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ABSTRACT

The aim of this study was to generate a subject-specific musculoskeletal muscle model,
based on isometric and isovelocity measurements of the whole lower extremity. A two-step
optimisation procedure is presented for optimising the muscle-tendon parameters for
isometric and isovelocity joint torque profiles. A significant improvement in the prediction of
joint torque profiles for both the solely isometric and a combined isometric and dynamic
method of optimization when compared to the standard scaling method of The AnyBody
Modeling System was observed. Depending on the specific purpose of the model, it may
be worth considering whether the isometric-only would be sufficient, or the additional
dynamic data are required for the combined approach.

Keywords: subject-specific model, muscle-tendon parameters, hill-muscle model, optimisation

INTRODUCTION

Internal joint and muscle forces can be very difficult or even impossible to measure in vivo and it
might be difficult to acquire the appropriate ethical approval. Hence, musculoskeletal models may be
used to estimate these forces in a non-invasive manner. However, invasive measurements are required
in order to evaluate the predictive capability of these models. Several musculoskeletal models have
been presented in the literature [1, 2] in various fields of application [3-5]. One of these fields is sports
biomechanics, where models are used to optimize [6], characterize or analyze [3, 7] specific sport-
related movements and determine the internal forces.

Musculoskeletal models are typically based on scalable generic models assuming a Hill-type
muscle model [8, 9]. The Hill-type muscle model contains a contractile element (CE), a series elastic
element (SE) and a parallel elastic element (PE), characterizing the force-length-velocity relation of the
muscle-tendon unit. Predictions using the Hill-type muscle model have been shown to be sensitive
towards most its parameters, but in particular the optimal fiber length (L%,), tendon slack length (L,,) and
physiological cross sectional area [10, 11]. These muscle-tendon parameters (MTP) do not depend
linearly on skeletal scaling [12] but are of a complex nature.

Several different MTP scaling methods have been presented in the literature [13, 14]. Winby et
al. [14] established the importance of preserving the muscle’s operating range when anthropometrically
scaling a generic model by comparing different scaling methods. Van Campen et al. [15] presented a
method to maintain the generic force-producing capability of the scaled muscle model. These reported
methods are very applicable for general analysis purposes but, when dealing with participants who most
likely deviate in their strength characteristics from the general population, such as patients or elite
athletes, the model should be adapted accordingly. Isokinetic dynamometers have been used widely to
measure the isometric and dynamic strength of a participant in a standardized and controlled manner.
Torque measurements collected on a dynamometer have likewise been widely used to generate subject-
specific, torque-driven models and been shown to be a viable method to predict the crucial parameters
in sport movements [16-19]. However, since musculoskeletal models comprise individual muscles rather
than a net joint torque profile, additional steps have to be included.
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Garner and Pandy [20] presented a method to adjust the isometric strength of the arm muscles
according to experimentally obtained net isometric joint torques based on a mathematical optimisation
procedure. However, this study only implemented isometric measurements and did not include the
dynamic contraction capabilities of the muscles, which have been shown to vary amongst participants
[21]; this is especially important when dealing with maximal high-velocity sport performances that
approach the limits of human physical capability. Wu et al. [22] presented a method combining isometric
and isokinetic experimental joint torque data of the glenohumeral joint in a two stage optimization
procedure. However, this study was limited to the number of joints implemented and the amount of
experimental joint torque information as well as only implementing monoarticular muscles. Moreover,
d’'Souza et al. [23] developed a multiple linear approximation law based on segment masses, age and
gender and improved the strength prediction capability for knee extension and elbow flexion. However,
the correlations between parameters that are measurable externally and the strength of an individual
remains weak, even for non-athletic test subjects.

So far the presented studies have been limited to experimental joint torque data from a single
joint and hence are often limited in practical use. Furthermore, studies determine muscle-tendon
parameters of the lower limb have not determined these of a whole lower limb based on experimental
measurements but have been limited to single joint measurements or simulated data.

The aim of this study was therefore to develop a method capable of generating a musculoskeletal
model with subject-specific MTP based on maximal voluntary isometric as well as isovelocity torque
measurements of a particular athlete, and to determine subject-specific MTP of the entire lower extremity.

METHODS
Experiment

One male long distance runner (height: 1.85 m, weight: 66.5 kg) was included in this study. In
accordance with the local ethical review committee of Loughborough University, United Kingdom, a
series of isometric and isovelocity experiments were conducted for the ankle, knee and hip
(flexors/extensors) of the dominant leg using a Contrex multi-joint isokinetic dynamometer (CMV AG,
Switzerland) (Figure 1A-C). The measurements comprised a familiarization session and three testing
sessions on four separate days, to ensure maximal performance by the participant and to avoid fatigue
influencing the measurements. A similar experimental protocol as reported by [19] was adopted. Seven
evenly spaced isometric measurements were performed for each joint movement throughout the
participant’s joint range of motion (ROM). Six (ankle and hip) and eight (knee) isovelocity measurements
from 50°/s and increasing with increments of 50°/s were performed for both concentric and eccentric
contractions. The dynamometer torque-angle-velocity data were sampled at 510 Hz. The participant
was firmly secured to the seat by straps and alignment of the dynamometer and joint center-of-rotation
was made during submaximal loading. During the isometric contractions, the joint angle was measured
using an electro-goniometer (Biometrics Ltd, United Kingdom) and a hand-held goniometer to avoid
errors due to soft tissue deformation. The participant performed two maximum voluntary isometric
contractions at each joint angle and three consecutive isovelocity measurements were collected for
three repetitions of a concentric-eccentric protocol, repeated for all joint velocities. Rest periods were
provided between the different angles, velocity and contraction.
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Figure 1. Experimental body position reference joint angles: The knee was fixed at 90° flexion during

ankle (A) and hip (B) measurements. The hip was fixed at 105° flexion during knee (C) measurements.

Data processing

All torque measurements were corrected throughout the joint ROM for weight of the limb and
passive torques, using the dynamometer built in software. The torque, angle and velocity data from the
dynamometer and goniometer were filtered using a zero lag 12 Hz, low pass, fourth-order Butterworth
filter. The isometric trial which recorded the largest torque at each joint angle was selected for further
analysis. At each joint velocity the trial selected was also that which recorded the largest torque at any
point during the ROM. All torque measurements were selected with due consideration for avoiding
measurement artefacts associated with the dynamometer function by eliminating periods of high
acceleration or velocity overshoot. Velocity overshoot was identified as described by Schwartz et al.
[24].

Musculoskeletal model setup

The lower extremity model based upon the TLEMsafe 2.0 data set [25] was applied in Anybody
Modeling System TM version 6.1.0. The Hill-type muscle-tendon model implementation in Anybody
Modeling System (AMS) is based on the assumptions presented by Daxner [26]:

The force-length (FI) relation of the CE in AMS is based on the work presented by Otten [27], Daxner
[26] and Gfohler et al. [28].

{%)W opt
F(lcg) = e oF where € = lc'i;—,}f (D
F

Where [z and z;;f” represent the length of the CE and the optimal length of CE,

respectively. The parameters fr,wr and p are set to the values presented by
Kaufman et al. [29].

The force-velocity (Fv) relation in AMS is derived from the work of Daxner [26] and
Gfohler et al. [28], defined as:

( (lCE:eszHillE + lL:EFCEmax +

leeFek,,, Anin — leeAninFee)/

Fv(lCE) = < (E(vCEeszHm + lC'E)) for loz =0 (I1)
LCEmax tICE .
L _AHill _lCEr.naxAHill‘Flcl‘E fOI‘ lCE < 0
Where:
LeEmay = Kalp + kol Crast (I1)
) ' Frax—F
lBexs = lcBmax ™ 5 (V)

Here E,,, = 1.3F;; indicating the maximal force in an eccentric action, Ay = 0.1 +
0.4Crast » k1 = 0[s™'], k, = 10[s™']. I, is the isometric tetanic fiber length and the
subscript exz indicates the eccentric contraction.
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The notations () and (") denote the velocity state and tetanic state of the given elements,
respectively. This muscle-tendon model has been used in several simulation studies
and validated against experimental data [30, 31]. Some of the parameters in equations
| through IV have a direct translation to the AMS AnyScript language, which has been
indicated in Table 1.

Table 1. Translation of algorithm variables in equation | to IV to corresponding AnyBody script variables

Algorithm variables Related AnyBody script variables
1P Lfo
Crast Fcfast
ky k1
k, k2
Fee FO

A series of musculoskeletal models were developed to compute the net joint torques of
the model under similar circumstances as for the experiment. Muscle recruitment was
based on the min/max criterion, which is a reasonable assumption since the aim was to
model maximal performance of the subject, who was instructed to perform so during the
measurements. Furthermore, it has previously been shown to be viable when modelling
maximum effort [32]. The model was scaled based on anthropometric measurements
and the length-mass-fat scaling law [33].

In the following, a two-fold optimisation procedure will be presented; the first (isom-opt) concerns
the isometric force-length relation and the related MTP. The second (dyn-opt) concerns the force-
velocity relation and the related parameters and builds on top of the isom_opt results (Figure 2). The
optimisation was divided into these two consecutive stages based on the nature of the experimental
data, where isovelocity measurements are prone to more noise and motion artefacts than isometric
measurements, and hence the isometric measurements were prioritised [34]. Furthermore, due to the
experimental and computational time-consumption associated with the isovelocity part of the process, it
seems relevant to compare the quality of results obtained solely from isometric data and isom-opt with
results requiring isovelocity data and dyn-opt as well.
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Figure 2. Visual design variable interpretation aid.

Isometric Optimisation (isom-opt)

The first optimisation problem is based on the method presented by Garner and Pandy [20],
concerning only the experimentally measured isometric joint torques. The objective function is to
minimise the normalised root squared difference between the measured joint torque and the model-
predicted torque, by adjusting the generic force-length relation of the muscle model. We applied the
gradient-based Sequential Quadratic Programming (SQP) algorithm SNOPT (Sparse Nonlinear
OPTimizer) by Gill et al. [35] with default settings in combination with an elastic programming technique
formulation with slack variables, based on Svanbergs work on the Method of Moving Asymptotes (MMA),
see Svanberg [36]. The optimisation problems were coded in Python (Python Software Foundation)
using the open-source software package PyOpt [37].

Objective function:

2

. ~ - Tiexp_rfvimod
min ]isom(errrllax ’ Lmin ’ Flocal'Sj) = ?:1 (Te—xz?> + Z;’nzl(c : Sj +0.5- sz) (V)
Constraints:
@ < % +S  (Minimum tendon length) (V1)
% —§ < Mmax® (Maximum tendon length) (VI
0.1<Im, —IL7. (Minimum difference between normalised fiber lengths) (Vi)

The first term of the objective function (V), is summing across the number of joint
torques at the different velocities (n), while the second term of the objective function
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formulation is the summation that accounts for penalisation of the slack variables, S; €

[0; oo[, whenever different from the desired zero values across all included muscle-
tendon parameters (m). The slack variables in the constraint equations (VI)-(VIl) avoid
unrealistic solutions during the optimisation and were found to be more robust than
SNOPT’s own elastic programming capabilities. In agreement with recommendations
of Svanberg [38], all of the non-linear constraints (VI)-(VIl) were suitably normalised,
and the penalisation constant c is set to 10, both serving the purpose of proper scaling
between the objective function and the non-linear constraints, but likewise found to
suffice for pushing all of the slack variables to the desired zero values. With the
exception of all slack variables, design variable gradients are estimated using finite
differences with a step size, A = 5x10-5, found appropriate by experience. T, " and

Tim°d are respectively the experimental and model-predicted net joint torque for the i'th
joint position. The difference in joint torques is normalised with respect to the maximal
experimental joint torque, Tp... In addition to the aforementioned slack variables, three
design variables (Figure 2a) were chosen for each muscle: a local strength factor
(Fioca1), and two normalised fiber lengths; one shorter (L™, ) and one longer (L%.,) than
the optimal fiber length, derived as presented by Garner and Pandy [20]. The local
strength factor was assigned to each muscle group, i.e., extensors/flexors, so that the
relative strength between the muscles was maintained. Muscle branches of the same
anatomical muscle, were assumed to be similar and hence the same design variables
were assigned to all branches. A total of 25 lower extremity muscles were involved in
isom-opt resulting in 55 design variables and 136 slack variables.

The constraints (V1) and (VII) prevent non-physiological tendon lengths, requiring
Ls to stay within the AMS-specific minimum and maximum values, Lt,,;, and Lt ., by
a small margin, § = 25A, found appropriate by experience and considering the finite
difference step size (A). A small margin as opposed to the specific limit values within
the AMS was found necessary to provide consistent gradient information for SNOPT.

The constraint (VIIl) ensures that L%, is larger than L™, in order to avoid
negative fiber lengths. The lower and upper bounds for I%,, and [, were based on
the reported physiological operating range of a muscle [9, 20]. Design variable bounds
and initial values appear in Table 2.

Table 2. initial values, lower and upper bounds for the isom-opt design and slack variables

Lower bounds Upper bounds Initial values
m. 0.1 0.8 0.5
.. 0.7 1.6 1.2
Fiocai 0.1 10 1
Fcgast 0 1 0.4
S 0 oo 0

Isovelocity Optimisation (dyn-opt)

A similar setup was used for the second optimisation problem (dyn-opt) and was
based on the results off the previous optimisation (isom-opt). However, different design
variables (Figure 2b) concerning the force-velocity relation were implemented. These
design variables consisted of the proportion of fast twitch fibers (Cr,), and two force-
velocity curve shape parameters (k,) and (k,) were included as presented in equations
(I1) and (). These variables were selected partly based on what was possible to adjust

7
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in AMS related to the force-velocity relation of the muscle model and partly in relation
to the muscles physiology. Once more, the objective function minimises the normalised
root squared difference between the experimental and modeled net joint torques. This
second optimisation problem is unconstrained except for side constraints on the design
variables, for which reason slack variables are superfluous. Initial values and lower
and upper values for the 18 design variables were based on the default settings in
AMS and appears in Table 3.

Objective function:

2

. T‘.exP—T‘imOd
min ]dyn(Cfast ’ kl ’ kz) = ?:1 (LTTP) (IX)

max

The lower and upper bounds for Cr,, ki and k, match the standard AMS defined
limits and appear in Table 3.

Table 3. initial values, lower and upper bounds for the dyn-opt design variables

Lower bounds Upper bounds Initial values
Fepase 0 1 0.4
kq 0 10 10
k, 0 10 0

The optimised model joint torque predictions will be compared to the
experimental joint torques and the joint torques predicted by a reference scaled
model based on the standard AMS length-mass-fat scaling law.

RESULTS

The isom-opt converged after approximately 300 iterations on a non-parallelized
CPU (Intel Core i7-3970X CPU 3,5G Hz), decreasing the objective function value from
Jisom = 249 10 Jisom = 0.21. The smaller dyn-opt problem converged after
approximately 200 iterations, decreasing the objective function value from J;,,,, = 2.81
to Jayn = 2.17. The differences between the standard AMS-scaled reference model
(ref-model) and the subject-specific isom-opt optimised model, compared to
experimental isometric joint torque data is shown in Figure 3. The muscle tendon
parameters as a result of isom-opt are shown in in Figure 4.
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Figure 3. Isometric joint-torque comparison of the experimental (Experimental) values and the predictions of isom-opt
(Optimisation) and ref-model (Reference).
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Z((Tmod—Texp)z>

The normalised root mean square difference (RMS = X

n

100%, where n is the number of torque measurements) between the experimental and
the model-predicted joint torque values were reduced for the optimised model when
compared to the reference model (Table 4).

Table 4. Root mean squared difference between the experimental and model predicted isometric, concentric and
eccentric joint torques normalised to the number of measurements (n)

0,
v (%) RMS (%) RMS (%)
Joint Torque . Modelled and experimental Modelled and experimental
experimental - :
. concentric eccentric
Isometric
Ref ISOOF;?' Ref Is:pT' Dyn-opt Ref Isom-opt  Dyn-opt
Ankle Dorsi 46.6 4.9 12.6 7.6 4.5 31.6 3.9 3.4
Ankle Plantar 14.8 1.8 121 311 25.3 33.1 27.2 27.5
Knee Flexor 58.3 52 51.0 26.6 14.7 54.5 16.9 14.5
Knee Extensor 38.2 71 20.6 16.5 18.1 49.6 56.1 53.2
Hip Flexor 55.5 6.5 34.5 28.3 34.4 14.6 15.6 10.4
Hip Extensor 10.3 22 334 23.9 26.8 50.6 29.8 31.0
Mean of above 37.3 4.6 27.4 22.3 20.6 39.0 24.9 23.3

On average, an improved predicted concentric isovelocity joint torque compared
with both the ref-model and isom-opt (Figure 5) was achieved by dyn-opt. The average
root mean squared (RMS) difference was decreased from 27.4% (ref-model) and 22.3%
(isom-opt) to 20.6% (dyn-opt). For the ankle plantar flexor joint torque, the RMS
difference was larger than the ref-model whilst, for the hip flexor joint torque, no
difference between the three models was observed (Table 4).

Predictions of eccentric isovelocity joint torque (Table 4, Figure 6) were better
using the dyn-opt (39.0%) compared to both the ref-model (24.9%) and isom-opt
(23.3%).
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Figure 6. Eccentric isovelocity joint-torque comparison of the experimental measurements, the predicted torques from
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DISCUSSION

The optimisation problem was formulated in two stages; an isometric (isom-opt) and an isovelocity
(dyn-opt) part. This was found to be advantageous given the nature of the experimental data where
isovelocity data is more prone to noise and submaximal effort from the participant than the isometric
measurements. Furthermore, at high angular velocities a larger portion of the range of motion is used in
order to accelerate and decelerate the joint to isovelocity. This leads to less available data at higher
velocities and is combined with more noise.

A large decrease in the average RMS for all joint actions between the ref-model (112.4%) and
isom-opt (15.5%) was observed for the predicted isometric joint torques. For the concentric and eccentric
joint torques, the average RMS difference was decreased from ref-model to isom-opt and even further
when implementing the dyn-opt (Table 4), thereby consistently improving the model by consecutive
optimisations and making the model a better representation of the participant’s joint torque profile.
However, as it can be observed in Figures 3-6 and Table 4, that only small improvements were observed
between the isom-opt and dyn-opt. This is especially apparent for the eccentric joint torques where a
mean improvement of 42.1 percentage points was achieved. It is relevant to note that these small
improvements are the product of a relatively large additional effort in both collecting experimental data
and then optimisation, and that a good estimate can be made using the less labour-intensive protocol
of collecting and optimising only to isometric measurements. This is especially pertinent when simulating
slow velocity movements. For simulating high velocity movements, it is apparent that it is still
advantageous to estimate the maximal joint torque using dynamic torque measurements. An advantage
of establishing a set of subject-specific MTP is that it gives one unique set of parameters that can be
used in different models and simulations without the need for establishing them again. This is opposite
to EMG driven models [39] which require experimental data from the movement that should be modeled
and a new set of parameters needs to be established each time.

The isom-opt adjusted the MTP in the model. It was observed that after the isom-opt some of the
fiber lengths deviated significantly from literature values [2, 40] and may not be physiologically
reasonable. In order to avoid unrealistic fiber lengths, narrower bounds of the design variables could be
implemented. This was not done in the present study to avoid manual tuning of the result as much as
possible. Furthermore, the implemented Hill-muscle model is a phenomenological model which does
not represent a human muscle in all aspects but rather mimics its idealised mechanics. Hence,
differences can be expected between in vivo/vitro measurements and modelled values [41]. In the
present study, we have taken a hybrid approach to the model and based some information on literature,
some on experimental information and some on a combination of the two. The optimisation method
favored the isometric measurements due to less noise and motion artifact. However we observed
smaller measured ankle plantar flexor isometric joint torques (Figure 3) than concentric joint torques
(Figure 5), which could indicate that the participant did not reach their maximum during the isometric
contractions.

The dyn-opt was not able to achieve similar joint torque profiles to the experiment despite the
design variables converging close to their bounds. This may be partly due to the nature of isovelocity
measurements which are prone to errors resulting from joint misalignment, noise and soft tissue
deformation [34]. In this study particular care was taken to minimise free play in the system using
strapping and to align the joint and cranks centre’s of rotation under load, and therefore other
mechanisms must be involved. Furthermore, performing maximal eccentric contractions can be
unpleasant for the participant and can therefore result in submaximal measurements and a poor
assumption of maximal isometric and concentric contractions as is assumed in the model (Figure 6),
especially given that the Hill-type model always predicts higher eccentric than concentric strength of the
muscle [9]. It could be argued that the combination of eccentric design variables and the inherent nature
of the muscle model do not allow enough flexibility for model tuning to the experimental data. Given the
noisy character of the dynamic experimental data, they cannot be regarded as a gold standard, and
balancing the confidence in data with the trust in the phenomenological muscle model and constraints
on parameter variations requires difficult choices.
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The subject included in this trial deviates from the general population, displaying in general a
somewhat lower peak joint torque than what can be observed in literature. The ankle plantar flexor
maximal isometric joint torque (Figure 3) was lower than what was achieved during the concentric
measurements (Figure 5), which may indicate that the participant did not reach his maximum during the
isometric contractions. This explanation is more likely than measurement errors due to joint
misalignment, noise and soft tissue deformation. Regardless of the reason, lower-than-expected
isovelocity strengths do not influence the isovelocity results significantly, because the optimized design
variables specific to dynamic contractions are close to the imposed bounds.

While measuring the plantar flexor joint torque the knee joint angle was kept constant and similar
for the knee and hip measurements where the hip and knee angle respectively were maintained. By
keeping these angles constant during the measurements we have not explicitly investigated how the
biarticular muscles would contribute to the joint torque [19], however, since the musculoskeletal model
contains muscles rather than joint actuators, the biarticularity is supposedly already taken into account.
Furthermore, the biarticular muscles in this optimisation were included in the optimisation of all the
spanning joints and therefore would be affected equally.

This study implemented the ankle, knee and hip joint torques for flexion and extension under both
isometric and isovelocity conditions. The model implemented the whole lower extremity where some of
the muscles were biarticular thereby creating a certain dependence between the joint torques. Hence
the results should be viewed as a whole and cannot be directly compared to those from other studies
which have only implemented single joint measures and for a limited number of muscles [15, 21].

Maximal joint torque measurements were collected in order to determine the associated MTP.
This method is most viable when modelling athletes who are used to perform maximally and would not
be suitable for subjects such as patients since they might not be able to perform maximal contractions.
The participant used in this study displayed strength characteristics of the hip, knee and ankle
flexors/extensors that are comparable with what have been reported in literature for athletes. The MTP
of this study cannot be generalised for a population but is specific to this one included subject.
Optimization for additional subjects would provide additional information on inter-subject strength
variability and on the robustness and validity of the numerical method. This is left to future work.

Prediction ability of the optimized model for submaximal activities is a subject of much practical
interest. Given the strength improvement, the model should be able to predict better than the scaled
reference model, but this cannot be verified with the experimental methods employed in this paper and
will be the scope for future studies.

The gradient-based optimiser SNOPT was applied in this study. SNOPT has been found to work
well and provide a significant design criteria improvement compared to reference-scaled values.
Obtained results may nevertheless be sub-optimal in the strict sense since they have not been identified
with a global optimisation, but dedicated global optimisers require many more iterations in order to
reasonably uncover the whole design space to identify the global optimum. This would increase the
optimisation convergence time significantly and make the process infeasible using normal computers.
accurate.

CONCLUSION

MTP of a musculoskeletal model of the whole lower extremity were scaled based on individually
obtained measured torque profiles using a two-fold optimisation procedure with the goal of creating a
subject-specific model. Both an isometric only and a combined isometric and dynamic method of
optimisation resulted in large improvements in the prediction of joint torque profiles when compared to
those predicted using the standard parameters of the AnyBody Modeling System. Depending on the
purpose of the model, it should be considered whether an isometric only approach to optimisation could
offer adequate accuracy, taking into account the extra measurement and analysis demands of a
combined isometric and dynamic optimisation approach.
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