
Posture. 35 (2012) 556–560. https://doi.org/10.1016/j.gaitpost.2011.11.023. 

[22] M.H. Schwartz, A. Rozumalski, J.P. Trost, The effect of walking speed on the gait of typically developing children, 
Journal of Biomechanics. 41 (2008) 1639–1650. https://doi.org/10.1016/j.jbiomech.2008.03.015. 

[23] G. Bergmann, G. Deuretzbacher, M. Heller, F. Graichen, A. Rohlmann, J. Strauss, G.N. Duda, Hip contact forces and 
gait patterns from routine activities, Journal of Biomechanics. 34 (2001) 859–871. 
https://doi.org/10.1016/S0021-9290(01)00040-9. 

[24] H. Kainz, D. Graham, J. Edwards, H.P.J. Walsh, S. Maine, R.N. Boyd, D.G. Lloyd, L. Modenese, C.P. Carty, Reliability of 
four models for clinical gait analysis, Gait & Posture. 54 (2017) 325–331. 
https://doi.org/10.1016/j.gaitpost.2017.04.001. 

[25] H. Kainz, K. Desloovere, A. Van Campenhout, J.M. Garcia Aznar, S.J. Shefelbine, I. Jonkers, Lack of hip and knee joint 
extension in children with cerebral palsy contribute to pathological femoral bone growth, Gait & Posture. 81 
(2020) 172–173. https://doi.org/10.1016/j.gaitpost.2020.07.121. 

[26] M. Fonseca, X. Gasparutto, F. Leboeuf, R. Dumas, S. Armand, Impact of knee marker misplacement on gait 
kinematics of children with cerebral palsy using the Conventional Gait Model—A sensitivity study, PLoS ONE. 15 
(2020) e0232064. https://doi.org/10.1371/journal.pone.0232064. 

[27] T.A. Correa, R. Baker, H.K. Graham, M.G. Pandy, Accuracy of generic musculoskeletal models in predicting the 
functional roles of muscles in human gait, J Biomech. 44 (2011) 2096–2105. 
https://doi.org/10.1016/j.jbiomech.2011.05.023. 

[28] N.M. Fiorentino, P.R. Atkins, M.J. Kutschke, K. Bo Foreman, A.E. Anderson, Soft tissue artifact causes 
underestimation of hip joint kinematics and kinetics in a rigid-body musculoskeletal model, J Biomech. 108 (2020) 
109890. https://doi.org/10.1016/j.jbiomech.2020.109890. 

[29] M. Wesseling, H. Kainz, T. Hoekstra, S. Van Rossom, K. Desloovere, F. De Groote, I. Jonkers, Botulinum toxin 
injections minimally affect modelled muscle forces during gait in children with cerebral palsy, Gait Posture. 82 
(2020) 54–60. https://doi.org/10.1016/j.gaitpost.2020.08.122. 

[30] K. Veerkamp, W. Schallig, J. Harlaar, C. Pizzolato, C.P. Carty, D.G. Lloyd, M.M. van der Krogt, The effects of 
electromyography-assisted modelling in estimating musculotendon forces during gait in children with cerebral 
palsy, Journal of Biomechanics. 92 (2019) 45–53. https://doi.org/10.1016/j.jbiomech.2019.05.026. 

  

Jo
ur

na
l P

re
-p

ro
of



15 

 

Jo
ur

na
l P

re
-p

ro
of



16 

Figure 1: Comparison of the root mean square errors (RMSE) between the reference model and the adapted 
models. The RMSE of the muscle forces were calculated as the mean RMSEs over all observed muscles. The 
RMSEs for the CP child are shown in red and the RMSEs for the TD child are black. 
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Figure 2: Joint kinematics of the TD (left column) and the CP child (right column) obtained with the reference 
and modified models. The red line shows the mean kinematic waveforms of the reference model. Green lines 
represent the models with shorter femur length while blue lines show the models with increased femur length.  
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Figure 3: Comparison of joint kinetics and joint contact forces of the TD (left column) and the CP child (right 
column) including all modified models. The red line shows the mean waveforms of the reference model. Green 
lines represent the models with shorter femur length while blue lines show the models with increased femur 
length.  

 

 

Figure 4: Comparison of the root mean square errors of an example of muscle forces between the reference 
model and the modified models. The RMSEs for the CP child are shown in red and the RMSEs for the TD child 
are black. 
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Figure 5: Comparison of an example of muscle forces obtained with the reference and modified models. The 
red line shows the mean waveforms of the reference model. Green lines represent the models with shorter 
femur length while blue lines show the models with increased femur length. 
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Figure 6: Joint contact force orientations obtained with the reference and modified models. The red line shows 
the orientation of the reference model. Green lines represent the models with shorter femur length while blue 
lines show the models with increased femur length. 
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