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The inclusion of muscle forces into the analysis of joint contact forces has improved their accuracy. But it
has not been validated if such force and activity calculations are valid during highly dynamic multidirec-
tional movements. The purpose of this study was to validate calculated muscle activation of a lower
extremity model with a spherical knee joint for running, sprinting and 90�-cutting. Kinematics, kinetics
and lower limb muscle activation of ten participants were investigated in a 3D motion capture setup
including EMG. A lower extremity rigid body model was used to calculate the activation of these muscles
with an inverse dynamics approach and a cubic cost function. Correlation coefficients were calculated to
compare measured and calculated activation. The results showed good correlation of the modelled and
calculated data with a few exceptions. The highest average correlations were found during walking
(r = 0.81) and the lowest during cutting (r = 0.57). Tibialis anterior had the lowest average correlation
(r = 0.33) over all movements while gastrocnemius medius had the highest correlation (r = 0.9). The
implementation of a spherical knee joint increased the agreement between measured and modelled acti-
vation compared to studies using a hinge joint knee. Although some stabilizing muscles showed low cor-
relations during dynamic movements, the investigated model calculates muscle activity sufficiently.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The knowledge about muscle forces and activations, as well as
joint forces and moments gives important insights into biome-
chanical aspects of statics and dynamics of the human body. Infor-
mation on this is particularly relevant in the field of rehabilitation,
injury prevention and athletic performance (Bergmann et al., 1993;
Huang and Ferris, 2012; Baum and Li, 2003; David et al., 2017).
This applies especially to studies investigating possible injury
mechanisms during highly dynamic and multidirectional move-
ments. Studies have identified different muscle activation patterns
during cutting manoeuvres (Beaulieu et al., 2009). Such knowledge
on the underlying muscle activation patterns is of high importance
for the prevention of injuries. Additionally, muscle contraction is,
next to the external moments, one part of joint loading in terms
of contact forces and joint moments. Thus, a common method to
analyse joint forces and moments is the inverse dynamic approach
using musculoskeletal models. The inclusion of muscle forces to
inverse dynamics calculations is considering the role of the muscle
contraction in producing joint load, which is otherwise underesti-
mated (Buchanan et al., 2004).

Inverse dynamics enable the calculation of muscle forces during
fundamental activities like walking and more dynamic tasks
including running, sprinting and cutting manoeuvres (Besier
et al., 2009; Schache et al., 2010). While it is possible to calculate
muscle activations and forces involved in any movement in gen-
eral, there are complications that have to be acknowledged: In
principle, only one muscle is needed to move a joint with one
degree of freedom. But the human body uses a redundant system
of muscles whereby it is statically overdeterminate, leaving an infi-
nite number of solutions to the distribution of the forces (Tsirakos
et al., 1997; van Bolhuis and Gielen, 1999). Therefore, modelling of
muscle forces has been approached as a minimization problem,
where the muscles’ forces needed to stabilize the external joint
forces, have to be minimized for each involved muscle. Several
approaches have been established that specify how the minimized
load should be shared between muscles, known as muscle recruit-
ment criterion (Rasmussen et al., 2001; Erdemir et al., 2007;
Crowninshield and Brand, 1981; Tsirakos et al., 1997) or cost func-
tion henceforth.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbiomech.2018.12.013&domain=pdf
https://doi.org/10.1016/j.jbiomech.2018.12.013
mailto:t.dupre@dshs-koeln.de
https://doi.org/10.1016/j.jbiomech.2018.12.013
http://www.sciencedirect.com/science/journal/00219290
http://www.elsevier.com/locate/jbiomech
http://www.elsevier.com/locate/jbiomech
http://www.JBiomech.com


74 T. Dupré et al. / Journal of Biomechanics 84 (2019) 73–80
Several studies aimed to compare measured with calculated
muscle activity (Pontonnier et al., 2014; Dubowsky et al., 2008;
de Zee et al., 2007; Duprey et al., 2015). A sufficient level of agree-
ment between modelled and measured activation for walking,
ramp negotiation, one-legged forward jumping and side jumping
has been reported (Alexander and Schwameder, 2016; Wibawa
et al., 2016). More dynamic movements like cutting have not yet
been validated although it is one of the most frequently used
movements during team sports and one of the major drivers for
anterior cruciate ligament (ACL) injuries. Having a valid muscu-
loskeletal model improves the validity of joint loading and may
lead to a better understanding of the underlying activation pat-
terns and their role in ACL ruptures.

Furthermore, previous studies investigated a model in which
the knee joint is modelled as a hinge joint. During multi-
directional movements, the joint forces and moments, that act in
the knee’s frontal and transverse plane are important contributors
to injury risk (McLean et al., 2004). Therefore, a more sophisticated
knee joint model with additional degrees of freedom is needed
(Andersen and Rasmussen, 2011), which should provide a more
precise modelling of joint moments and muscle forces. Such a
model has been validated regarding joint contact forces against
data from an instrumented knee prosthesis and showed good
results (Richards et al., 2018). They also reported the estimated
and measured muscle activity (Richards et al., 2018). However, this
was only done for walking and none of the above mentioned stud-
ies investigated highly dynamic movements.

This study aims to clarify to what extent the applied model is
capable of calculating sufficiently valid muscle activities during
such movements. Therefore, muscle activation was calculated by
using a model with a spherical knee joint and compared to the
results of EMG measurements during highly dynamic multidirec-
tional movements. A high agreement is of importance as muscle
activation is a significant factor of joint loading in inverse dynam-
ics calculations.
Fig. 1. Schematic drawing of the force plate setup for the cutting manoeuvre (A)
and the other three movement conditions (B). The black foot print indicates the
force plate contact that was analysed in the present study. Movement direction is
indicated by the black arrow.
2. Methods

To validate the lower extremity model, measured electromyog-
raphy (EMG) data was compared to the activation calculated by the
model. Activation levels of eight lower extremity muscles were
measured with EMG. Four movements, walking, running, sprinting
and 90�-cutting were analysed with a motion capture system. This
data was used to calculate muscle activation for the eight mea-
sured muscles.

2.1. Participants

Ten male, sportive and healthy participants (75.2 � 7.5 kg,
181 � 8 cm) were recruited. Exclusion criteria were acute or
chronic injuries of the lower extremity. Each participant gave his
written consent for voluntary participation. The study was
designed according to the requirements of the Declaration of Hel-
sinki and was approved by the universities ethics commission (Nr.
010/2017).

2.2. Data collection

3D-Kinematic data were collected with a twelve camera motion
capture system (200 Hz, Vicon, Oxford, UK). One force plate
(1000 Hz, Kistler, Winterthur, CH) was embedded in the floor to
record ground reaction forces. Fifty-two markers were attached
to the participants’ skin by means of ph-neutral, double-sided,
adhesive tape. Segment length’ and circumferences of each partic-
ipant were measured to be incorporated into the modelling process
later on. EMG-electrodes were attached according to the SENIAM
recommendations (Hermens et al., 1999) to record muscle activity
of the following eight muscles: gluteus medius, vastus medialis,
vastus lateralis, biceps femoris caput longum, semitendinosus, gas-
trocnemius, soleus and tibialis anterior of the right, dominant leg.
Muscle activity was recorded with a wireless system (1000 Hz,
myon, Schwarzenberg, CH). Prior to the measurement the partici-
pants were instructed to warm up individually.

Each participant had to perform five valid trials of each of the
following testing conditions in a randomized order: walking (W),
running (R), sprinting (S) and 90�-cutting (C). A trial was valid if
the participant had clear contact to the force plate with his right
foot. For W and R, the participants had to stay in a velocity range
of 1.7 m s�1 � 5% and 4.0 m s�1 � 5%, respectively, which was con-
trolled by the use of photoelectric sensors. S was performed as a
full effort sprint start, where the fourth ground contact after the
start was recorded on the force plate. The speed measured as aver-
age centre of mass speed during force plate contact was
6.4 � 0.25 m s�1. During C, participants had to perform a 90�-
cutting manoeuvre as can be seen in Fig. 1. They were instructed
to perform the manoeuvre as fast as possible without a specified
approach velocity. Their dominant right leg had to be placed on
the force plate (Fig. 1).
2.3. Modelling

A modified version of the Anatomical Landmark Scaled Model
(Lund et al., 2015) (seven segments, nine degrees of freedom) in
AnyBodyModelling Systemwas used. This model maps the muscu-
loskeletal model template to a subject specific scaled stickfigure
(Lund et al., 2015). Anatomic parameters of the model are based
on a cadaveric study by Klein Horsman et al. (2007) and the seg-
ment masses were calculated as described by Hanavan (1964) from
the measured segment parameters. The knee was modelled as a
spherical knee joint with three degrees of freedom instead of using
a hinge joint as in the original model. The hip joint was modelled as
a spherical joint as well while the talocalcaneal and subtalar joints
were each modelled as hinge joints. Kinematic and kinetic data
were low-pass filtered using a recursive 2nd order Butterworth fil-
ter with a cut-off frequency of 6 Hz in the gait trials and 20 Hz for
the other conditions. Joint angles calculated from motion capture
data and ground reaction forces were used as input for an inverse
dynamics analysis. The ligaments of the knee were simulated by
providing the kneemodel with reaction moments that constrained
movement in the frontal and transversal plane (Richards et al.,



Table 1
Number of mean EMG-signals of a specific muscle, that had to be excluded due to exceeding two times the standard deviation of the cohorts’ muscles’ mean.

Muscle Walking Running Sprinting Cutting

Gluteus medius 5 3 2 4
Vastus medialis 4 2 3 4
Vastus lateralis 3 2 3 2
Biceps femoris 3 1 2 3
Semimembranosus 3 2 2 2
Soleus 3 4 3 1
Gastrocnemius medialis 3 2 1 2
Tibialis anterior 3 2 2 2
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2018). To distribute the net joint moments to the muscles, the
’AnyMuscleModel’, a hill type muscle model with static optimiza-
tion and a cubic cost function, was used. It relies only on the max-
imum isometric strength Fmax of the muscle, which is derived from
its scaled physiological cross sectional area. From this, muscle acti-
vation is calculated as FM

Fmax
with FM being the current force

(Rasmussen et al., 2001). The same model has already been vali-
dated regarding knee contact forces during walking (Richards
et al., 2018).

For muscles with numerous substrands as described by van der
Helm and Veenbaas (1991), calculated activity was reduced to the
envelope of all substrands by choosing the maximum value of all
parts for each point in time. Functional differences of muscle parts,
as in the posterior and anterior parts of gluteus medius, were not
considered as they are not measurable with surface EMG due to
cross-talk. The exception to this was the biceps femoris. Only its
caput longum was analysed, as its caput breve is covered by other
muscles.
2.4. Data processing

Data processing was done in Matlab 2017a (The MathWorks,
Natick, Massachusetts, USA). Raw EMG-data was band-pass fil-
tered with a 2nd order Butterworth filter with cut-off frequencies
of 20 and 400 Hz. Afterwards, the linear envelope of the EMG-data
was extracted with a 4th order Butterworth low-pass filter at 6 Hz
cut-off frequency.

It has been shown, that there is a delay between the onset of
muscle activation and the onset of force production in a muscle
(Cavanagh and Komi, 1979; Norman and Komi, 1979), called elec-
tromechanical delay (EMD). Because modelled activation is calcu-
lated from ground reaction forces, EMD had to be accounted for.
EMD varies between 10 and 100 ms, depending on the investigated
muscle and contraction mode (Begovic et al., 2014). An EMD of
40 ms has been found for voluntary contractions of the thigh mus-
cles (Zhou et al., 1995). Therefore, measured activation was right
shifted by 40 ms.

EMG and modelled activation was normalized separately for
each trial. The measured and modelled activation was normalized
according to the peak dynamic activity method (Sinclair et al.,
2015). Therefore the peak activation of all condition trials was
determined and used for normalization. The single trials are then
expressed as % activation relative to the peak activation during this
condition and each participant. Trials were also time normalized to
force plate contact with touch down being 0% and toe-off 100%.
Means for measured and estimated activation were calculated for
each condition and muscle. Mean EMG-signals of each muscle
were excluded if they deviated by more than two standard devia-
tions from the cohorts’ muscles’ overall mean.

The two signals’ similarity was investigated by calculating the
Pearson correlation coefficient (CC) between measured and calcu-
lated activation for all data points of the mean curves of each mus-
cle in each movement condition and expressed as CC but also R2

values. The recommendations made by Cohen (1988) were used
to classify CC as poor (r = 0.1–0.29), moderate (r = 0.3–0.49) and
strong (r = 0.5–1) correlations. Average CC (avCC) was calculated
for every movement and muscle.
3. Results

In 83 cases muscles had to be excluded from the analysis which
was 20.8% of all means (Table 1). Of the calculated CCs, 75%
showed a strong correlation, 12.5% showed a moderate correlation
and 12.5% showed a poor correlation (Table 2). Gluteus medius and
Soleus (during R) showed the highest correlation with a CC of 0.98.
The lowest CC was found in m. biceps femoris during R (-0.59).
Comparing the avCC from all muscles between the movements,
W had the highest avCC with 0.81. S showed the second highest
avCC with 0.69 whereas R had an avCC of 0.64 and C had the lowest
avCC with 0.57. From the perspective of the individual muscles
over all four conditions, the highest avCC was found for gastrocne-
mius medius (0.9) while the lowest avCC was found in tibialis ante-
rior (0.33). Muscle activation, including the standard deviations,
increased in the dynamic conditions compared to W. Fig. 2 shows
the mean activation curves of all muscles in the four conditions. As
the calculated muscle activation is related on the joint moments
and reaction forces, the knee joint moments and reaction forces
of the spherical knee joint are reported in Appendices A and B.
4. Discussion

The aim of this study was to compare calculated muscle activity
with the muscle activity measured by means of EMG during highly
dynamic movement tasks in respect to the usage of a spherical
knee joint model. In this regard, strong correlations between the
modelled and measured muscle activation were found in most
conditions andmuscles. These results show, that the applied model
can satisfactorily estimate muscle activation patterns not only dur-
ing W but also during multidirectional, highly dynamic move-
ments like C. Time series of measured activation patterns are
similar to those previously published for level walking (Hof et al.,
2005; Alexander and Schwameder, 2016; Huang and Ferris,
2012; Winter and Yack, 1987) and running (Gazendam and Hof,
2007). Calculated activations of the gait trials are also similar to
previously published patterns (Alexander and Schwameder,
2016; Ding et al., 2016; Modenese and Phillips, 2012). Activation
patterns for S are comparable to the study of Jacobs and van
Ingen Schenau (1992), although a different step was analysed
and the chosen shift to account for EMD was longer.

To the authors knowledge, no articles exist showing time series
for EMG-measurements during a 90�-cutting manoeuvre. How-
ever, the presentation of time series gives interesting insights
which cannot be given by reporting peak values or integrals. It
allows to relate the acting net moments to the muscle activation



Table 2
CCs from the averaged trials of the ten participants in the four conditions. Numbers in brackets represent the associated R2 value. Correlations were calculated for an EMD of
40 ms.

Muscle Walking Running Sprinting Cutting

Gluteus medius 0.23 ð0:05Þ 0.98 ð0:96Þ 0.77 ð0:59Þ 0.58 ð0:34Þ
Vastus medialis 0.84 ð0:71Þ 0.93 ð0:86Þ 0.96 ð0:92Þ 0.75 ð0:56Þ
Vastus lateralis 0.87 ð0:76Þ 0.92 ð0:85Þ 0.95 ð0:90Þ 0.76 ð0:58Þ
Biceps femoris 0.9 ð0:81Þ �0.59 ð0:35Þ 0.92 ð0:85Þ 0.3 ð0:09Þ
Semimembranosus 0.75 ð0:56Þ 0.38 ð0:14Þ 0.96 ð0:92Þ 0.46 ð0:21Þ
Soleus 0.97 ð0:94Þ 0.98 ð0:96Þ 0.47 ð0:22Þ 0.64 ð0:41Þ
Gastrocnemius medialis 0.95 ð0:90Þ 0.89 ð0:79Þ 0.87 ð0:76Þ 0.9 ð0:81Þ
Tibialis anterior 0.97 ð0:94Þ 0.62 ð0:38Þ �0.42 ð0:18Þ 0.16 ð0:03Þ
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and therefore understand the strength and weakness of the used
approach. As C is the only one of the four movement conditions
that requires a change of direction it is reasonable that the stan-
dard deviation of the mean activation is higher than in the other
Fig. 2. Time series from ten participants for the relative activation (100% = maximum a
force plate contact for each movement condition. Solid lines are measured activation
deviation. Curves are time-normalized to force plate contact.
conditions (Fig. 2). Due to the less restricted movement path dur-
ing C, participants are allowed more individual movement and
activation patterns leading to a higher standard deviation (David
et al., 2017).
ctivation of specific movement condition) of the eight investigated muscles during
and dashed lines show calculated activation. Shaded areas indicate the standard
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Using a spherical knee joint is of high interest for future studies
on injury mechanisms in ACL tears. The three degrees of freedom of
the joint allow for a distribution of joint moments to the non-
sagittal plane. It has already been shown, that tibia torsion, which
is provoked by rotational knee moments, increases the load on the
ACL substantially (Markolf et al., 1995; McLean et al., 2004).
Thereby, the rotational and frontal plane torques, important for
the investigation of ACL ruptures, can be studied with a higher
validity when a spherical knee joint is used. Those moments also
add to the required muscle forces leading to more realistic muscle
activation curves which is seen by the higher CCs for walking com-
pared to previous studies (Alexander and Schwameder, 2016;
Wibawa et al., 2016). Furthermore, a higher number of degrees
of freedom at the knee joint has been shown to result in higher
joint contact forces in the knee (Cleather and Bull, 2011). Thereby,
muscle activity of muscles around the knee joint is underrepre-
sented in models with a hinge joint for a knee model.

Nevertheless, Fig. 2 shows, that several muscles have an under-
estimated calculated muscle activity, especially shortly after touch
down and before toe off. This can be explained by the fact, that the
measured activity will never be zero, especially during fast move-
ments where the pre-activation is used by the nervous system
(Bencke and Zebis, 2011). Calculated activity can be zero as it only
reflects the net joint moments. Furthermore, co-contraction cannot
be addressed by static optimization as it is used by AnyBody. The
effect is most pronounced in the more dynamic movements where
co-contraction is needed to stabilize the joints and therefore
Fig. 3. Time series from ten participants for the relative activation of m. gluteus mediu
external hip joint moments at the bottom. Shaded areas indicate the standard deviation
accounts for a substantial amount of muscle activity. This could
explain the weak CCs of biceps femoris and semimembranosus
during R and C where they are likely to be used for stabilization.
During S, tibialis anterior shows a negative correlation because
the muscle is not needed to create the accelerating extension
moment at the ankle joint, but is needed by the nervous system
to stabilize the joint. Because stabilizing pre- and co-activation
do not increase the net-moments around joints, the modelled acti-
vation stays low in the absence of high net-moments. Therefore,
the missing co-contraction is the strongest weakness of static opti-
mization, as especially those muscles that have no accelerating but
only stabilizing functions in the dynamic movements, show low or
even negative CCs. First promising efforts to overcome this issue
have been made by using EMG-data to constrain the static opti-
mization with ‘co-contraction entropy’ to increase co-contraction
activity for index finger muscles (MacIntosh and Keir, 2017).

Apart from that, 75% of the CCs showed a strong correlation,
proving that the cubic cost-function was an adequate choice for
the investigated movement tasks. Gluteus medius during W was
one exception where a different cost-function might provide better
results: It shows a low correlation during W which is based on to
the second peak in its calculated activation (Fig. 3). This peak is
not existent in the measured activation which declines fast after
the first peak until the end of the stance phase. The same patterns
for measured and calculated activation have been shown in a pre-
vious study (de Groote et al., 2014). When comparing the corre-
sponding hip joint moments that have to be distributed to the
s (100% = maximum activation of specific movement condition) during W on top,
of relative activation. Curves are time- normalized to force plate contact.
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hip muscles, it is obvious, that the curve of the calculated activa-
tion is similar to that of the hip abduction moment (Fig. 3). There-
fore, an overestimation of the gluteus medius activation due to the
cost function is the most likely explanation to the second peak and
hence the low CC. While the external hip adduction moment is
counteredmostly by the gluteus medius in the model, other abduc-
tor muscles might contribute to a higher extend in the real body.
Thereby only a small second peak would occur in gluteus medius
activation which corresponds to the small peak that is visible in
the measured activation at around 70% of stance (Fig. 3).

Previous studies have calculated the mean absolute error (MAE)
to investigate the differences in relative activation between calcu-
lated and measured activation (Alexander and Schwameder, 2016).
Although this can be useful additional information, MAE calcula-
tion was omitted in the present study. While EMG measures the
electric potential that activates the muscles acting on a joint, the
modelled activation describes the distribution of joint moments.
The use of the MAE assumes a comparability of the absolute values,
which is questionable according to the different sources of data.

The study is limited by the method of investigating the spheri-
cal knee joint through muscle activations. Ideally, instrumented
knee prostheses would provide joint contact forces that could be
compared to the calculated contact forces (Fregly et al., 2012).
But participants with artificial knee joints are unlikely to perform
the movements of S and C in a way that would be comparable to
the average population if they are able to perform them at all. Dur-
ing dynamic movements, soft tissue artefacts can influence the cal-
culation of the joint moments and muscle activation, especially in
the non-sagittal movement planes (Camomilla et al., 2017). While
the influence was not assessed in this study, the impact on the
reported results is suggested to be negligible due to the investi-
gated movement plane. The examined muscles are mainly respon-
sible for sagittal plane movements where the influence of soft
tissue artefacts is the lowest (Akbarshahi et al., 2010). Further-
more, their impact is reduced by filtering the marker trajectories
before the inverse dynamics calculation. The model in this study
used a cubic cost function to distribute the net moments. Although
this is thought to work better than a simple quadratic recruitment,
no artificial muscle recruitment algorithm can simulate the natural
recruitment precisely (Wibawa et al., 2016). The calculation of the
maximum stress (Marras and Sommerich, 1991) might improve
the comparability of calculated and measured activation but has
only been shown for simple mono-planar motions so far. Therefore,
the applicability of this approach is limited for highly dynamic
multi-planar movements. Lastly, the muscle model ignored impor-
tant parameters like contraction velocity and current muscle
length. While this might have reduced the CC scores, such simple
models circumvent making assumptions on muscle parameters
needed for more detailed models and are therefore frequently
used.
Fig. 4. Time series of the knee joint moments of ten participants in each of the four
movement conditions. Joint moments are reported as external moments normal-
ized to body weight and force plate contact. Positive values correspond with the
labels of the legend. Lines represent the mean curves while shaded areas represent
the standard deviation.
5. Conclusion

The present study has shown, that the use of a spherical knee
joint can improve the correlation compared to previous studies
that used a hinge joint. Although correlations for more dynamic
movements like S and C are lower than inW, they were still as high
as in previous studies on walking. Especially for investigating ACL
injury risk, using a spherical knee joint should help to understand
the role of rotational moments on tibia torsion. However, the
results should not be used carelessly as muscles that are used in
the body as stabilizing muscles showed only weak correlations
due to co-contraction playing a dominant role in the activation
levels. But high correlations for the propulsion muscles show a
high accuracy in predicting their activation patterns. Therefore,
modelling muscle activation can be seen as a valuable tool for
understanding these patterns during movements with a high
injury risk.
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Appendix B

Fig. 5
Fig. 5. Time series of the knee joint reaction forces of ten participants in each of the
four movement conditions. Joint contact forces are normalized to body weight and
force plate contact. Positive values correspond with the labels of the legend. Lines
represent the mean curves while shaded areas represent the standard deviation.
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