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A B S T R A C T   

Common practice in musculoskeletal modelling is to use scaled musculoskeletal models based on a healthy adult, 
but this does not consider subject-specific geometry, such as tibial torsion and femoral neck-shaft and anteversion 
angles (NSA and AVA). The aims of this study were to (1) develop an automated tool for creating OpenSim 
models with subject-specific tibial torsion and femoral NSA and AVA, (2) evaluate the femoral component, and 
(3) release the tool open-source. 

The Torsion Tool (https://simtk.org/projects/torsiontool) is a MATLAB-based tool that requires an in-
dividual’s tibial torsion, NSA and AVA estimates as input and rotates corresponding bones and associated muscle 
points of a generic musculoskeletal model. Performance of the Torsion Tool was evaluated comparing femur 
bones as personalised with the Torsion Tool and scaled generic femurs with manually segmented bones as golden 
standard for six typically developing children and thirteen children with cerebral palsy. 

The tool generated femur geometries closer to the segmentations, with lower maximum (− 19%) and root 
mean square (− 18%) errors and higher Jaccard indices (+9%) compared to generic femurs. Furthermore, the 
tool resulted in larger improvements for participants with higher NSA and AVA deviations. 

The Torsion Tool allows an automatic, fast, and user-friendly way of personalising femoral and tibial geometry 
in an OpenSim musculoskeletal model. Personalisation is expected to be particularly relevant in pathological 
populations, as will be further investigated by evaluating the effects on simulation outcomes.   

1. Introduction 

Musculoskeletal modelling can be used to evaluate musculoskeletal 
function in both healthy and pathological populations (e.g., Davico 
et al., 2020; Fox et al., 2018; Kainz et al., 2019; Steele et al., 2012; van 
der Krogt et al., 2012; Veerkamp et al., 2019; Wesseling et al., 2016). 
Often, musculoskeletal models based on a healthy adult are used and 
scaled to the dimensions of the subject. However, this does not consider 
subject-specific geometry, such as tibial torsion and femoral neck-shaft 
angle (NSA) and anteversion angle (AVA), which have been shown to 

be aberrant in clinical populations like cerebral palsy (CP; Bobroff et al., 
1999; Hicks et al., 2007; Robin et al., 2008). Musculoskeletal models 
including personalised geometry can be created from magnetic reso-
nance imaging (MRI; Kainz et al., 2016; Killen et al., 2020; Modenese 
et al., 2018; Scheys et al., 2008; Valente et al., 2017), but are both time 
and cost intensive and often require a high level of technical skills. 

A faster and simpler way to include personalised geometry in 
musculoskeletal models is by implementing subject-specific torsion an-
gles only (Arnold et al., 2001; Arnold and Delp, 2001; Hicks et al., 2007). 
However, to date there is no open-source tool available to include this in 
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OpenSim (Delp et al., 1990) models. Therefore, we aimed to (1) develop 
an automated tool for creating an OpenSim model containing subject- 
specific tibial torsion and femoral NSA and AVA, (2) evaluate this tool 
for the femur, and (3) make this Torsion Tool openly available. 

2. Methodology 

2.1. Description of the tool 

The Torsion Tool (https://simtk.org/projects/torsiontool) was 
developed in MATLAB (2016a; MathWorks Inc., MA) to personalise 
geometry that is part of a generic OpenSim model (gait2392; Delp et al., 
1990). The tool works for both OpenSim 3.3 and 4.0. Within the tool, 
subject-specific tibial torsion is achieved by following the methods of 
Hicks et al. (2007). To implement subject-specific tibial torsion angles, 
the tibia (as read from the VTP files of the OpenSim model) was divided 
in three segments along its long axis. The distal third of the tibia and the 
foot (talus, calcaneus, and toes) were rotated by the entire torsional 
angle. The joint centres and rotational axes of the ankle, subtalar, and 
metatarsophalangeal joint were also rotated. The middle third of the 
tibia was rotated with a linear increasing angle, and the proximal third 
of the tibia remained unchanged. Torsion angle of the generic tibia was 
zero degrees. 

Subject-specific femoral NSA and AVA angles were implemented 
using methods of Arnold and Delp (2001) and Arnold et al. (2001), 
which were extended to also include NSA. Following these methods, it 
was assumed that these torsions are primarily present in the proximal 
regions of the femur (Lundy et al., 1998; Robin et al., 2008). The 
implementation of subject-specific NSA and AVA was modelled as a 
rotation of the femoral head, neck and proximal shaft of the generic 
femur. The rotation axes to calculate the NSA and AVA of the generic 
femur and to apply the subject-specific torsions were based on previous 
methods (Kainz et al. 2020; Fig. 1). The neck axis was defined to pass 

through the centre of the femoral head and the centre of the neck. The 
shaft axis was defined as the line between the saddle point of the femoral 
neck and the saddle point between the two epicondyles. The NSA was 
defined as the angle between the neck axis and shaft axis. The AVA was 
the angle between the neck axis and the medial-lateral axis through the 
epicondyles in a plane perpendicular to the shaft axis. The NSA and AVA 
of the generic femur were calculated to be 123 and 17◦, respectively. 

To use the Torsion Tool for the femur, the participant’s NSA and AVA 
are required as input. The NSA and AVA angles of the generic femur are 
subtracted from these input angles to attain the required rotation angles. 
Three subsequent transformations are then performed (Fig. 2A). First, 
vertices describing the femoral head, neck and greater trochanter are 
rotated. The NSA is adjusted by a rotation about the axis perpendicular 
to the neck and shaft axis, while AVA is achieved by a rotation about the 
shaft axis. Second, the vertices describing the lesser trochanter and 
proximal shaft are rotated by a linearly decreasing AVA as a function of 
superior-inferior distance along the femoral shaft axis. Third, the 
femoral head, neck, trochanters and shaft are translated to return the 
femoral head to its original position. The distal shaft is then gradually 
adjusted to fit to the femoral epicondyles, which did not move within the 
process. Since the positions of both the femoral head and epicondyles do 
not alter in the transformation process, the hip and knee joint centres are 
not affected. Finally, femoral muscle attachments are adjusted by 
applying the same transformations as for the femur bone geometry. 
Updated femur geometry and muscle attachments are added to a new 
subject-specific OpenSim model (Fig. 2B). 

2.2. Evaluation of the tool for the femur 

Fig. 3 provides an overview of how the Torsion Tool was evaluated, 
using MRI (slice thickness 1.1 mm, slice increments 1.1 mm, voxel size 
0.83x0.83x1.0 mm) from a previously conducted study (Kainz et al., 
2017), which included participants with a wide range of NSA and AVA. 
The femurs from six typically developing children (12.5 ± 3.6 years 
(mean ± standard deviation), 149.2 ± 16.2 cm, 34.3 ± 20.3 kg) and 13 
children with CP (10.5 ± 4.0 years, 133.5 ± 16.8 cm, 30.4 ± 11.3 kg) 
were segmented using Mimics v17 (Materialise, Leuven, Belgium). Data 
sets from typically developing children and the children with CP were 
combined, since sample sizes were too small to make a valid comparison 
between the groups and groups differed in characteristics (for subgroup 
result, see Appendix A). Target NSA and AVA from segmentations were 
calculated using methods described by Kainz et al. (2020). This resulted 
in a range for NSA from 119.7 to 145.8◦ (mean 133.1 ± 6.2◦), and for 
AVA from 4.3 to 46.9◦ (mean 21.5 ± 8.9◦). Angles were used in the 
Torsion Tool to create subject-specific OpenSim models with personal-
ised femoral geometry. Both personalised and generic femurs were 
scaled uniformly using scaling factors derived from the OpenSim scaling 
tool for a static trial from each participant (Kainz et al., 2017). Scaled 
personalised and scaled generic femurs were then registered to MRI 
segmentations using n-point and global registration in 3-Matic (Mate-
rialise, Leuven, Belgium). 

To evaluate the Torsion Tool performance, registered personalised 
and generic femurs were compared with the MRI segmentations. First, 
NSA and AVA were extracted from the personalised and generic femurs, 
and compared to measurements from MRI segmentations. Second, the 
agreement of the personalised and generic femurs with the segmented 
femur geometries was calculated using the following four error metrics: 
maximum, root mean square (RMS) and mean distances to quantify 
surface inaccuracies, and Jaccard index, which is a measure ranging 
from 0 to 1 to quantify volume similarity (Davico et al., 2019; Suwar-
ganda et al., 2019). Differences in error metrics between the personal-
ised and generic femurs were compared using paired-samples T-tests 
(version 20, SPSS INC., Chicago, IL, USA). Additionally, the relationship 
between errors metrics and the magnitude of the NSA and AVA de-
viations was investigated using linear regressions. 

Fig. 1. The axes and planes used to calculate and personalise the NSA (left) and 
AVA (right). The dashed green line represents the neck axis, the black solid line 
the shaft axis. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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3. Results 

Errors in NSA and AVA were significantly lower for the personalised 
femurs compared to the generic femurs (p < 0.001; Fig. 4A). The NSA 
differed 1.4 ± 1.3◦ and 10.1 ± 5.8◦ for the personalised and generic 
femurs respectively. Difference in AVA was 1.5 ± 1.7◦ for the person-
alised femurs, and 7.5 ± 7.1◦ for the generic femurs. 

When comparing agreement between the personalised and generic 
femurs with the segmented femurs (Fig. 4B), the maximum distance was 
19% lower for the personalised femur, the RMS distance was 18% lower, 
and the Jaccard index was 9% higher, which were all significant dif-
ferences (p < 0.001). 

The femurs with larger deviations in NSA and AVA resulted in a 
larger improvement with respect to NSA and AVA when using the tool, 
indicated by lower slopes for the linear regression for the personalised 
femurs compared to generic femurs (Fig. 5A). Further, femurs with 
higher deviations showed a higher improvement in error metrics when 
using the Torsion Tool, indicated by slopes significantly deviating from 
zero (β < 0 for the change in maximum and RMS distances; β > 0 for the 
change in Jaccard index; Fig. 5B). 

4. Discussion 

In this study we developed the Torsion Tool for automatically 
implementing subject-specific tibial and femoral torsions in a generic 
OpenSim model, and evaluated the tool for the femur. The resulting 
personalised femurs showed NSA and AVA significantly closer to the 
NSA and AVA of the segmented femurs than the scaled generic femurs, 
indicating the tool performs as designed. Also, the overall geometry 
agreement with the segmented femur improved significantly after using 
the Torsion Tool, underlying its contribution in personalising the 
femoral geometry. These improvements were most prominent for femurs 
with higher deviations in NSA and AVA compared to the generic values, 
suggesting that this personalisation is particularly important in partici-
pants with a large deviation in NSA and/or AVA from the generic model, 
e.g., children and patients with pathological femoral geometries. 

Personalised femurs showed significantly lower errors in NSA and 
AVA. Although these errors were not zero, partially explained by the 
code calculating the angles that relies on random fitting, the error in 
NSA and AVA did not get worse for any subject, and overall shape 
agreement improved. Compared to a previous study looking at creating 
personalised paediatric bones (Davico et al., 2019), the Jaccard index 
between the linearly scaled and segmented femurs in our study was 
lower (0.48 in our study vs. 0.54 in Davico et al). This may be due to the 

Fig. 2. (A) The three steps of increasing 
the NSA (top) and AVA (bottom) by 20◦, 
with the black lines indicating the 
generic femur, and the grey dashed lines 
indicating the newly created personal-
ised femur. Step 1: The femoral head, 
neck and greater trochanter are rotated 
by the NSA and AVA. Step 2: The lesser 
trochanter and proximal shaft are rotated 
by a linearly decreasing AVA as a func-
tion of superior-inferior distance along 
the femoral shaft axis. Step 3: The orig-
inal position of the femoral head is 
restored by translating the femoral head, 
neck, trochanters and shaft. (B) The 
OpenSim model before (red) and after 
(green) this modification. (For interpre-
tation of the references to colour in this 
figure legend, the reader is referred to 
the web version of this article.)   
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fact that our study cohort did not only contain typically developing 
children, but also children with CP. Improvements in the Jaccard index 
and RMS distance by using the Torsion Tool were not as large as when 
using statistical shape modelling and morphing techniques to create 

subject-specific femoral geometries (Davico et al., 2019), but this may 
be expected since only a relatively small part of the femur was adjusted 
by the presented tool. Nevertheless, the NSA and AVA are likely the most 
important aspects of the femur because of their impact on muscle- 
tendon moment arms (see Appendix B for the impact of the tool on 
moment arms) and consequently muscle and joint contact forces (Arnold 
and Delp, 2001; Correa et al., 2011; Kainz et al., 2020). 

The only input that the Torsion Tool requires are the participant’s 
torsion angles, which can be derived from (sparse) imaging methods, 
with computed tomography (CT) being considered the gold standard. 
For example, Sangeux et al. (2015) have described a protocol to obtain 
NSA and AVA from CT. Low-dose biplanar radiography methods, such as 
EOS (EOS imaging®, Paris, France), have also been shown to be accurate 
(Buck et al., 2012; Folinais et al., 2013; Thépaut et al., 2016), and may 
be preferred for their low radiation dose compared to CT. After adding 
the participant’s angles into the code, the tool runs within 30 seconds on 
a standard laptop (6 core Intel® Core™ i7-8750H @2.20 GHz., 8 GB 
RAM), adding only a minimal time burden to any musculoskeletal 
modelling pipeline. If individual NSA and AVA are not available, the tool 
could be used to create population-specific musculoskeletal models if 
population-specific NSA and AVA are known. This is not only relevant 
for pathological populations, but also for typically developing children, 
since it is known that NSA and AVA change during development (Fabry 
et al., 1994). 

A limitation of the tool is that it is currently only implemented for a 
single model (Delp et al., 1990). However, this model is among the most 
commonly used models in literature, and, moreover, the code can be 
easily modified to be used with different generic models (e.g., Arnold 
et al., 2010; Rajagopal et al., 2016). Additionally, the tool also allows 
tibial torsion to be personalised, but this was not analysed in this study 
since no segmented tibia MRIs were available for our subjects. However, 
this part of the tool could also be useful for the community, and has 
therefore been included in the release. Another limitation is that mass 
and inertial properties were not adjusted by the tool, but their changes 

Fig. 3. Flowchart illustrating the steps undertaken to create the scaled per-
sonalised and generic model for each participant. 

Fig. 4. The performance and effect of the tool. A: 
The absolute difference between the NSA and AVA of 
the segmented femurs and the scaled generic (red 
bars) and personalised femurs (green bars). B: Error 
metrics comparing the segmented femurs and the 
scaled generic (red bars) and personalised femurs 
(green bars). The error bars indicate the standard 
deviations. For the individual points, ‘o’ indicate 
participants with cerebral palsy and ‘x’ indicate 
typically developing participants. * indicate signifi-
cant differences between generic and personalised 
femurs (p < 0.001). (For interpretation of the refer-
ences to colour in this figure legend, the reader is 
referred to the web version of this article.)   
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are expected to be minimal since only a relatively small part of the femur 
is being rotated. A suggestion for further development of the tool would 
be the inclusion of personalising femoral neck length. Furthermore, the 
effects of including the personalised geometry on functional simulation 
outcomes such as musculotendon lengths and forces during gait, have 
not been evaluated yet. However, moment arms were shown to be 
affected by the tool (Appendix B) and several studies showed the impact 
of personalised NSA and AVA on these outcomes during gait (Arnold 
et al., 2001; Arnold and Delp, 2001; Correa et al., 2011; Scheys et al., 
2008). Hence, it can be assumed that using the Torsion Tool would 
improve the accuracy of musculoskeletal simulations, especially for 
pathologies with large torsional deformities. 

In conclusion, the Torsion Tool, available through https://simtk. 
org/projects/torsiontool, allows an automatic, fast and user-friendly 
way of personalising geometry in an OpenSim musculoskeletal model 
which directly can be used for movement simulations and analyses. The 
next step is to apply the tool in simulations and compare its performance 
to scaled generic and MRI-based models, to evaluate the effect of this 

way of personalisation on functional and clinically-relevant outcomes. 
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Fig. 5. The effect of the magnitude of NSA and AVA personalisation on (A) the error in the NSA and AVA compared to the segmented femur for the generic and 
personalised model and (B) on the change in error metrics when using the tool (personalised-generic). Deviations are shown for the full range of negative and positive 
deviations being used, regression analyses were performed for the absolute deviations since no different effects of positive and negative deviations were expected. β 
= slope of the linear regression. ‘o’ indicate participants with cerebral palsy and ‘x’ indicate typically developing participants. 
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Appendix A. Supplementary material 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jbiomech.2021.110589. 
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