
© Schattauer 2016 Vet Comp Orthop Traumatol 3/2016

181Review Article

Musculoskeletal modelling in dogs: 
challenges and future perspectives
Billy Dries1; Ilse Jonkers2; Walter Dingemanse1; Benedicte Vanwanseele2; Jos Vander 
Sloten3; Henri van Bree1; Ingrid Gielen1 
1Department of Medical Imaging of Domestic Animals and Orthopedics of Small Animals, Faculty of Veterinary 
 Medicine, Ghent University, Merelbeke, Belgium; 2Human Movement Biomechanics Research Group, Faculty of 
 Kinesiology and Rehabilitation Sciences, KU Leuven, Leuven, Belgium; 3Biomechanics Section, Faculty of Engineering 
Science, KU Leuven, Leuven, Belgium

Keywords
Musculoskeletal, modelling, dogs, parame-
ters, techniques

Summary
Musculoskeletal models have proven to be a 
valuable tool in human orthopaedics re-
search. Recently, veterinary research started 
taking an interest in the computer modelling 
approach to understand the forces acting 
upon the canine musculoskeletal system. 
While many of the methods employed in 
human musculoskeletal models can applied 
to canine musculoskeletal models, not all 

techniques are applicable. This review sum-
marizes the important parameters necessary 
for modelling, as well as the techniques em-
ployed in human musculoskeletal models 
and the limitations in transferring techniques 
to canine modelling research. The major chal-
lenges in future canine modelling research 
are likely to centre around devising alter-
native techniques for obtaining maximal vol-
untary contractions, as well as finding scaling 
factors to adapt a generalized canine muscu-
loskeletal model to represent specific breeds 
and subjects.
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Introduction
Orthopaedic conditions are often related to 
the forces that act upon the musculoskel-
etal system. A non-physiological distribu-
tion of forces within the musculoskeletal 
system can be one of the contributing fac-
tors to disorders such as osteochondrosis, 
ligament rupture, and hip dysplasia, all 
three of which are known to have multifac-
torial aetiologies (1–3).

A better understanding of the forces act-
ing upon the musculoskeletal system 
would allow further insights into the onset 

and progression of these orthopaedic con-
ditions. However, to date, it has been im-
possible to non-invasively measure the in-
ternal loadings of living dogs during loco-
motion. In human applications, this prob-
lem is solved by combining three-dimen-
sional motion capture, a musculoskeletal 
model and dynamic simulations of motion. 
The use of this methodology has already 
yielded several applications and is a widely 
accepted tool in the field of human move-
ment biomechanics. 

Musculoskeletal models represent the 
musculoskeletal structure as a chain of 

rigid body segments connected through 
physiological joints and actuated by mus-
culo-tendon actuators. These musculoskel-
etal models are typically combined with 
data on three-dimensional segmental mo-
tion and ground reaction force data 
(measured using motion capture tech-
niques and force plates respectively) to per-
form inverse dynamics simulations. These 
inverse dynamics simulations calculate the 
forces and moments acting at the joints 
based on experimentally measured external 
forces, including gravity and inertia, and 
segmental acceleration (4). In combination 
with an optimization formulation, muscle 
excitations can be calculated that can then 
be validated by electromyography 
measurements (5, 6). These muscle exci-
tations then allow the calculation of indi-
vidual muscle forces as well as the resulting 
joint reaction forces. An optimization for-
mulation considers the model as a redun-
dant dynamic system, for which the muscle 
force sharing problem is solved by an opti-
mization algorithm (5). Therefore, the 
summed individual muscle moments need 
to reproduce the desired joint moments 
while optimizing a performance criterion, 
which is in most cases a minimization of 
the muscle activation. This is important as 
there are more muscles available than 
necessary to drive a given motion, and 
muscles will rarely be stimulated to maxi-
mal activation. 

Alternatively to inverse dynamics mod-
els, electromyography-driven forward dy-
namics simulations take the in vivo 
measured muscle activation of muscles and 
applies them as input to the simulation to 
calculate muscle forces (7). The downsides 
of this approach relate to the difficulty to 
non-invasively measure electromyography 
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on all muscles defined in a segment, as well 
as an incomplete understanding of the 
transformation of the muscle activation 
into muscle force (8).

Musculoskeletal models have been ex-
tensively used to explore clinical questions 
in human orthopaedic medicine. Muscu-
loskeletal models have substantially ad-
vanced the understanding of normal and 
pathological movement, and are currently 
being used to define assistive devices that 
restore function following an injury and for 
preoperative planning, such as for simu-
lation of tendon transfers, tendon leng-
thening, and osteotomies (9-13). 

As part of a multi-scale modelling 
workflow, muscle and joint contact forces 
calculated by musculoskeletal models have 
been used in finite element modelling. This 
includes analysing the forces acting in 
joints and including cartilage, designing 
implants and prosthesis, studying patterns 
of growth and development, studying the 
elastic properties of bone, and examining 
the mechanisms behind bone failure or 
fracture (14-18).

The use of musculoskeletal modelling to 
better understand the loading patterns of 
the musculoskeletal system, and its rela-
tionship to specific orthopaedic conditions 
in veterinary medicine in general and ca-
nine orthopaedics in specific, is currently 
being explored. Musculoskeletal models 
were already developed for the cat, rat, rab-
bit and horse (19-22). The modelling ap-
proach makes a number of assumptions 
which limit its applicability. These assump-
tions will be elaborated upon in the follow-
ing sections.

This review article gives an overview of 
the caveats that currently limit the use of 
musculoskeletal models in canine research 
and indicates the appropriate experimental 
methods required to collect the required 
parameters. Muscle and tendon modelling 
will receive more attention in this review 
because canine muscle and tendon param-
eters are expected to differ strongly from 
those of human muscles, and because not 
all techniques employed in human muscle 
modelling are applicable to canine muscle 
modelling.

Methodological review: 
modelling bone and joint
Musculoskeletal models represent the 
bones as rigid bodies (segments) intercon-
nected by frictionless joints. Body seg-
ments are defined as rigid geometrical rep-
resentations of the bone with a local coor-
dinate system. Due to the complex nature 
of specific body segments (e.g. the canine 
foot), or in case model simplicity is manda-
tory for computational reasons, non-rigid 
body parts consisting of multiple segments 
are sometimes modelled as one rigid seg-
ment. An orthogonal coordinate system is 
constructed for each body segment, in 
which an origin and three-dimensional 
axis are defined based on anatomical bone 
landmarks (23). In human musculoskeletal 
models, the International Society of Bio-
mechanics convention is used to generalize 
the coordinate system definitions (24).

The centre of mass represents the point 
around which the mass of the segment is 
balanced, and is used to simplify mech-
anics calculations. The segment's moment 
of inertia determines its resistance to 
change in angular velocity, and is an im-
portant parameter in determining how seg-
ments react to the forces and consequent 
moments applied on them. Typically, a 
fixed three-dimensional centre of mass lo-
cation and constant three-dimensional 
inertial properties are defined for each seg-
ment, therefore omitting their changes due 
to segmental deformation caused by 
muscle contraction during locomotion.

While some joints can perform complex 
three-dimensional sliding and rotating mo-
tions, in musculoskeletal models, they are 
usually represented as simple hinges (e.g. 
knee, ankle, elbow) or as ball-and-socket 
joints (e.g. hip and shoulder) and are al-
ways assumed to be frictionless (25). Sim-
plified representations of the joints are 
common given the difficulty to accurately 
measure three-dimensional joint kine-
matics using skin marker-based motion 
capture that is often used as input for the 
musculoskeletal model. The simplified 
joint definitions and constant dynamic pa-
rameters of the segments (e.g. inertia, 
centre of mass) are some of the inherent 
limitations of the modelling workflow.

Experimental methods to obtain 
skeletal parameters

Three-dimensional bone geometry can be 
acquired through x-ray computed to-
mography (CT) scanning or magnetic res-
onance imaging (MRI). These techniques 
have been shown to have equivalent accu-
racy (26). The images acquired can be 
either manually segmented or processed 
through reconstruction algorithms to cre-
ate a three-dimensional geometrical model 
(27). Determination of segmental mass dis-
tribution and inertial parameters can be ac-
quired in vitro through dedicated experi-
mental techniques, as well as based on 
medical imaging (e.g. MRI or CT) (28-30).

Although coordinate systems have al-
ready been formulated for the canine fore-
limb, hindlimb and neck, to date no con-
ventions on coordinate systems have been 
established (31–33). Inertial parameters 
can be based on the density data and dis-
tribution of masses acquired through CT 
scans and MRI.

The arthrokinematics (i.e. the kine-
matics of the joints) can be determined 
either by defining the kinematic relation-
ships of the segments by the use of external 
marker systems or, alternatively, by analys-
ing the geometry of the joint surfaces (34). 
This joint surface geometry can be ac-
quired through a combination of MRI, CT, 
and micro-CT scanning (35).

Methodological review: 
modelling muscle and 
 tendon

In musculoskeletal models, a muscle is 
modelled as a line of action between two 
attachment sites on the bone surfaces. This 
represents the line of action of the muscle 
force acting onto the segments (▶ Figure 
1). An attachment site is modelled as a 
single coordinate point on the segment. For 
muscles with large attachment sites, one or 
multiple centroids can be defined, repre-
senting the lines of action of functional 
subdivisions.

Parametrizing muscle geometry in-
volves defining three-dimensional coordi-
nates of the origin and insertion of the 
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lations of the muscle properties. This gen-
eric model can be adjusted to represent a 
specific musculo-tendon actuator by using 
the measurable parameters described in 
the following sections. The following for-

(αo; i.e. the pennation angle at LM
o) and the 

tendon slack length (LT
s).

Computer modelling employs a generic 
muscle-tendon based model that consti-
tutes dimensionless (normalized) formu-
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musculo-tendon actuator on the bone sur-
face, as well as accounting for the curvature 
around the bones that interferes with a 
straight line muscle assumption. Account-
ing for the curvature of musculo-tendon 
actuators requires definition of the shape 
and position of wrapping surfaces. This in-
formation can be collected through dissec-
tion, imaging techniques, or both, and 
requires thorough knowledge of canine 
muscle anatomy. A limitation of the mod-
elling approach is that it only accounts for 
functionally important curvature of the 
musculo-tendon actuator paths using “via 
points” representing muscle wrapping 
along the bone surface or muscular struc-
tures.

Force production of the musculo-
 tendon actuators is typically modelled 
using a hill-type model (▶ Figure 2) (36). 
The force generated by the contractile el-
ement (FCE) represents the active force gen-
erated by the crossbridges and is dependent 
on three properties: the level of muscle ac-
tivation, the active force-length relation-
ship, and the force-velocity relationship. 
The force generated by the passive element 
(FPE) represents the elastic stretching force 
generated by the muscle when stretched 
beyond its optimal fibre length. Similar to 
the muscle's passive element, the tendon is 
modelled to behave elastically. The force 
output of the series elastic element FT in-
creases with lengthening of the tendon. 
The effective force output of the musculo-
tendon actuator (FMT) constitutes the sum-
mation of the force output of the tendon 
and the total force output of the muscle 
corrected for the pennation angle (α), rep-
resenting the angle at which the muscle 
fibres are implanted into the tendon. The 
optimal fibre pennation angle (αo) impacts 
the amount of active force production that 
is transferred along the line of the tendon. 
This effect is important for angles exceed-
ing 20° (37).

Using the Hill-model, only four param-
eters are required to model the force pro-
duction of a specific musculo-tendon ac-
tuator. These include the optimal muscle 
fibre length (LM

o; i.e. the muscle fibre 
length at optimal sarcomere length), the 
maximal isometric muscle force (FM

o; i.e. 
the maximal force generated by the muscle 
at LM

o), the optimal fibre pennation angle 

Figure 1  
Image of a canine 
hindlimb musculoskel-
etal model consisting 
of three segments: pel-
vis, femur, tibia/fibula 
and a tarso-metatar-
sal-phalangeal seg-
ment. The musculo-
tendon actuators are 
represented by ac-
tuator lines connecting 
origin and insertion 
points. Extensor 
muscles are displayed 
in yellow, flexor 
muscles in blue, 
muscles with both 
these functions in 
purple, and muscles 
with other functions in 
red. Left: medial as-
pect of the model; 
Right: lateral aspect.

Figure 2 Hill-type model of the musculo-tendon actuator muscle with a contractile element (CE), a 
passive element (PE) and a series elastic element (SEE). The CE has input from activation dynamics (a(t)), 
fibre length (LM) and shortening velocity (vm). The PE has input from LM, and the SEE has input from LT. 

The total musculo-tendon length is the sum of LT and LM times the cosine of the pennation angle α. Only 
activation is an external input variable, and the force FMT is the only output variable transmitted to each 
end of the actuator. 
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mula describes how the previously men-
tioned parameters can be used to calculate 
forces in a musculo-tendon-model (38):

Where ‘a’ represents the level of muscle ac-
tivation, the only external input for a 
muscle model. The contractile element 
(CE) is represented by both fL[~LM], which 
yields a muscle force based on its fibre 
length (normalized by LM

o), and fv[~vM], 
which yields a muscle force based on short-
ening velocity (normalized by a constant 
maximal shortening velocity). The passive 
element (PE) is represented by fPE(~LM), 
which represents the passive force yielded 
at LM>LM

o. The portion fT(~LT) yields a 
tendon force based on its tendon length 
(normalized by LT

s).

Experimental methods to obtain 
musculo-tendon parameters for 
muscle force production
In order to customize existing generic 
muscle models to represent canine mus-
culo-tendon actuators, experimental valu-
es for the above mentioned parameters 
need to be acquired in dogs. This section 
will review the methods for acquiring 
these methods in dogs as well as the pa-
rameters that are already available in lit-
erature.

Optimal fibre length

In order to calculate optimal fibre length, a 
species-specific measurement of optimal 
sarcomere length (i.e. the length at which 
myofilaments show an optimal overlap) 
has to be obtained (39). Most models use a 
species-specific value for optimal sar-
comere length, which can be determined 
by measuring the myofilament length (40). 
While myosin filament length shows little 
variation between vertebrates, the actin 
filament length can vary considerably be-
tween species (40). In case the actin fila-
ment length was unknown, some studies 
have used the optimal sarcomere length of 
a closely related species (41). However, to 
our knowledge no studies have investigated 
the validity of this approach. While values 
of optimal sarcomere length have already 

been determined for cats, no values on op-
timal sarcomere length have been pub-
lished for canine muscles (42).

Alternatively, optimal sarcomere length 
can be calculated as twice the actin (thin) 
filament length added to half the width of 
the bare zone (41). These can be measured 
using transmission electron microscopy 
(TEM) (42). To compensate for filament 
shrinkage during the fixation process, a 
shrinkage factor can be calculated based on 
a constant length assumption of the myosin 
filament length across mammals, i.e. 1.6 
µm (42).

With an experimentally determined 
species-specific optimal sarcomere length, 
a muscle-specific value for optimal fibre 
length can be calculated from the 
measured fibre length and its sarcomere 
length at that fibre length.

These measures for fibre length and sar-
comere length can be obtained by fixating 
dissected muscles and treating them to 
loosen the muscle fibres (43). Thereafter, 
individual muscle fibres can be extracted 
and their length measured. The sarcomere 
lengths can subsequently be measured 
through either light microscopy, which has 
a limited resolution, laser diffraction, 
which immediately measures the average 
sarcomere length, or TEM, which has a sig-
nificantly higher resolution and accuracy 
than other techniques, but is more expens-
ive and labour-intensive (31, 44, 45).

In vivo measurements of fibre length 
can be obtained through ultrasound, and 
can be combined with measurements of 
sarcomere length achieved through intra-
operative laser diffraction on a muscle fibre 
exposed through surgery (46, 47). How-
ever, these in vivo techniques for obtaining 
optimal fibre length can only be applied to 
easily accessible muscles directly under the 
surface of the skin.

Optimal fibre lengths have already been 
reported for the canine neck musculature 
(31). However, these values have been cal-
culated based on values for optimal sar-
comere length of cat muscles. Fibre length 
has also been reported for the canine fore-
limb and hindlimb musculature (33, 43). 
However, these measurements were not ac-
companied by sarcomere lengths, and 
therefore do not allow us to calculate opti-
mal fibre length.

Optimal fibre pennation angle

Optimal pennation angle is the pennation 
angle at optimal fibre length. However, 
many studies use pennation angle data that 
is not necessarily measured at optimal fibre 
length. The standard methods for measur-
ing pennation angle are dissection or ultra-
sound (46). Ultrasound has the advantage 
that pennation angles can be measured for 
specific fibre lengths.

Pennation angles for the canine fore-
limb and neck musculature have been re-
ported in detail, ranging from 0° to 40° (31, 
33). While, no values for pennation angles 
for the canine hindlimb musculature pen-
nation angles have been reported, it was 
noted that the measured pennation angles 
of the (upper) canine hindlimb muscles are 
below 20° (43). Musculoskeletal models 
often assume pennation angles below 20° 
to be equal to 0° as they do not significantly 
alter the modelled musculo-tendon ac-
tuator's force output (37).

Most musculoskeletal models consider 
the pennation angle as constant, while this 
parameter in reality changes during muscle 
shortening and lengthening. As it is metho-
dologically challenging to experimentally 
determine the changes in muscle pennation 
angle during contraction, the use of a con-
stant pennation angle is another limitation 
of current musculoskeletal models.

Maximal isometric muscle force

Muscle size measurements are often used 
to determine the maximal muscle force 
output. As these measurements can be ob-
tained using different methods, limited 
standardization has introduced significant 
variability between studies. The muscle 
cross-sectional area relates to the number 
of sarcomeres placed in parallel and is a 
measure for the maximal force that can be 
achieved by a muscle during full acti-
vation. Physical cross sectional area 
(PCSA) represents the surface area of the 
plane parallel to the direction of the 
muscle fibres. The maximal isometric 
muscle force FM

o can be calculated from 
the PCSA and the optimal fibre length LM

o 
via the following formula:
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Where VM represents the muscle volume, 
the constants Po and Psp respectively repre-
sent the maximal and the specific muscle 
tension, mM the muscle mass, and ρM the 
muscle density (1.056 g/cm3 for mamma-
lian muscle tissue). The maximal muscle 
tension Po can then be used as a value for 
maximal isometric muscle force FM

o. Based 
on this formula, the muscle's maximal 
force can be determined by its mass (deter-
mined through dissection) or volume (de-
termined through CT or MRI) if a reliable 
value for specific muscle tension is avail-
able.

The PCSA of muscles have been re-
ported for the canine neck, forelimb and 
hindlimb musculature (31, 33, 43). How-
ever, these cannot yet be used to reliably 
calculate maximal muscle force production 
as no values for canine specific muscle ten-
sion have been published to date. In gen-
eral, values for specific muscle tension in 
isolated animal muscles are assumed to be 
around ~225 kN/m2 (48). However, values 
of specific muscle tension reported in the 
literature vary largely, ranging between 59 
kN/m2 and 682 kN/m2, both within and 
between species (49, 50). Obtaining a value 
for specific muscle tension in dogs can be 
achieved by directly measuring maximal 
isometric muscle force in canine muscles in 
combination with measures of muscle vol-
ume acquired through MRI and muscle 
fibre length through ultrasound.

In humans, maximal isometric muscle 
force, also referred to as peak isometric 
muscle force, is most commonly measured 
through isometric or isotonic maximum 
voluntary contraction (51). This has prov-
en to be a reliable method to obtain in vivo 
measurements of maximal isometric vol-
untary muscle force generation. In dogs, 
this method cannot readily be used as it 
requires the subject to induce voluntarily a 
maximal, selective contraction. Alter-
natively, a maximal muscle contraction can 
be induced using functional electric stimu-
lation either by stimulating the connecting 
nerve trunk (rarely an option) or by stimu-
lating the muscle directly (49).

Tendon slack length

Assuming a generic length-tension rela-
tionship for tendon stiffness, the tendon 

slack length is the only parameter necess-
ary to model the tendon force generation. 
For some tendons, the slack length is ob-
tained through ultrasound by identifying 
the joint angle at which passive musculo-
tendon force generation starts. This yields 
an in vivo value for tendon slack length of a 
specific musculo-tendon actuator (52). 
However this is a time-consuming process 
which can only be used in musculo-tendon 
actuators that can easily be visualized and 
have long enough tendons. Because tendon 
slack length is a difficult parameter to ob-
tain, models often make assumptions on 
tendon slack length based on the musculo-
tendon actuator's excursion length or on 
the musculo-tendon actuator's maximal 
elongation LMT

o and its optimal fibre length 
LM

o (53, 54).
The tendon slack length LT

s may prove 
to be the most challenging parameter to 
measure in dogs. The use of model-based 
assumptions for LT

s may be the most 
straightforward method of obtaining valu-
es for LT

s, providing they are validated for a 
number of representative canine tendons.

The assumption of a generic length-
 tension relationship of the tendon is a sig-
nificant limitation of the modelling ap-
proach, as their elastic properties differ sig-
nificantly (55). This highlights the need for 
experimental determination of individual 
tendon elastic properties.

Discussion
The goal of this review was to summarize 
the important concepts of musculoskeletal 
model, and introduce the technique to 
those less familiar with it in the field. Com-
pared with state of the art research in the 
field of human movement biomechanics, 
the current review highlights the potential 
and the steps required to further the use of 
musculoskeletal modelling in canine or-
thopaedics. From a review of the literature, 
it becomes clear that although dedicated 
methodology exists, only a limited number 
of parameters have been identified for 
dogs. Whereas it is to be expected that 
techniques to derive the bone-related pa-
rameters can be easily transferred, the ex-
perimental quantification of muscle and 
tendon parameters will require further 

dedicated research, in particular on the fol-
lowing topics.

Firstly, dedicated values for myofila-
ment length are needed to calculate an op-
timal fibre length for canine muscle ac-
tuators. Secondly, the determination of the 
maximal isometric muscle forces will be re-
stricted to a muscle size based methodolo-
gy. As voluntary isolated contractions can-
not be elicited in dogs, validation of these 
muscle size-based estimates may be diffi-
cult.

The following two aspects need to be 
carefully considered when elaborating a ca-
nine-specific musculoskeletal model work-
flow. Firstly, in contrast to humans, the 
relative importance of the muscle versus 
tendon parameters in the musculo-tendon 
force production may be largely different in 
dogs. As in other digitigrade animals, most 
canine limb muscles are located proximally 
with long tendons connecting to the distal 
parts of the skeleton. This spatial distribu-
tion of muscles will limit the inertial mo-
ment of the limb. Furthermore, the tendons 
will have an important function in trans-
ferring the active muscle force production 
as a recoil mechanism that stores and re-
leases energy during locomotion. There-
fore, the parameterization of the tendon 
properties may prove to be more important 
in a canine musculoskeletal model com-
pared to human musculoskeletal models.

Secondly, whereas in humans scaling of 
a generic model and its parameters was 
widely accepted, current research stresses 
the importance of a subject specific model-
ling approach (56). The importance of a 
subject- or breed-specific musculoskeletal 
model as opposed to a generalized muscu-
loskeletal model may prove even more im-
portant in canine musculoskeletal models. 
A major challenge will be the development 
of generic model based on a “standard” 
body type, and a set of scaling factors that 
allow adaptation of this model to represent 
different breeds. This may prove difficult as 
breed-specific differences in muscle and 
tendon parameters and the anatomical dif-
ferences between these breeds cannot 
simply be linked to currently employed 
body size indices such as weight or the 
commonly used “body condition score” 
(57). It may also be likely that different 
scaling factors need to be developed for dif-
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ferent parameters. The PCSA and inertial 
parameters for instance may scale better 
with measures of body weight, while 
muscle fibre length and tendon slack length 
may scale better with a value for limb 
length as a scaling factor.

To conclude, since dogs are used for 
many specific purposes (aiding the dis-
abled, assisting police and the military, and 
herding) that require a large investment of 
both time and money that go into the 
training of individual dogs, early detection 
and better understanding of the risk for af-
flictions such as osteochondrosis and hip 
dysplasia may prevent large investments 
into potentially unhealthy individuals. 
Building on the research insights gained 
from human musculoskeletal model appli-
cations, the creation of elaborate research 
techniques seems justified as diagnostic 
techniques allowing better screening meth-
ods of detecting individuals at greater risk 
of orthopaedic afflictions later on in life. 
However, musculoskeletal models in dogs 
may not prove to be as simple as copying 
the techniques and conventions employed 
in humans. Specific techniques for deter-
mining the muscle-tendon parameters and 
especially of the maximal isometric force 
may have to be developed because canine 
research subjects cannot be asked to per-
form voluntary contractions of specific 
muscle groups. 
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