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ii | Abstract

Abstract

Modeling and simulations are useful tools to help understand knee function and injuries.
As there are more muscles in the human knee joint than equations of motion, optimization
protocols are required to solve a problem. The purpose of this thesis was to improve the
biofidelity of these simulations by adding in vivo constraints derived from experimental intra-
cortical pin data and stability-inspired objective functions within an OpenSim-Matlab forward-
inverse dynamics simulation framework on lower limb muscle activation predictions.

Results of this project suggest that constraining the model knee joint’s ranges of motion
with pin data had a significant impact on lower limb kinematics, especially in rotational degrees
of freedom. This affected muscle activation predictions and knee joint loading when compared to
unconstrained kinematics. Furthermore, changing the objective will change muscle activation
predictions although minimization of muscle activation as an objective remains more accurate

than the stability inspired functions, at least for gait.

La modélisation et les simulations in-silico sont des outils importants pour approfondir
notre compréhension de la fonction du genou et ses blessures. Puisqu’il y a plus de muscles
autour du genou humain que d’équations de mouvement, des procédures d’optimisation sont
requises pour résoudre le systéme. Le but de cette theése était d’explorer 1’effet de changer
I’objectif de cette optimisation a des fonctions inspirées par la stabilit¢ du genou par I’entremise
d’un cadre de simulation de dynamique directe et inverse utilisant MatLab et OpenSim ainsi
qu'un model musculo-squelétaire contraint cinématiquement par des données expérimentales

dérivées de vis intra-corticales, sur les prédictions d’activation musculaire de la jambe.



iii | Abstract

Les résultats de ce projet suggerent que les contraintes de mouvement imposées sur le
genou modélisé ont démontré des effets importants sur la cinématique de la jambe et
conséquemment sur les prédictions d'activation musculaire et le chargement du genou. La
fonction objective de I'optimisation change aussi les prédictions d’activations musculaires, bien
que la fonction minimisant la consommation énergétique soit la plus juste, du moins pour la

marche.
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Chapter 1-Literature Review
1.1 A General Introduction to Musculoskeletal Modeling and Simulations
Musculoskeletal disorders such as osteoarthritis, ligament injuries and neuromuscular
disorders are costly to the health care system, consuming billions of dollars each year and play
an important role in the quality of life of affected people (Fregly et al., 2011; Jacobs et al., 2008;
Mansouri & Reinbolt, 2012; Roux et al., 2005). Understanding how these disorders develop and
how to best treat them is a difficult task as many variables can be involved in the process.
Following diagnosis of a joint pathology or neuromuscular disorder, treatment plans are
devised to help patients recover or to maximize functionality over time. However, determining
the ideal treatment procedure is sometimes subjective and based on the medical professional’s
observations and past experience (Delp et al., 1990; Fregly et al., 2011). There is also uncertainty
in knowing what may be expected after a treatment or surgery, as research has not conclusively
discovered how muscles, ligaments and other external forces all contribute to healthy joint
function (Komistek, Kane, Mahfouz, Ochoa, & Dennis, 2005; Lloyd & Buchanan, 2001;
Shelburne, Torry, & Pandy, 2006; Winby, Lloyd, Besier, & Kirk, 2009). The exact way in which
muscles contribute to human movement and joint stability is not yet fully understood as it is
difficult and risky to make direct measurements on muscle fibers inside a live subject (Buchanan
& Shreeve, 1996; Delp et al., 2007; Erdemir, McLean, Herzog, & Van Den Bogert, 2007; Hicks,
Uchida, Seth, Rajagopal, & Delp, 2015; Kim et al., 2009; Reinbolt, Seth, & Delp, 2011).
Recently, some individuals have been surgically outfitted with specialized knee joint implants
which can measure contact forces (Bergmann et al., 2014; Heinlein et al., 2009), but this is not a

common occurrence and requires extremely invasive procedures (Data from such individuals can
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be found online at orthoload.com, or from the Grand Knee Challenge at simtk.org - last visited
December 2015).

Because of the challenges posed by difficult measurement acquisition, musculoskeletal
modeling and computer simulations have become increasingly attractive tools to better
understand joint function and to address musculoskeletal joint disorders (Delp et al., 1990;
Fregly et al., 2011; Hicks et al., 2015; Kinney, Besier, D’Lima, & Fregly, 2013; Komistek et al.,
2005; Reinbolt et al., 2005). These tools can provide insights into what goes on within a joint to
determine the potential influences of various parameters on the joint function, loading patterns
and the magnitude of muscle forces developed in a given condition (Cadova, 2013). They are
also potentially very useful clinical tools to objectively and quantifiably determine the best
course of action to take without putting patients at risk through trial and error surgeries (Delp et
al., 1990; Fregly et al., 2011; Hicks et al., 2015; Kinney et al., 2013; Komistek et al., 2005;
Mansouri & Reinbolt, 2012; Reinbolt et al., 2005). As well, risk factors associated with
developing joint pathologies such as osteoarthritis due to changes in joint contact forces or in
muscle activation patterns could also be identified. Preventative measures could then be put into
place to correct or minimize the potential problem (Besier, Fredericson, Gold, Beaupre, & Delp,
2009).

Musculoskeletal models and their simulation protocols can not only be used clinically,
but can help researchers in their respective investigations. These simulations allow for testing
large numbers of scenarios (injury simulations, muscle function changes or various disease
conditions) while manipulating various parameters to determine how outputs differ and with
what magnitude, without the need to recruit specific populations that might fit a given set of

criteria to study (Fregly et al., 2011; Reinbolt et al., 2011). Neuromuscular research can benefit
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from modeling and simulation software as developing similar in-vivo or in-vitro protocols would
prove to be challenging and likely costly (Pandy, 2001; Van Den Bogert, Gerritsen, & Cole,
1998). Furthermore, models can also be used in concrete applications in the design of prosthetics
or any device that may interact with a person, in order to optimize designs and identify potential
problems before building costly physical prototypes (Fregly et al., 2011; Kocmond, Delp, &
Stern, 1995).

Work in the field of musculoskeletal model development has been growing since the
1970s (Morrison, 1970; Seireg & Arvikar, 1975), and with the advent of more powerful
computers, increasingly complex simulations can now be performed (Fregly et al., 2011).
Although important advances have been seen in the last decades, current models are not yet
accurate enough, involve many assumptions and simplifications, and have not been sufficiently
validated to be reliably applied in clinical settings (Kinney et al., 2013). Musculoskeletal
modeling software packages such as AnyBody (AnyBody Technology, Denmark) and OpenSim
(Simtk.org, Simbios, National NIH Center for Biomedical Computing, USA) have been further
developed in recent years to improve the ease and efficiency of creating and visualizing models
as well as running simulations (Cadova, 2013; Wibawa et al., 2013). OpenSim in particular, is an
open access package, where researchers can share their models and scripts with others, thus
allowing reproduction and validation of their work and promoting a collaborative effort in
addressing the challenges that musculoskeletal models and simulation frameworks face today

(Delp et al., 2007).

1.2 Building a Musculoskeletal Model
Building a computer musculoskeletal model requires knowledge of anatomy, physiology

and mechanical properties of all the elements of the body or joint of interest, as well as how all
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these elements interact together. Simpler models, perhaps omitting certain joint structures or
muscles, assuming linearity, considering reduced numbers of degrees of freedom or lumping
multiple body segments into single masses, will require less computation time to obtain
solutions. However, this comes at the expense of bio-fidelity and limits the applicability of
models' predictions. However, depending on the study, simplifying assumptions may be
acceptable (Pandy, 2001; Shelburne et al., 2006) .

Musculoskeletal models are typically composed of two main parts, an anatomical model
that defines bone, muscle and joint geometries, and a mathematical model that estimates forces
and moments produced by muscles and/or ligaments based on mechanical representations of
these tissues. As illustrated in Figure 1, these models are incorporated into simulation
frameworks and associated to kinematic data (i.e. motion capture marker trajectories), kinetic
data and/or experimental electromyography (EMG)-derived muscle activation patterns to predict
muscle activations, muscle forces or joint loading (Buchanan, Lloyd, Manal, & Besier, 2004;

Cao, Inoue, Liu, & Shibata, 2013; Winter, 2004).
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Figure 1 : General schema of a musculoskeletal modeling and simulations. Joint kinematics are
combined with an anatomical model and a muscle mechanics model to obtain predicted joint
moments. EMG can be incorporated into the framework as well. Optimization protocols compare
predicted joint moments with real ones to predict muscle activations. The simulation runs until
adequate optimization is achieved. (Buchanan et al., 2004)

1.2.1 Musculoskeletal Models: Anatomical and Geometrical Representation of Tissues

Improved imaging and computer graphics technologies over the years have allowed for
better visualization of musculoskeletal structures within a body and how they move together
between joints and segments (Baratta et al., 1988; Delp et al., 1990; Pandy, 2001). However,
computer simulation results' accuracy depends on the model that generated them, and there are
multiple challenges to consider when creating or working with these anatomical models.

Many measurements of tissue dimensions, orientation, attachment locations and
geometry are still obtained from cadaveric studies (Brand et al., 1982; Delp et al., 1990; Pandy,
2001; Shelburne et al., 2006; Yamaguchi & Zajac, 1989). Cadavers are typically the remains of
older people, at various levels of muscle atrophy, making it difficult to scale these to healthy

young populations. Although muscle attachment locations remain the same, some muscle groups
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seem to atrophy more quickly as well, which could affect musculoskeletal geometry
measurements and muscle lines of action (Buchanan, Lloyd, Manal, & Besier, 2005; Buchanan
& Shreeve, 1996). More advanced imaging technologies could be of use here in recreating
subject specific limb and joint elements in-silico.

Geometrical simplifications of shapes and positions of bodies are also often used to
represent structures within joints, using elliptical shapes to represent the femoral condyles or
representing muscles attachment locations as specific points on bones rather than spread over
larger surfaces for example (Delp et al., 1990; Pandy, 2001). The path that muscles travel during
a contraction, wrapping around surfaces or pulling in a particular direction will change
depending on the position of the limb. This means that moment arms created by muscle
attachment points and the direction of tension will change over time as well. Some models
assume these remain constant for the sake of simplicity (Buchanan et al., 2004; McLean & Van
Den Bogert, 2003). Bone shapes and muscle dimensions and orientations are difficult to obtain in
a live specimen and are often based on textbook averages (Buchanan et al., 2004). Correctly
defining the geometry of a musculoskeletal model is of crucial importance as it has been shown
that changing the length of a body or insertion point of a muscle will impact the final output of
the model (Delp et al., 1990).

To further simplify musculoskeletal models, some studies focus on a single joint rather
than a whole body system. However, many muscles involved in one joint are also implicated in a
second joint, such as muscles crossing both the knee and hip joint (biceps femoris or rectus
femoris for example) or the knee and ankle joint (gastrocnemius for example). These biarticular
muscles increase the complexity of models as kinematic and kinetic calculations must consider

larger systems rather than focus on only the joint of interest. Many other variables associated
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with these dual function muscles are sometimes omitted and the results will therefore reflect this
(Buchanan et al., 2004; Buchanan & Shreeve, 1996; Kim et al., 2009). On the other hand,
considering the extra joints may help define constraints on muscle force estimations, as a whole
system must be stabilized rather than only a single joint (Fregly et al., 2011).

The range of motion of a musculoskeletal model is defined by giving joints certain
degrees of freedom to constrain motion possibilities. Although quite a few models define the
knee joint as a simple hinge or reduced DoF joint between the tibia and femur for example
(Anderson & Pandy, 2001; Arnold, Ward, Lieber, & Delp, 2010; Delp et al., 1990; Modenese,
Phillips, & Bull, 2011; Sasaki & Neptune, 2010; Xu, Bloswick, & Merryweather, 2014), the
reality is that these bones can actually move in 6DoFs in relation to one another (Benoit et al.,
2006, 2007; Marieb, 1998). Using only a hinge joint for example, simplifies the model
considerably but also significantly changes the results of the simulations (Komistek et al., 2005;
McLean & Van Den Bogert, 2003). It has been noted that differences between experimental
marker trajectories and the ones adapted into a scaled anatomical model will differ due to the
lack of motion flexibility of the model coming from the lack of DoFs at certain joints (Kuo,

1995).

1.2.2 Musculoskeletal Models: Mechanical Representation of Tissues

There are many material properties and parameters that must be defined within a
musculoskeletal mechanical model to be able to simulate it, such as tissue stiffness and strength
as well as muscle contraction dynamics (length, force and velocity relationships) for example.
When working with different populations such as older adults or those with injuries or joint
pathologies, these parameters may need to be adjusted within musculoskeletal models (Thelen,

2003).
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1.2.2.1 Mechanical Representation of Muscles: The Hill-Type Muscle Model

In the case of muscles, the most commonly used model is the macro-scale Hill-type
model, while some studies utilize the micro-scale cross-bridge theory model as well (Buchanan
et al., 2004; Millard & Delp, 2012; Van Den Bogert et al., 1998). Some models incorporating
tissue properties in their calculations can also use continuum mechanics to define geometric
deformations constraints and help predict the non-linear behaviours of complex biological tissues
(Epstein & Herzog, 2003).

The Hill-type model represents muscles in 3 main components followed by another
elastic element to represent the behaviour of tendons as illustrated in Figure 2 (Hill, 1938; Pandy,
2001; Pandy, Zajac, Sim, & Levine, 1990). The muscle is made up of a contractile element (CE)
linked to a series elastic element (SEE). In parallel to this is the parallel elastic element (PEE).
Typically, these elastic components are non-linear in order to be more physiologically
representative. The contractile element is the active component of the muscle and represents the
actin-myosin complex generating a contraction when the muscle is activated. As the exact
processes are not yet fully understood, this element is often a “black box” with inputs and
outputs defined by experimentally determined relationships between force production and length
as well as force-velocity relations (Van Den Bogert et al., 1998). The series elastic element
relates to the elasticity of the myofilaments of the muscle tissue and tendon elasticity. The
parallel component refers to the connective tissue surrounding the contractile component of the

muscle.
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Figure 2: Hill-model of muscle tissue. CE: contractile element or active actin/myosin complex.
SEE: Series elastic element or elasticity of myofilaments, PEE: Parallel elastic element or
elasticity of surrounding connective tissue. (Pandy, 2001; Pandy et al., 1990)

The Hill-type model can be affected by complex factors including activation dynamics or
neural excitation of muscle tissue, time history behaviour of muscle activity, fatigue and muscle
tissue yielding during lengthening phases (Van Den Bogert et al.,, 1998). Muscle forces
determined with the Hill model are a function of the muscles’ peak isometric forces, their
corresponding optimal fiber length and pennation angle, tendon slack length, and muscle

activation dynamics (Manal & Buchanan, 2003; Pandy, 2001).

1.2.2.2 Mechanical Representation of Muscles: Converting EMG to Muscle Activation

Muscle excitation can be detected as electrical signals recorded through electrodes placed
on the skin surface or within muscles with the use of needles (electromyography data - EMG)
before actual force production begins. This can be explained by the biochemical processes and
electrical properties of muscle fibers. When a muscle contracts and begins to develop force, the
tendon linking the muscle to the bone begins to stretch and carry a load as well, providing force
to move body segments (Marieb, 1998).

Experimental EMG recordings are converted to measures of muscle activations and then

to muscle force through the Hill model. Many experimental factors can affect EMG signals, such
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as amplifier gain, the type of electrode used, placement of the electrode on the muscle, soft tissue
impeding the signal, and general external noise (De Luca, 1997). Stimulation frequency, muscle
fiber type (fast and slow twitch) and muscle fiber recruitment patterns will also have an effect on
the onset of muscle force production and its magnitude after muscle excitation (Baratta et al.,
1988; Buchanan et al., 2004; Pandy, 2001). In modeling, the conversion between muscle
excitation and actual muscle activation can be optimized to fit individual subjects rather than
relying on pre-determined mathematical relationships (Hof & Van den Berg, 1981; Manal &

Buchanan, 2003).

1.3 Simulation Frameworks for Predicting Muscle Activations and Joint Loading:
Inverse and Forward Dynamics

A musculoskeletal model alone without kinematic, Kinetic or external disturbance inputs
has limited applications. A simulation framework is often required to associate a model with this
type of data and from there calculate and/or predict variables of interest such as joint angles,
segment velocities and acceleration, joint reaction forces and moments, muscle activation
profiles, muscle forces or joint contact forces for example.

In order to estimate muscle activations and forces as well as joint loading during an
activity, two main methods can be used, namely inverse or forward dynamics. In some cases, a
combination of both may be used to compare and validate predictions or to optimize results (Cao

et al., 2013). An example of this is shown in Figure 3.

1.3.1 Inverse Dynamics
Inverse dynamics is a non-invasive method used to calculate segment kinetics and joint
moments and forces. It requires the measurement of ground reaction forces (GRF) and body

kinematics over the course of a specific movement typically collected with motion capture
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camera systems and force plates or with smaller sensors such as accelerometers and gyroscopes
(Cao et al., 2013; Pandy, 2001; Winter, 2004). When using inverse dynamics, it is very important
to have proper marker placement on bony landmarks, and to consider soft tissue artifact (STA)
effects, especially during ballistic movements like at heel strike during gait for example (Benoit
et al., 2006; Buchanan et al., 2005; Cappozzo, Catani, Leardini, A., Benedetti, & Della Croce,
1996; Corazza et al., 2006; Szczerbik & Kalinowska, 2011). Errors in kinematic data resulting
from such issues will be translated to joint force and moment calculations and subsequent
analysis. To solve this issue, different methods have been used to introduce anatomical,
kinematic or geometrical constraints in musculoskeletal models to limit STA (Andersen, Benoit,
Damsgaard, Ramsey, & Rasmussen, 2010; Duprey, Cheze, & Dumas, 2010; Gasparutto, Sancisi,
Jacquelin, Parenti-Castelli, & Dumas, 2015; Leardini, Chiari, Della Croce, & Cappozzo, 2005)
however in many cases this may in fact increase the error (Andersen et al., 2010).

Once joint reaction forces and moments are determined, optimization protocols are
defined to predict likely combinations of muscle forces and thus activations and excitations
using a Hill type model, as there are typically more muscles to consider than there are equations
of motion to solve them. The choice of optimization is an important step in finding a reasonable
solution that fits both muscle physiology and the constraints of the tested condition (Lloyd &

Buchanan, 1996).

1.3.2 Forward Dynamics

Forward dynamics measures neural signals (from EMG data) to identify and normalize
muscle activations that are then converted to muscle forces. This conversion is typically based on
muscle activation dynamics, the use of musculoskeletal geometry for moment arm calculation

and a Hill-type muscle model. Once muscle force estimates are made, joint moments can be
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estimated followed by joint kinematics (Buchanan et al., 2005). A disadvantage of this method
however, is that small errors in joint moments become amplified through multiple integrations in
determining segment positions (Buchanan et al., 2004).

Forward dynamics is a more computationally demanding process as it must solve an
entire trial at once rather than by individual frame as is the case of inverse dynamics (Pandy,
2001). EMG recording methods and theory are well discussed in biomechanics literature in
general (De Luca, 1997; Frigo & Crenna, 2009; Stashuk, 2001; Staudenmann, 2007) and care
should be taken when collecting this type of data. Using EMG measurements can be limiting as
generally only large superficial muscles can be monitored when trying to record data non-
invasively although deeper muscles can be measured with intra-muscular needle electrodes (Cao
et al., 2013; De Luca, 1997; Sartori, Farina, & Lloyd, 2014). Additionally, noise in EMG signals
from skin preparation, soft tissue thickness and movement or from interference from other
muscles due to non-ideal electrode placement will affect the quality of the signal and may skew
muscle activation measurements in the model. Despite these limitations, EMG data provides the
only objective, measurable estimate of subject-specific muscle activity patterns, as recorded

experimentally from the muscles of interest.

1.3.3 A Forward-Inverse Dynamics Simulation Framework

Both forward and inverse dynamics methods have advantages and disadvantages,
therefore hybrid models using a combination of forward and inverse dynamics to predict
biomechanical variables can be used to solve a system or to cross-validate the solutions as shown
in Figures 3 and 4 (Buchanan et al., 2004, 2005; Sartori et al., 2014). The hybrid approach is
advantageous in predicting abnormal patterns in individuals with muscular disorders for

example, as well as can run optimization sequences with EMG data to guide the simulation in
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finding a more realistic solution for unmonitored muscles, without being too computationally
costly (Higginson, Ramsay, & Buchanan, 2012).

A hybrid-style simulation method was used in this thesis to create a system capable of
predicting muscle activations and joint loading (shown in Figure 4).(Shourijeh, Smale, Potvin, &
Benoit, 2016) In simple terms, this method first calculates torques at the knee through inverse
dynamics. Subsequently, the first steps of forward dynamics (up to calculating joint torques) are
run to find a muscle activation solution that matches knee joint torques calculated in the inverse
dynamics step. Instead of using EMG data as a starting point for the forward dynamics element,
the framework uses the kinematics of the trial in question to prescribe the motion of the model
and uses the muscle moment arms calculated in the inverse dynamics step. Muscle forces and
therefore activations and excitations are determined in such a way as to minimize the difference

in calculated knee joint torque values between the inverse and forward dynamics elements.
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Figure 3: Typical hybrid forward-inverse dynamics simulation setup. Forward dynamics begins
on the left and predict joint motions from muscle excitation (EMG;) to muscle activations (a;) to
muscle forces (Fi) while inverse dynamics starts on the right of the figure and predicts joint
moments based on joint kinematics (©) and its derived segment velocities and accelerations,
combined with ground reaction forces and moments (Fxy. and Myy,). Both systems work
together to find a common joint moment solution (Buchanan et al., 2005).
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Figure 4: Forward-inverse dynamics simulation framework minimizing joint torque prediction
error e(t) . Other variables are defined as follows: u(t): muscle excitation, a(t): muscle
activation, f(t):tendon-muscle forces, T*:simulated torque vector, T¢:torque vector from inverse
dynamics (ID). Adapted from (Shourijeh & Benoit, 2015; Shourijeh & McPhee, 2014).

1.4 Simulation Frameworks for Predicting Muscle Activations and Joint Loading:
Optimization Methods and Objective Functions
1.4.1 Static and Dynamic Optimization

The way in which muscles contribute to movement and joint stability is complex and is
not yet fully understood. In addition, as there are many muscles to consider and too few
equations resulting from the inverse dynamics or too few muscle EMG measured for forward
dynamics processes, optimization methods in simulations are employed with different objective
functions to distribute the joint loads among these muscles (Buchanan & Shreeve, 1996). Studies
have shown that muscle activation and force predictions are sensitive to optimization method
selection (Herzog, 1992; Sanford, Williams, Zucker-Levin, & Mihalko, 2013). Choosing
appropriate optimization protocols and objective functions to predict muscle activation and force
generation in an under-defined system is difficult, especially when there are only a few
constraints to narrow the possibility of solutions (Buchanan et al., 2004).

There are two main ways in which to optimize a system solution: static optimization and

dynamic optimization.
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1.4.1.1 Static Optimization

Static optimization is a computationally efficient method as it solves the muscle
activation problem for each individual time frame of a motion capture trial. It uses inverse
dynamics, relying on motion capture data, to predict ideal muscle activity patterns and
corresponding joint contact loads and can consider multiple muscles. One of the challenges with
this approach is that there are many muscle force combinations that result in the same net joint
loads. Such methods may use EMG data to validate their results by comparing experimental
muscle activity over time to simulated muscle forces (Cao et al., 2013; Kim et al., 2009; Lloyd &

Buchanan, 1996).

1.4.1.2 Dynamic Optimization

Dynamic optimization on the other hand, relies on forward dynamics and uses muscle
activity to predict muscle forces and joint loading. EMG driven simulation frameworks for
example, rely on dynamic optimization to estimate muscle forces involved in joint motion and
stability, using measured EMG data and activation dynamics from a selection of muscles
crossing the joint of interest and forward dynamics principles. This method accounts for different
strategies used in recruiting muscles to stabilize and move joints as well as considers muscle
dysfunctions where activation patterns may not be the same between subjects (Besier et al.,
2009; Winby, Gerus, Kirk, & Lloyd, 2013). However, this method is computationally more
costly as it solves its equations for an entire motion trial at once rather than by individual time
frame as in the static optimization case (Anderson & Pandy, 2001; Pandy, 2001). It is also

dependant on many biological tissue properties that are not entirely understood.
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In some cases, both static and dynamic optimization methods are used to cross-validate
results and potentially improve accuracy (Buchanan et al., 2005; Fregly et al., 2011). Deciding
which method to use depends on the purpose of the study, the available data and the time frame

required to run simulations (Pandy, 2001).

1.4.2 Objective Functions

To optimize a system's solution, an objective function (or cost function) must be defined.
There is a variety of cost functions that have been used in recent models in an attempt to obtain
realistic results at the knee joint such as minimizing total muscle force, muscle activation, muscle
stress, fatigue of muscles and metabolic energy expenditure over a given distance (Anderson &
Pandy, 2001; Cao et al., 2013; Kim et al., 2009; Lloyd & Buchanan, 1996; Winby et al., 2009).
These all have their limitations however, as it is not yet known exactly how the human body’s
musculoskeletal system is controlled (Walter et al., 2013).

The validity of many cost functions has been questioned as results of predicted muscle
activity from simulations do not always match well with measured muscle activity (Erdemir et
al., 2007; Herzog, 1987, 1992, 1992; Winby et al., 2009). It has also been argued that although
these cost functions may seem reasonable for certain movements, such as minimizing muscle
activity to increase efficiency of normal pace walking, in other situations, this cost function may
not be optimal, such as in the case of trying to reach maximum jump height or high speed
sprinting, where efficiency is no longer the main objective of the task (Kim et al., 2009). Another
example found that although people tend to walk on flat ground at a speed minimizing energetic
costs, in the case of downhill walking, individuals changed their gait pattern to increase stability
at the cost of some energy expenditure efficiency (Hunter, Hendrix, & Dean, 2010). Studies have

also shown that for the same activities, different people will use different muscle activation
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strategies for various reasons such as the task at hand, muscular disorders or previous training
experiences (Besier et al., 2009; Buchanan & Lloyd, 1995; Menegaldo & Oliveira, 2011; Sartori
etal., 2014).

In some simulation systems, mathematical cost functions (those that are not
physiologically based) can also be included, such as the minimization of torque calculations in
the hybrid-style forward-inverse dynamics (FID) simulation framework described in Figure 4.
Using only a mathematical objective is insufficient within musculoskeletal simulation
frameworks as they can result in multiple solutions that are not necessarily physiologically
possible. Multiple cost functions can therefore be combined with different weighting factors to

obtain desired results (Cleather & Bull, 2011).

1.4.3 Defining Stability as an Objective Function

The term stability has been used in multiple biomechanical and musculoskeletal studies,
but has not been standardized in its definition and can depend on the field of study or simply the
authors’ own linguistic preferences. This variety of definitions becomes a challenge when trying
to reproduce clinical or research studies involving musculoskeletal or joint stability (Hasan,
2005; Senavongse et al., 2003). It also complicates defining an optimization objective function in
musculoskeletal modeling based on principles of stability, as in the case of this thesis.

In biomechanics and neuromuscular control, there have been numerous studies looking at
how different structural elements of a joint, muscle activation patterns and loading of the knee
(weight bearing or not) may help to stabilize or alter the stability and loading patterns of a joint
(Flaxman, Speirs, & Benoit, 2012; Giesl & Wagner, 2007; Smith, Flaxman, Speirs, & Benoit,

2012).
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Bones within a joint are sometimes shaped in a way to limit the range of possible
movements, such as the hip joint for example that is shaped as a ball and socket. In the case of
the knee joint, however, bone shapes do not offer much constraint. Passive ligaments provide
some support in stabilizing joints but are not always enough. Muscle activity comes in to provide
the active neuromuscular control of joints (Giesl & Wagner, 2007; Smith et al., 2012;
Solomonow & Krogsgaard, 2001).

If we take the knee joint as an example, some studies found particular muscle groups
helped maintain knee joint stability in the frontal plane and supported varus/valgus moments in
situations stressing the ACL ligament (Lloyd & Buchanan, 2001; Shelburne et al., 2006;
Solomonow et al., 1987; Winby et al., 2009). It was also suggested that higher muscle activity
could help joint stability by increasing joint stiffness, thus increasing compression between
articulating surfaces (Riemann & Lephart, 2002).

Co-contraction, a term describing the simultaneous activation of antagonistic muscles,
has also been shown to play an important role in supporting varus/valgus and flexion/extension
moments of the knee to enhance stability, as well as increase joint stiffness, potentially
protecting the surrounding soft tissues from large or sudden impacts. (Ambegaonkar et al., 2011,
Doorenbosch & Harlaar, 2003; Lloyd & Buchanan, 1996; Maitland, Ajemian, & Suter, 1997,
Milner, 2002; Schipplein & Andriacchi, 1991; Schmitt & Rudolph, 2008; Senavongse et al.,
2003; Smith et al., 2012; Solomonow et al., 1987; Sturnieks, Besier, & Lloyd, 2011).

However, other studies have hypothesized that increased co-activation of muscles to
improve stability in people with knee joint pathologies could increase joint contact loading and
therefore may lead to damage of the articular surfaces if these loads were to go beyond

physiologically acceptable levels (Lloyd & Buchanan, 1996; Winby et al., 2009). Co-contraction
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is also a strategy that would be more metabolically costly than only activating a minimum of
muscles to achieve a desired limb motion (Milner, 2002).

Another method of defining joint stability is using classic mechanical control theory
definitions of a system’s ability to achieve a fixed point after a perturbation (Bergmark, 1989;
Rugh, 1996). Control theory describing feedback and feed-forward controls can be used in
neuromuscular systems to describe how nerves, muscles, ligaments and other soft tissues work
together with sensory systems to continuously monitor the state of a body and modify signals to
maintain or regain stability (Riemann & Lephart, 2002; Williams, Chmielewski, Rudolph,
Buchanan, & Snyder-Mackler, 2001).

The ability of a system to return to an equilibrium state can be described using constraints
and boundaries for given parameters or implementing penalty functions assigned to a system if it
attempts to move outside of allowed conditions (Moengin, 2010, 2011; Murphy, 1974). For
example, Lyapunov stability theory refers to the points that minimize a given non-negative
function (Lyapunov function) as the basin of attraction, where a system will eventually converge
(Derouin & Potvin, 2005; Giesl & Wagner, 2007). This definition has been used in
biomechanical studies to describe whole body stability in various populations, to describe static
joint stability strategies or to analyze EMG signal reception in powered assistive devices (Giesl
& Wagner, 2007; Bisi, Riva, & Stagni, 2014; Wagner, Giesl, & Blickhan, 2007; Kwon, Kim, &
Kim, 2014). A concrete example comes from (Giesl & Wagner, 2007), where they explained that
the basin of attraction is a range of joint positions where no additional muscle activity is required
to keep the joint stable. If a disturbance causes the components of a joint to move outside of this

basin, changed muscle activation is seen to bring the joint back into a stable equilibrium.
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In musculoskeletal modeling, studies have used principles of mechanical control theories
to describe muscle contributions in joint stabilization using equilibrium (static with constant
muscle activations and joint position) states (Derouin & Potvin, 2005; Giesl, Meisel, Scheurle, &
Wagner, 2004; Pel, Spoor, Pool-Goudzwaard, Hoek Van Dijke, & Snijders, 2008; Wagner et al.,

2007).

1.5 Validation Methods for Musculoskeletal Models and Simulation Frameworks

Validation of models, simulation frameworks and their outputs is a crucial step in the
development of their future applications (Manal & Buchanan, 2013; Vanheule et al., 2013,
Wibawa et al., 2013). The final practical application of the model and its required accuracy will
help to define what should be included and what can be omitted for simplification purposes
(Petrella et al., 2013).

Current musculoskeletal models are not yet sufficiently validated to be used in evidence
based clinical decision making, and will require better estimations of geometrical and material
properties of the musculoskeletal system that will then be used within simulation frameworks to
predict muscle activity and joint contact loading. However, it must be kept in mind that
optimization protocols only guess how the neuromuscular system controls muscle activations.

In order to validate results of joint contact loads and muscle forces and activations
determined by models and compare them to real life conditions, accurate experimental data are
required. The Knee Grand Challenge, for example, has been a source of valuable knee joint
information, collecting motion, EMG and force data using instrumented knee prostheses for a
variety of motions over the past few years (Delp et al., 2007; Fregly et al., 2011; Kinney et al.,
2013; Knowlton, Wimmer, & Lundberg, 2012). Many studies also validate their results by

comparing muscle activation predictions to experimental EMG data if using inverse dynamics, or
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by comparing predicted motion to experimental kinematics data if using forward
dynamics(Buchanan & Shreeve, 1996; Collins, 1995; Crowninshield & Brand, 1981; Glitsch &

Baumann, 1997; Seireg & Arvikar, 1975).

1.6 Musculoskeletal Modeling and Simulation Framework Tools

1.6.1 OpenSim and Other Modeling Platforms

In recent years, different systems have been developed to facilitate the creation and
visualization of musculoskeletal models as well as the development of simulation frameworks.
Some of these have been more mechanical/engineering based where their applications are not
limited to musculoskeletal studies, for example SD/FAST (PTC, USA), Autolev (OnLine
Dynamics Inc. USA), MatLab (The MathWorks, USA), Ansys (Ansys Inc., USA), and others
more biomechanically focused, for example Visual 3D (C-Motion, USA), SIMM
(Musculographics Inc./Motion Analysis Corp., USA), AnyBody (AnyBody Technologies,
Denmark) and OpenSim (Simtk.org, Simbios, National NIH Center for Biomedical Computing,
USA) (Delp et al., 2007; Mansouri & Reinbolt, 2012; Pandy, 2001).

OpenSim 3.2 was chosen for this thesis for a few reasons. OpenSim is an open-source
modeling and simulation platform, meaning that it is freely available to download and any
interested person can use materials posted in the OpenSim repository at simtk.org, or post their
own models for others to use. Source code is accessible to view and edit, and therefore it is easier
to understand, modify and/or verify how models and processes are defined, unlike in other
systems such as SIMM (MusculoGraphics Inc, USA), Visual3D (C-Motion Research
Biomechanics, USA) and AnyBody (Delp et al., 2007; Mansouri & Reinbolt, 2012). This open
access feature allows easier collaboration between research groups around the world in the

development of musculoskeletal modeling and simulation (Delp et al., 2007). OpenSim uses
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inverse dynamics and static optimization in its simulation functions (Delp et al., 2007), and this

IS what this thesis's work is built upon.

1.6.2 Examples of Existing Musculoskeletal Models in the OpenSim Repository

There are many models available from the OpenSim repository with varying levels of
complexity in terms of number of muscles, ligaments and degrees of freedom involved both in
full body models or focused on particular joints or limbs. A few examples of full or lower limb
models used for musculoskeletal modeling and muscle activation predictions are presented

below. Many more are available at simtk.org.

Table 1: Selected examples of musculoskeletal models available in the OpenSim repository

simtk.org

Model Based on Description No. of Actuators No. of DoFs at the

Work From: (Muscles Segments)  Hip, Knee and Ankle

(Hamner, Seth, & 12 (Hip:3, knee:1,
Delp, 2010) Full body 92 ankle: 1)
(Modenese et al., . 5 (Hip:3, knee:1,
2011) Unilateral lower body 163 ankle:1)
(Delp etal., 1990) Lower body 43/leg Hip:3, knee:1, ankle:1
(Delp et al., 1990) Torso+Lower body 92 (43/leg+obliques) 23 (Hz;r?;(?é,lf)]eezl’
(Xu et al., 2014) Torso+Lower body 56 (25/leg+obliques) 29 (Hz;r?;(?é,lf)]ee:‘l’

A modified version of the Xu et al. model was used in this thesis as it was based on
previous work by Delp et al. 1990, and included key features such as multiple DoFs at the knee
as well as had some muscle simplifications which would make simulations more computationally

economical.

1.7 Motivation, Research Questions and Study Goals
The previous sections gave an overview of the components and function of

musculoskeletal models and their related simulation frameworks. It was also noted that current
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models and simulation protocols, although promising, are not currently accurate enough or
validated enough in predicting knee joint contact loading and solving for the multiple muscle
forces involved in knee joint control (Fregly et al., 2011; Higginson et al., 2012; Manal &
Buchanan, 2013; Vanheule et al., 2013; Wibawa et al., 2013). It is therefore the goal of this
thesis to explore how musculoskeletal simulations could be improved. Two key areas of possible
improvements to musculoskeletal models and simulation frameworks were identified in the
literature, in particular considering the knee joint.

Objective 1: As stated in section 1.3.1 Inverse Dynamics, obtaining accurate kinematic
data is crucial in obtaining valid simulation results. In vivo evidence from a study by (Benoit et
al., 2006) using marker equipped bone pins inserted into participants' femurs and tibias, showed
that the knee moves in six degrees of freedom although only flexion/extension is well tracked by
skin mounted markers. It was also shown that these degrees of freedom are, on an individual
level, not obviously prescribed from the knee flexion angle as is the case in many
musculoskeletal models (Benoit et al., 2006, 2007). Defining and evaluating an optimal range of
motion for the knee joint based on the best available information of knee kinematics without
requiring extensive and invasive measurement techniques is warranted. Therefore, our first
research question becomes "Will adding range of motion limits, rather than using function
prescriptions or skin mounted markers, to non-principal DoF movement in the knee affect model
kinematics and joint torques predicted during gait?".

Objective 2: As described in section 1.4.3 Defining Stability as an Objective Function,
given the evidence that co-contraction exists and is not coherent with a physiological response to
minimize energy/activation, defining and evaluating an optimization function based on joint

stability is warranted. Put in question form, we ask "Will changing the optimization objective
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within a simulation framework to different definitions of joint stability applied to the lower limb
affect muscle activation prediction results during gait?".

Objective 3: Based on the results from Objective 1 and 2, we will answer the question
"Will changing both the simulation objective and incorporating in-vivo derived kinematic
constraints improve muscle activation predictions?"

This research therefore serves to further the understanding of how the musculoskeletal
system may work in-vivo and the strategies that it utilizes to preserve its integrity. If the muscle
activation profiles are found to be improved with one of these stability based cost functions as
well as the addition of experimental bone pin kinematic constraints and consequently potentially
improving joint contact loading predictions, the model and simulation protocol could be used by
other students and researchers to get an idea of joint contact loading and muscle activity during
various activities in different populations and perhaps study how they relate to different muscle

recruitment strategies and joint pathologies.

The next chapter outlines how these questions were addressed experimentally.
Subsequently, in chapter 3, results and related discussion points are presented in the form of
three journal manuscripts. The first manuscript details how incorporating in-vivo bone pin data
derived range of motion constraints affected lower limb kinematics and Kkinetics of a
musculoskeletal model over a gait trial. The second manuscript describes how changing the
objective function within a simulation framework impacted muscle activation predictions. And
lastly, the third manuscript presents the combined effect of kinematic changes induced by the
bone pin knee joint constraints as well as changing the objective function of the simulation’s

optimization protocol.
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Chapter 2 —Overall Methodology

This project consisted of two main parts. The first involves the extension of an existing

musculoskeletal model to add additional degrees of freedom at the knee. Gait kinematics were

then calculated using versions of this model with DoFs defined either with a combination of

function prescribed DoFs or skin mounted marker trajectories, or with the addition of bone pin

derived range of motion constraints from Benoit et al.’s study (Benoit et al., 2006). Inverse

kinematics and dynamics were calculated for gait trials from 5 healthy young adult male subjects

to see the effect on bone pin constraints on resulting model motion and joint torques. The model

conditions tested were with:

1-

(4DoF) A 4DoF knee model with 2 prescribed DoFs (distraction/compression and
anterior/posterior translations) without bone pin range of motion constraints.

(5DoF) A 5DoF knee musculoskeletal model with 1 prescribed DoF
(distraction/compression) without bone pin range of motion constraints.

(5DoFb) A 5 DoF knee model with 1 prescribed DoF (distraction/compression), and 4
of the remaining 5 DoFs (excluding flexion/extension) constrained by bone pin
ranges of motion.

(6DoFb) A 6 DoF knee model with no prescribed DoFs and 5 DoFs (excluding

flexion/extension) constrained by bone pin ranges of motion.

Results, which are presented in the first of three manuscripts in Chapter 3: "Effect of

Adding In-Vivo Based Kinematic Knee Joint constraints on Inverse Kinematics and Dynamics

Results in Musculoskeletal Modeling using OpenSim, were analyzed to determine if there were

significant differences in kinematics and joint torques between the conditions.
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In the second part of this thesis project, kinematic and torque results from the part 1 were
used as inputs into the FID simulation framework described briefly in Chapter 1, section 1.3.3 A
Forward-Inverse Dynamics Simulation Framework and is defined in more detail in (Shourijeh &
Benoit, 2015; Shourijeh et al., 2016). Muscle activations about the hip, knee and ankle joints
were predicted using 4 different optimization objective functions inspired by concepts of joint
stability: minimum and maximum sum of muscle activations squared, as well as minimum shear
and maximum compressive knee joint contact loading.

Results from these simulations were compared to experimental EMG data recorded
during the motion trials to see if predictions were improved by 1) changing the objective
function of the optimization protocol (refer to the second manuscript of Chapter 3:
"Musculoskeletal Knee Joint Stability Inspired Optimization of Forward-Inverse Dynamics
Simulations to Predict Muscle Activations” and 2) adding kinematic constraints. Correlations and
visual observations are used to characterize these elements (refer to the third manuscript of
Chapter 3: "Using an In-Vivo Based Knee Kinematic Model in a Forward-Inverse

Musculoskeletal Modeling Framework Alters Predicted Knee Joint Forces™).

2.1 Musculoskeletal Model

A musculoskeletal model created by Xu et al. (Xu et al., 2014) and based on (Delp et al.,
1990) which is available at simtk.org was used for this research project and includes 56 muscles
(25 per leg and abdominal muscles), 8 knee ligaments and 29 DoFs, as shown in Figure 5. This
model includes 4 non-prescribed DoF knee joint that follow skin mounted marker trajectories
(rotations and medio/lateral translation) and the remaining two are prescribed as functions of the
flexion/extension angle. The model also includes the patella to better visualize and control the

moment arms created by the patellar tendon and quadriceps muscles (Xu, 2013; Xu et al., 2014).
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Figure 5: Xu et al's (Xu et al., 2014) musculoskeletal models outfitted with the University of
Ottawa HMBL cluster marker set.

The Xu model contained multiple knee ligament bundles to study the deformation and
forces applied to them during various motions. However it was found during preliminary tests
that these ligaments made the model very stiff and prevented successful kinematics
determinations. As ligament deformation and force evaluations are not principal components of
this research project, the ligaments were removed from the musculoskeletal model, and

successful analyses were then obtained.
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2.1.1 Changing the Model’s Patella Definition

In some OpenSim lower limb musculoskeletal models, the patella segment’s motion (if
present) or leg extensor muscle attachment location points are described in terms of the
flexion/extension angle of the knee with relation to the tibia’s position and orientation, for
example in the case of the Gait2392, Gait2354 models, available on simtk.org (Delp et al., 1990;
Yamaguchi & Zajac, 1989) as well as Xu's model (Xu et al., 2014). Although the patella is
connected to the tibia by the patellar ligament, the motion of the patella tracks the distal end of
the femur in the trochlear groove in a healthy joint (Marieb, 1998). When anterior/posterior and
distal/proximal DoFs are prescribed by functions in the model, the patella tracks the end of the
femur adequately. However, when these DoFs are no longer strictly prescribed, the patella’s
motion deviates from its intended path, an extreme example of which is shown in Figure 6. How
the patella’s position is defined will have an impact on both knee joint alignment and on the
moment arm of muscles surrounding the joint (Coughlin, Incavo, Churchill, & Beynnon, 2003;
Yamaguchi & Zajac, 1989). Because of this, the musculoskeletal model script developed by Xu
etal. (Xu et al., 2014) was modified so that the prescribed tibio-patellar joint became the femoro-
patellar joint, where motion of the patella was defined in terms of the flexion/extension angle and
the position of the femur as is more anatomically realistic. This was done using the motion of the
patella from the original model and the work done by Yamaguchi and Zajac (Yamaguchi &
Zajac, 1989) and Coughlin et al. (Coughlin et al., 2003) to guide the new trajectories. Excerpts

from the original and modified model scripts for the patella can be found in Appendices Al.
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Figure 6: A) Patella position definition in terms of the tibia can be physiologically unrealistic in
models with 6 DoFs. B) Patella definition in terms of the distal femur is more anatomically
relevant.

2.1.2 Changing the Muscle Model from Thelen to Millard

As the Xu model was initially developed when the most current Hill-type muscle model
was the one developed for OpenSim based on Thelen’s (Thelen, 2003) and Winters’s muscle
model (Winters, 1995) , the model script used the “Thelen2003Muscle” model to describe the
various muscles and their mechanical representations. This was the gold standard built into
OpenSim for running static optimization protocols to determine muscle forces. Since then, a
slightly modified version of the Thelen model developed by Millard et al. (Millard, Uchida, Seth,
& Delp, 2013) has been implemented in the new OpenSim update and is found under the name
“Millard2012EquilibriumMuscle” in model scripting files. The Millard model determines force
exerted by a muscle based on its normalized activation level, muscle length, maximal isometric
force, non-linear muscle force-length and force-velocity curves as well as tendon length and the
tissue's pennation angle. The main differences between the Millard2012EquilibriuMuscle model

and the Thelen2003Muscle model are the additions of constraints to prevent the muscle model
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from using unrealistically short muscle lengths as well as prevents muscles from being fully
deactivated. Further details on the model and differences between the two can be found on the
OpenSim website (http://simtk-confluence.standford.edu, last visited April 2016). To update the
Xu model used in this thesis, the muscle model in the musculoskeletal model script was changed
from the “Thelen2003Muscle” model to that of the “Millard2012EquilibriumMuscle” muscle

model.

2.1.3 Releasing Prescribed Degrees of Freedom

The original Xu model has 2 prescribed DoFs (anterior/posterior and
distraction/compression translations), and 4 others that were free to move within a broadly and
loosely constrained range of motion. In order to implement the bone pin derived range of motion
constraints on a 5 and 6DoF knee model, the two prescribed DoFs were released of their function
prescribed motions by changing the model script in the section defining the tibial body, under the
custom joint spatial transform section in the OpenSim model file (Body (tibia) - Joint >
CustomJoint - SpatialTransform).

In the following section of the model script, (Body (tibia) = Joint > CustomJoint -
CoordinateSet), it is possible to set ranges of motion for each degree of freedom of a joint and
either enforce them strictly by setting them as “clamped” where the model may not adjust its
calculations to beyond this range, or leaving them as general guidelines only (not “clamped”)
from which the model may deviate if necessary. This feature was used to define the bone pin
derived ranges of motion and to constrain the model to appropriate values. Scripts of the original
4 DoF knee model with 2 prescribed DoFs as well as an example of the 6 DoF knee model with

clamped ranges of motion can be found in Appendices A2.


http://simtk-confluence.standford.edu/
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For each time step of inverse kinematics process, the allowed ranges of motion for the
relevant DoFs were determined and updated in the model script to constrain the kinematics to the
new bone pin defined range of motion envelopes. Each single frame of resulting inverse
kinematics was then assembled into one motion file that was applied to the scaled

musculoskeletal model to make it move.

2.2 Bone Pin Data Processing

As was described in an earlier section, motion data from walking, hops and cut trials
were recorded using marker clusters mounted on pins that were directly inserted into
participants’ femur and tibia as shown in Figure 7. A detailed description of how this data was

collected and processed is available from (Benoit et al., 2006).

Global
Reference Femoral
Frame anatomic reference:

frame

Tibial
anatomic reference
frame

Figure 7: General illustration of bone pin marker cluster placements and anatomical reference
frames in the study by Benoit et al. 2006

Rotations and translations at the knee joint were obtained from each of these trials (3 to 5

repeated trials of each motion for 6 participants) from this study (Benoit et al., 2006).
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Determination of allowed ranges of motion for each DoF in the inverse kinematics calculation is
as follows:

For each individual subject and for each of the three motions separately, the mean values
(from the 3-5 repeated trials) over the time normalized trials were calculated for each DoF. The
95% confidence interval (Cl) surrounding these means was also calculated. In some trials, the
first and last few data points were skewed as a result of the subject stepping into and out of the
capture volume during data collection. To reduce this effect, the first and last 10 points (out of
100 interpolated data points) were trimmed.

For each type of motion, the means for each subject just obtained were then averaged
between subjects and the corresponding average CI range was also calculated.

As shown in Figure 8, these means +/- Cl for each DoF were then plotted in terms of
flexion/extension angle of the knee for gait, hop and cut motions separately. An envelope of the
maximum and minimum values over the range of flexion/extension angles was then determined.
It was then assumed that at a fully upright position (0° flexion), the rotations and translations are
also at a zeroed point. This was confirmed by visually checking the model in its upright position.
If the positions were not zeroed, the bones did not align well. Therefore the range of motion
envelopes were shifted to accommodate this. These ranges of values in terms of flexion angle
were used to determine allowed ranges of motion constraints for the knee joint translations and
rotations in the Xu model.

The bone pin derived ranges of flexion/extension angles went from 0 (fully extended) to
45 degrees of flexion. As some of the simulation trials required values exceeding this interval,

the range of motion envelopes were extended based on the range of motion values and patterns



33 | Chapter 2 —Overall Methodology

Flexion (deg) Extension

External (deqg) Internal Rotation Abduction {deqg) Adduction

20F

A0t

18,
10t

-10

107

A0+

-15

[Sp)
T

near each extreme. Figure 8 shows the bone pin derived range of motion envelopes in terms of

knee flexion angle and the gait, hop and cutting kinematics from which they were calculated.

40 30 20 10
40 30 20 0
/73\\(4 - l_l.--"+ t
T e ==~
','h‘-\——"—“"-k::__ﬂ_ |
Ty et
40 30 20 0

Flexion/Extension Angle {deqg)

Medial (m) Lateral (right leg)

Distraction (m) Compression

Fosterior {m) Anterior
(]

[
[Sp)
T

0.01y

0017

-0.02

=]
T

-30 -20 -10 0
Flexion/Extension Angle {deqg)

Figure 8: Allowed ranges of motion for each DoF at the knee joint. The black solid lines show
average values for each motion type (gait, hop or cut). Grey lines show confidence intervals for
each motion type. The black solid line with + symbols show the maximum and minimum
envelopes. Flexion, abduction, and external rotations as well as medial, posterior and distraction

translations are shown with negative values. Their corresponding opposite motions are positive
values.

The anatomical reference frame definitions used in the bone pin study by (Benoit et al.

2006) are not exactly the same as those in the (Xu et al., 2014) OpenSim model. The bone pin
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study defined the coordinate systems of the femur and tibia using radiographs of the subjects’
knee joints. The femur’s point of origin was chosen as the deepest point of the inter-condylar
groove. The vertical axis (Z) follows a parallel line starting at the origin and following the long
axis of the femur. The anterior/posterior axis (Y) is the cross-product between the Z axis and the
line between the medial and lateral edges of the condyles. Finally, the X axis is defined as the
cross-product between the Z and Y axes pointing laterally.

The tibia is similarly defined, but with a point of origin at the highest point of the medial
inter-condylar eminence. The Z axis passes through the point of origin and points parallel to the
long axis of the tibia, the Y axis is the cross-product of the Z axis and the line formed between
the medial and lateral edges of the tibial plateau, and the X axis is defined by the cross-product
of the Z and Y axes. The resulting anatomical reference frames can be seen in Figure 7 (Benoit et
al., 2006).

In the case of the Xu model, the femoral and tibial coordinate systems are described as
follows: The origin point of the tibia is located at the midpoint between the lateral and medial
femoral condyles, at the knee joint center. The origin of the femoral system is at the center of the
femoral head. The tibia and femur have axes pointing in the same directions, where the vertical
axis Y is perpendicular to the transverse plane that passes through the origin point of the tibia.
The Z-axis points laterally lying on the same transverse plane. The X-axis points anteriorly and
is the result of the cross-product between the Z and Y axes (Xu et al., 2014). An illustration of
this is shown in Figure 9. The knee joint's DoFs are defined with the tibia's position in relation to
the femur.

To minimize the effect of different coordinate systems, the bone pin derived envelopes

were centered at zero flexion (full extension) within the model so that both bone pin data and
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model coordinate systems had a matching reference point. Even with slight differences in

definitions, the bone pin derived rotation and translation ranges of motion can still provide a

reasonable physiological range in which the Xu model may move.

Figure 9: Visual representation in OpenSim of the femoral and tibial anatomical reference
frames of the Xu et al. (2014) model.

2.3 The Simulation Framework

Calculation and simulation protocols applied to the models in this project come from a
FID framework developed within our research team by Dr. Mohammad S. Shourijeh (Shourijeh
et al., 2016). As was briefly explained in Chapter 1 section 1.3.3, this FID method, illustrated in
Figure 4 and repeated here (Figure 10) for clarity will be used to run muscle activation

simulations on gait data.
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Figure 10: Forward-inverse dynamics simulation framework minimizing joint torque prediction
error e(t) . Other variables are defined as follows: u(t): muscle excitation, a(t): muscle
activation, f(t): tendon-muscle forces, TS: simulated torque vector, T€: torque vector from
inverse dynamics (ID). Adapted from (Shourijeh & Benoit, 2015; Shourijeh & McPhee, 2014).

Optimal Control ét)

The FID method first calculates knee joint torques by inverse dynamics (right hand side
of Figure 10 up to “torque vector from ID”) then runs the first steps of forward dynamics with
prescribed motion (starting on the left at “Muscle Dynamics”) to estimate muscle activations and
forces that yield knee joint torques (simulated torque vector) as close to those described by the
inverse dynamics method. This is done by running an optimization sequence that minimizes a
given cost function (objective function) which will test iterations of muscle activation
combinations to see if the joint torque difference can be minimized (illustrated by the Optimal
Control box in Figure 10). This cost function can be composed of multiple elements,
mathematical (non-physiological) cost functions such as minimizing torque error between
forward and inverse dynamics as shown in Figure 10, and can include physiological cost
functions as well, such as minimization of muscle activation. As noted in section 1.4.2 Objective
Functions, this is not necessarily a realistic physiological condition to include in a simulation and
we will explore how changing this cost function alters final simulation outputs. Although
experimental EMG data will not be used directly within the simulation, we will use the data to

validate the muscle activity prediction results.
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2.3.1 Part 1 of the Forward-Inverse Dynamics Framework Method: Inverse Kinematics,
Dynamics and Static Optimization

The first step in determining knee joint torques using inverse dynamics (right hand part of
the FID framework in Figure 10) involves loading and scaling the musculoskeletal model to fit
the individual's measurements. A static motion capture trial is loaded into OpenSim and the
model is dimensionally scaled by comparing positions of experimental markers and the model's
virtual markers that are defined at approximate locations on the model's body as well as uses
height and weight values given as additional anthropometric data. Each segment's inertial
properties are adjusted and muscle attachment points are scaled to the new segment lengths.
Maximum muscle forces remain the same as the generic model unless otherwise updated (which
was not the case in this thesis). The model is saved in its scaled form.

The following steps calculate inverse kinematics and inverse dynamics through
predefined functions in OpenSim. A motion trial in *.C3D format is defined and opened through
MatLab and trajectory and force plate data from that file are split into file formats that can be
read by OpenSim - MOT, GRC and TRC files - through specialized MatLab C3D reading
functions.

To incorporate the bone pin range of motion constraints for the simulation conditions
using them, an initial joint angle is required to start the process. The first time step is run without
constraints to obtain this initial joint flexion angle value and to determine allowed ranges of
motion based on the data from Figure 8 in the 2" time step for the relevant DoFs requiring
constraints. For the 3" time step, knee flexion angle from the 2™ time step is used and so on over
the course of the trial. Although this creates a minor time shift in flexion angles, from one time

step to the next the angle change remains small as gait data is mostly smooth and does not have
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sharp angle changes as might be seen in cutting motions for example. Inverse kinematics are
calculated through OpenSim 3.2's built in function by first attempting to minimize the error of fit
between experimental marker placement and how the model is able to move, and then calculates
joint and segment positions from there. Details on this method can be found at http://simtk-
confluence.stanford.edu:8080/display/OpenSim/How+Inverse+Kinematics+Works (last visited
December 2015) and is also copied for convenience in Appendices A3. Each time step's inverse
kinematics results were then assembled into a single continuous sequence to create a motion file
from dominant heel strike to next dominant heel strike from which the inverse dynamics
calculations are then performed.

Because there are errors and assumptions in the model and noise in collected data,
calculated forces for the segments of the leg do not coincide exactly with
mass * acceleration (F = ma) as defined in Newton’s law (“How RRA Works - OpenSim
Documentation - Confluence,” 2013). As such, once inverse kinematics and dynamics are
determined, some users recommend running a residual reduction algorithm (RRA). The equation
becomes F + F,esiquar = ma. The RRA function in OpenSim will optimize the model to
minimize the residual force values as much as possible so that kinematics and dynamics are
followed as well as the laws of physics. This process was run for multiple trials and was found to
produce unreliable results, where in some cases, instead of showing stable gait data, the model
collapsed into a non-admissible state as a result of RRA adjustments as shown in Figure 11.
Because of this, only torque data from inverse dynamics were used instead of RRA adjusted

torque values.
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Figure 11: Kinematic results for one subject at the same time frame from running A) Inverse
kinematics only and B) running RRA adjustments after inverse kinematics to minimize residual
errors. Combined with bone pin derived constraints, RRA gave inadmissible results.

As an additional step that is not required to get final FID simulation muscle activation
results, conventional static optimization simulations were run using the OpenSim Static
Optimization tool that minimizes the sum of muscle activations squared. Results of this static
optimization were compared to the other final FID framework simulation results.

All results (scaled model file, muscle moment arms, kinematics and knee joint torques)

were saved for analysis and for use as inputs into the forward part of the FID simulation

protocol.

2.3.2 Part 2 of the Forward-Inverse Dynamics Simulation Method: Forward Dynamics and
Changing the Objective Function in Optimization

To run the forward dynamics part of the FID simulation framework, the scaled model
was given a set of motions to follow from the inverse kinematics results as is illustrated in Figure

10. As well, the moment arm of each muscle was retrieved through OpenSim from the scaled
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model and inverse kinematics results for each time step and each DoF of the model. These
moment arms were combined with predicted muscle forces derived from activation values to
determine knee joint torques.

An initial guess for muscle activation predictions used the results of the OpenSim static
optimization tool as a starting guess for the combination of muscle activations likely to fulfill the
optimization criteria of minimizing the difference between joint torques calculated by inverse
dynamics and predicted by forward dynamics. Optimization functions to find a solution used a
combination of optimization functions from the MatLab Optimization and Global Optimization
toolboxes (MatLab 2013a, The MathWorks, US). More specifically, using the functions fmincon
(find minimum of constrained nonlinear multivariable function), GA (find minimum of function
using a genetic algorithm) and fminsearchbnd (find minimum constrained multivariable function
using derivative-free method) Results of muscle activations were saved to be analyzed
afterwards. Optimization was done on 50 evenly spaced time points over the course of the gait
cycle defined from dominant leg heel strike to the following dominant leg heel strike.

Simulations were repeated with four different objective functions in the optimization

protocol as described in the next section.

2.3.2.1 Defining Cost Functions to Optimize Stability of the Knee

Details of the FID framework can be found in (Shourijeh & Benoit, 2015; Shourijeh et
al., 2016). The basic mathematical (non-physiological) objective function of the FID
framework’s optimization minimizes the absolute value of torque error (TE) divided by absolute
values of torque determined from inverse dynamics (ID_Torques), and rejects combinations of

values where muscle activations (a) are above 1 or below 0 (beyond 0 to 100% maximum
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activation effort). The simulation attempts to obtain the solution with the smallest value of the
mathematical objective function J ..
Jrmin = min (S(ITE|/|ID_Torques|)) (Eql)

Only the sagittal (flexion) plane of the hip, knee and ankle DoFs and their relevant
muscle lines of actions and activations were optimized to minimize torque error, as the muscle
activation combinations from the other DoFs showed difficulties in recreating required torque
conditions due to reduced amount of muscles in the model able to create abduction or rotation
torques.

This cost function can be changed to include a physiological component as well. The
more common cost function of minimizing muscle activation (EQ2: Jsmin Where a; represents
muscle activation) required to achieve a given position is defined by minimizing the sum of
squared muscle activations.

Jamin = minZ(a;)?| (Eq2)

Different weighting factors can be selected to put more importance on the purely
mathematical or the physiological conditions as necessary. Simulations were run with this
physiological cost function as a starting point. More tests were run using other possible cost
functions based on improving stability of the joint considering the various explanations of
stability outlined in Chapter 1, section 1.4.3. In each case, the mathematical cost function of
minimizing torque error and rejecting solutions with normalized muscle activations outside of
the physiologically possible range of 0 to 1 (0-100% maximal effort) were kept as part of the
whole objective function.

One of the new physiological cost functions was simply the opposite of the first one, a

function to maximize muscle activation (J4;max):
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Jamax = |maxz(ai)2| (Ea3)
As the optimization coding of the FID simulation framework seeks the global minimum of the

combination of mathematical and physiological cost functions, this equation becomes:

R | (Eq4)
]Amax - |m1n Z(ai)2|

This cost function option could help tighten and therefore increase stiffness of the joint, thus
improve stability according to one of the definitions of stability.
With a similar reasoning, two other cost functions based on stability definitions were to

maximize joint compression (Jymax) Where Fom,, is axial compression force, and minimize

joint shear loading (Jgmin) Where Fg,.qr IS the resultant shear force. Maximizing compression
could increase joint stiffness and thus stability. Minimizing shear loading could promote co-
contraction of muscles to cancel out opposite forces, as well as protect ligaments from excessive
stress and strain. These objective functions were respectively defined using joint contact loads as

criteria as:

]]max = [min | (Eq5) Jsmin = MinZ(Fspeqr)| (Eqg6)

Z(Fcompr)
These cost functions were tested on gait trials of the 5 subjects used in the first part of the
FID simulation framework and applied to 2 of the model conditions described previously:
1- (4DoF) A 4DoF knee model with 2 prescribed DoFs (distraction/compression and
anterior/posterior translations) without bone pin range of motion constraints
2- (5DoFb) A 5 DoF knee model with one prescribed DoFs (distal/proximal translation)
and 4 DoFs (excluding flexion/extension) constrained by bone pin ranges of motion.
In this way, the effect of adding kinematic constraints to final muscle activation results

could be observed. This second model condition was chosen as OpenSim was unable to calculate
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joint forces when all DoFs were released as a 6DoF knee model. As well, since the bone-pin
constrained distal/proximal translation DoF was quite similar to the prescribed function, it was
deemed an acceptable compromise.

The physiological cost functions described for the simulations were defined and
incorporated with the torque error minimization to outline the total cost function to be minimized
in the forward part of the FID simulation. As the weighing factors for both the torque error
minimization and physiological cost functions can be modified, simulations were run in a way to
equally distribute the weight of the physiological cost function with that of the minimization of

torque error.

2.4 Experimental Motion Trials

Level ground gait trials were recorded over the last 2 years from 5 young healthy male
adults (mean age, weight and height 24+1.9yr, 80.8+9.1kg and 177.3£8.1cm respectively)
walking with a self-selected pace. The protocol for collecting the data was approved by the
University of Ottawa Ethics Review Board.

The data uses a Plug-In Gait marker set (Vicon Motion Systems, UK), illustrated in
Figure 5, modified to include 3-marker clusters on the thigh and shank along with other bony
landmarks on the body. Passive reflective marker trajectories were sampled at 200 Hz using the
Vicon Nexus 1.8.3 motion capture system (Vicon Motion Systems Itd, UK) and force plate data
from a Bertec platform (Bertec, USA) was sampled at 1000Hz. Marker trajectories and force
plate data were filtered with a 4™ order dual pass Butterworth filter with a cutoff frequency of
10Hz.

Muscle EMG was collected at 1000Hz with a Delsys Bagnoli 16 EMG system (Delsys,

USA) electrodes on the dominant leg for 12 muscles: gluteus maximus (GLTMAX), gluteus
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medius (GLTMED), tensor fascia latae (TFL), rectus femoris (RFEM), vastus medials (VMED),
vastus lateralis (VLAT), biceps femoris (BFEM), semitendinosus (STEN), tibialis anterior (TA),
medial gastrocnemius (MGAS), lateral gastrocnemius (LGAS) and the soleus (SOL).

Electromyography data from each motion trial was full wave rectified and filtered with a
4™ order dual pass Butterworth filter with cutoff frequency of 8Hz to obtain a linear envelope of
muscle activity. Maximum voluntary isometric contraction (MVIC) trials were collected on a
Biodex dynamometer (Biodex, USA) instrument. MVIC EMG data collected from these trials
were also filtered in the same way. Maximum EMG values were recorded from each muscle over
all MVIC trials and are the values used to normalize the motion trial EMG data. Simulations
were run for one gait cycle between dominant heel strike and the following dominant heel strike.
Therefore normalized EMG trials were trimmed to these event times for better comparisons.

The data used to constrain the range of allowable kinematic translations and rotations
come from (Benoit et al., 2006). As the bone pin data was collected only on healthy male adults,
the FID simulations will only be run on the male participants (5 of the 10 collected participants).
Running simulations to compare results in different populations, those affected by fatigue,
osteoarthritis or ACL injuries for example, may be done using a similar methodology in future
projects. However, additional bone pin data collections may be required to have information that

reflects the studied population.
2.5 Statistical Analysis

2.5.1 Statistical Analysis of Inverse Kinematics and Inverse Dynamics Result with and
without Bone Pin Range of Motion Constraints

Mean and standard deviations for resulting hip, knee and ankle joint kinematics and knee

joint dynamics were plotted and compared between each of the four testing conditions both
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visually and with one-way ANOVA testing using statistical parametric mapping (SPM) to find
significant (p<0.05) differences between conditions over the entire duration of the gait trials.
Post-hoc tests on significant results were conducted using Bonferroni corrected two-tailed t-tests
to reduce the effect of running multiple comparisons in the ANOVA test and to conservatively
find which condition comparisons showed significant differences.

In the literature, studies with similar styles of data often calculate means and standard
deviations to see changes over time during motion trials for example, followed by one or two
way ANOVA tests (Behm, Anderson, & Curnew, 2002; Besier et al., 2009; Vanrenterghem,
Venables, Pataky, & Robinson, 2012). However, this type of testing can only analyze particular
time points in the whole series of data, usually selected as peaks or key events in the graphs and
not over a time period as is important in the case of trial kinematics and dynamics (Pataky, 2012;
Serrien, Blondeel, Clijsen, Goossens, & Baeyens, 2014; Vanrenterghem et al., 2012). SPM
testing, typically used for 3D neuro-imaging procedures, has recently been adapted to processing
other one-dimensional data sets such as marker trajectories or ground reaction forces that vary
over time. This type of testing allows calculations of means and standard deviations over the
course of a trial but also to calculate other statistical tests such as the one-way ANOVA over an
entire trial and identify which parts show significance (Pataky, 2012; Pataky, Robinson, &
Vanrenterghem, 2013). A research group has developed scripts to run SPM statistical tests for
MatLab and Python, and these codes are freely available from www.spm1d.org (Pataky, 2012).
SPM testing has been used in other biomechanical studies such as (De Ridder, Willems,
Vanrenterghem, Robinson, & Roosen, 2014; Serrien et al., 2014; Vanrenterghem et al., 2012) for
example. More details on how the process works can be found in (Friston, Holmes, Worsley,

Frith, & Frackowiak, 1995; Pataky, 2010, 2012; Pataky et al., 2013). In addition to statistical
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testing, kinematics and torque values were also compared to data found in the literature to
identify similarities.

Results and their discussion can be found in the first manuscript in Chapter 3: "Effect of
Adding In-Vivo Based Kinematic Knee Joint constraints on Inverse Kinematics and Dynamics
Results in Musculoskeletal Modeling using OpenSim", Potvin B.M, Shourijeh M.S., Smale K.B.,

Benoit D.L.

2.5.2 Statistical Analysis of the Effect of Changing the Objective Function in Forward
Dynamics Optimization within the FID framework with and without Bone Pin Constraints

To see if the new cost functions used in the forward dynamics part of the FID framework
enabled the model simulations to predict muscle activity more accurately, muscle activation
results were compared to processed experimental EMG data. Results can be found in the second
and third manuscripts presented in Chapter 3: "Musculoskeletal Knee Joint Stability Inspired
Optimization of Forward-Inverse Dynamics Simulations to Predict Muscle Activations”, Potvin
B.M, Shourijeh M.S., Smale K.B., Spinello D., Benoit D.L.
and "Using an In-Vivo Based Knee Kinematic Model in a Forward-Inverse Musculoskeletal
Modeling Framework Alters Predicted Knee Joint Forces", Potvin B.M, Shourijeh M.S., Smale
K.B., Spinello, D., Benoit D.L.

Visual observations as well as statistical correlations tests and root mean square error
(RMSE) calculations were used to compare experimental and predicted muscle activation
patterns. There was some delay between EMG peaks and muscle activation results due to the
typical electrochemical delay seen between muscle excitation and production of force. Therefore,
EMG data was shifted up to a maximum of 150ms to match muscle activation curves using the

cross-correlation function xcorr built into Matlab statistical testing scripts.
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Correlation results from the simulations revealed if changing the cost function had a
significant impact on simulation outputs and which of the objective functions provided the most
accurate predictions in terms of curve pattern. RMSE analysis gave insights into how close the
estimations were to EMG data in terms of magnitude. Predicted muscle activity patterns were
also compared to EMG data from the literature and to simulation results obtained by other
studies.

SPM scripts were used to graphically represent the across subject means and standard
deviations of muscle activation predictions as well as joint contact loading over the course of the

gait cycle for each simulation condition.
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Chapter 3 — Journal Manuscripts

Results from each part of the methodology described previously will be presented in the
following manuscripts. Note that these have not been published in journals as of the date of
submission of this thesis but are presented in this way to underline the different stages and

objectives of this thesis.

1)
"Effect of Adding In-Vivo Based Kinematic Knee Joint constraints on Inverse Kinematics and
Dynamics Results in Musculoskeletal Modeling using OpenSim™

Potvin B.M, Shourijeh M.S., Smale K.B., Benoit D.L.

2)
"Musculoskeletal Knee Joint Stability Inspired Optimization of Forward-Inverse Dynamics
Simulations to Predict Muscle Activations"

Potvin B.M, Shourijeh M.S., Smale K.B., Spinello D., Benoit D.L.

3)
"Using an In-Vivo Based Knee Kinematic Model in a Forward-Inverse Musculoskeletal
Modeling Framework Alters Predicted Knee Joint Forces™

Potvin B.M, Shourijeh M.S., Smale K.B., Spinello, D., Benoit D.L.
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University of Ottawa, School of Rehabilitation Sciences

Kenneth B. Smale
University of Ottawa, School of Human Kinetics

Dr. Daniel L. Benoit
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ABSTRACT

Musculoskeletal modeling and simulations have vast potential in clinical and research
fields, but face various challenges in representing the complexities of the human body such as
soft tissue artifact created by applying skin mounted marker motion data to models in
simulations. To address this, we developed joint constraints on five of the six degree of freedom
of the knee joint based on in vivo tibio-femoral joint motions recorded during walking, hoping
and cutting from subjects instrumented with intra-cortical pins inserted into their tibia and femur.
A musculoskeletal model developed in OpenSim simulation software was constrained to these
boundaries and inverse kinematics and dynamics were then resolved. Statistical parametric
mapping of simulation showed significant differences (p<0.05) in kinematics between bone pin
constrained and unconstrained model conditions, notably in knee translations, while hip, knee
and ankle flexion/extension angles showed minimal differences between model conditions.
Changes in hip, knee and ankle moments were also noted.

The goal of most musculoskeletal modeling studies is to represent physiological events.
We have developed and evaluated a kinematically constrained knee joint based on in vivo tibio-
femoral motions which resulted in more physiologically realistic translation and rotation
movements. Given that soft tissue artifact induces significant kinematic error and studies have
also indicated that current modeling approaches used to reduce this error may in fact exacerbate
this error, our in vivo based constraints represent a simple method to provide more realistic
kinematics for the remaining degrees of freedom within musculoskeletal models.

KEY WORDS

Musculoskeletal modeling, kinematics, soft tissue artifact, knee joint, bone pins
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BACKGROUND

Musculoskeletal modeling and computer simulations are very useful clinical and research
tools to objectively address musculoskeletal disorders and their costly effect on the health care
system(Delp et al., 1990; Fregly et al., 2011; Kinney, Besier, D’Lima, & Fregly, 2013;
Komistek, Kane, Mahfouz, Ochoa, & Dennis, 2005; Reinbolt et al., 2005). The knee joint is a
complex load bearing joint and moves in 6 degrees of freedom (DoF): 3 rotations -
flexion/extension, abduction/adduction, internal/external rotation, and 3 translations -
anterior/posterior, lateral/medial and distal/proximal. Yet, it is often simplified into a reduced
DoF joint in musculoskeletal modeling and simulations (Anderson & Pandy, 2001; Arnold,
Ward, Lieber, & Delp, 2010; Delp et al., 1990; Modenese, Phillips, & Bull, 2011; Sasaki &
Neptune, 2010; Xu, Bloswick, & Merryweather, 2014), limiting its physiological realism. The
remaining degrees of freedom are typically neglected or defined as functions of the
flexion/extension angle of the knee based on cadaveric studies and geometric modeling of the
femur, tibia and patella (Coughlin, Incavo, Churchill, & Beynnon, 2003; Delp et al., 1990;
Yamaguchi & Zajac, 1989). A musculoskeletal model developed by Xu et al. defines the knee
more flexibly as a 4 free DoFs joint with the remaining two (anterior/posterior and
distal/proximal translations) prescribed as functions of the knee flexion angle (Xu et al., 2014).
However, accurate kinematics are required to correctly define model motion.

Typically, reflective skin mounted markers tracked by motion capture systems are used to
track experimental body kinematics (position of bones relative to each other and to the
environment) during various activities and are applied to musculoskeletal models (Benoit et al.,
2006; Worsley, Stokes, & Taylor, 2011). Soft tissue artifact (STA), the movement of markers

caused by skin deformation and not actual bone motion, has a large effect on determining body
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kinematics (Benoit et al., 2006; Gao & Zheng, 2008; Gasparutto, Sancisi, Jacquelin, Parenti-
Castelli, & Dumas, 2015; Li, Zheng, Tashman, & Zhang, 2012; Reinschmidt, Van Den Bogert,
Nigg, Lundberg, & Murphy, 1997). Benoit et al.’s work (Benoit et al., 2006) compared knee
joint skeletal segment movement in healthy adult males using skin mounted markers as well as
rigidly linked marker clusters directly implanted into the femur and tibia with bone pins. Skin
markers were found to be heavily affected by STA in all but the larger motion of
flexion/extension, where the error in relation to the magnitude of movement was small (Benoit et
al., 2006, 2007). Errors of up to 13.1° in rotations (observed in abduction/adduction) and up to
16.1mm in translations (observed in anterior/posterior translation) were identified (Benoit et al.,
2006). This error is a function of marker cluster translation and rotation, rather than cluster
deformation (inter-marker motions)(Benoit, Damsgaard, & Andersen, 2015) and while modeling
the error is possible (Andersen, Damsgaard, Rasmussen, Ramsey, & Benoit, 2012) it is not yet
feasible without subject specific data obtained in vivo to generate the model.

To solve this issue, different methods have been used to introduce anatomical, kinematic
or geometrical constraints in musculoskeletal models to limit STA (Andersen, Benoit,
Damsgaard, Ramsey, & Rasmussen, 2010; Duprey, Cheze, & Dumas, 2010; Gasparutto et al.,
2015; Leardini, Chiari, Della Croce, & Cappozzo, 2005) however in many cases this may in fact
increase the error (Andersen et al., 2010).

In order to improve the biofidelity of musculoskeletal models of the lower limb, we have
developed a model of knee joint motion constrained for each non-principal DoF using the in-vivo
bone pin data from Benoit et al.'s study(Benoit et al., 2006). Knee motions were compared
during gait between skin marker derived kinematics and those of a model whose knee joint

ranges of motion were constrained within the physiological range measured in vivo. It is
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hypothesized that implementing realistic yet somewhat flexible ranges of motion may vyield
kinematic and Kinetic results more reflective of in-vivo bone motions as well as allow subject
variability and additional model flexibility.

METHODOLOGY

Musculoskeletal Model Definition and Modification

OpenSim (OpenSim 3.2, simtk.org, Simbios, National NIH Center for Biomedical
Computing, USA), an open-source modeling and simulation platform, and MatLab 2013a (The
Mathworks, US) were used to scale the musculoskeletal models described below and calculate
joint kinematics and kinetics.

A modified version of Xu et al.’s musculoskeletal model was used for its multi-DoF knee
joint. It includes 56 muscles 29 DoFs overall (Xu, 2013; Xu et al., 2014). The knee joint, defined
using the tibia's position in relation to the femur segment, has 4 DoFs with loose constraints:
flexion/extension from -120 to 10° internal/external rotation (-45 and 30°), abduction/adduction
(+/-15°), and medial/lateral translation (+/-2cm). The other DoFs are functions of the
flexion/extension angle (Xu et al., 2014; Yamaguchi & Zajac, 1989). The model was modified to
have more knee DoFs for this study. The patella’s definition was modified to follow the femur's
position and orientation rather than the tibia's using the current Xu model and studies by
Yamaguchi et al. and Coughlin et al. as references(Coughlin et al., 2003; Xu et al., 2014;
Yamaguchi & Zajac, 1989). In the original 4DoF model, this trajectory is not changed in either
case. However, when the two remaining prescribed DoFs were released, this change proved to be

more relevant.
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Development of Bone-Pin-Data-Based Model of Knee Kinematic Constraints

Bone pin data from Benoit et al. 2006 were processed for 3 to 5 motion capture trials
each of walking, hopping and cutting motions from each of the 6 healthy young adult male
participants (Benoit et al., 2006). Rotations and translations at the knee joint were obtained from
transformations of marker cluster positions mounted on bone pins inserted into the lateral aspect
of the femur and tibia into the knee’s local coordinate system (Benoit et al., 2006, 2007). This
data was then processed to create boundary envelopes for each non-principal DoF plotted against
knee flexion angle to be used as the allowed ranges of motion for the model's constrained knee
DoFs. As only flexion/extension of the knee is tracked reliably with skin mounted markers,
experimental motion capture data can be used as an input to identify corresponding ranges of
motion for the other DoFs.

For each individual participant and each of the three types of motions, the mean and 95%
confidence interval (CI) of the 3-5 time normalized trials were obtained for each rotation and
translation. The first and last 10 frames (of 100) were trimmed due to skewed kinematics as a
result of some of the participant stepping into and out of the capture volume during data
collection.

The calculated means and Cls for each participant were averaged between all participants
for each motion type. Each final DoF average +/- Cl was plotted in terms of flexion/extension
angle for gait, hop and cut motions. An envelope of the maximum and minimum values over the
range of flexion/extension angle was then obtained. The envelopes were shifted to be at zero
position at full leg extension (0° flexion; Figure 1.1). Kinematic constraints beyond bone pin

experimental data were estimated by extending the envelope by hand following the curve shapes.
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Figure 1.1: Allowed ranges of motion for each DoF at the knee joint (tibia w.r.t femur). Solid
blue lines show average values for each motion type (gait, hop or cut) for the 6 subject in Benoit
et al. 2006's study. Green lines show 95% confidence intervals for each motion type. Red solid
line with + symbols show the final maximum and minimum motion envelopes. Flexion,
abduction, and external rotations as well as medial, posterior and distraction translations are
noted with negative values.

Data Collection

Three gait trials at a self-selected pace each from 5 healthy young adult males with no

significant history of lower limb injuries (mean age, weight and height 24+1.9yr, 80.8+9.1kg and
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177.3£8.1cm respectively) were collected and time normalized between two consecutive right
heel strikes using a 10-camera motion capture system (Nexus 1.8.3, Vicon Motion Systems Itd,
UK). Fifty-two passive reflective markers were placed on subjects using a combined Plug-in-
Gait and cluster model (Figure 5). Marker trajectories were sampled at 200 Hz while kinetics
were sampled at 1000Hz (Bertec, USA). Motion and force data were filtered with a 4™ order zero
lag Butterworth filter with a cut-off frequency of 10Hz and exported in .c3d format for post-
processing. The data collection protocol was approved by the University of Ottawa Ethics
Review Board and informed consent was provided by all subjects.

Scaling and Inverse Kinematics

The musculoskeletal model was dimensionally scaled using static motion trials, the
subject's height and his weight. OpenSim 3.2 functions calculated inverse kinematics and
dynamics using the following four model definition conditions to describe knee joint kinematics:

1. A 4DoF knee model with 2 prescribed DoFs (distal/proximal and anterior/posterior
translations) without bone pin range of motion constraints ("4DoF").

2. A 5DoF knee musculoskeletal model with 1 prescribed DoF (distal/proximal translation)
without bone pin range of motion constraints ("5DoF").

3. A5 DoF knee model with 1 prescribed DoF (distal/proximal translation), where 4 of the
unprescribed DoFs (excluding flexion/extension) were constrained by bone pin ranges of
motion ("5DoFb").

4. A 6 DoF knee model with no prescribed DoFs and 5 DoFs (excluding flexion/extension)

constrained by bone pin ranges of motion ("6DoFb").
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In the bone pin constrained model conditions, at each time point during inverse
kinematics calculations, the allowed ranges of motion for the relevant DoFs were determined
from Figure 1.1 based on knee flexion angles and updated within the model’s script.

Statistical Analysis

All trials were time normalized from right heel strike to right heel strike and the resulting
kinematics (joint angles and translations) and kinetics (joint moments and forces) of the hip,
knee and ankle joint of each subject's three trials were then ensemble averaged. Means and
standard deviations across subjects were then calculated to have four curves (mean and standard
deviation) for each DoF representing each model condition for graphical representation.

One-way ANOVA tests using statistical parametric mapping (SPM) (Pataky, 2010, 2012;
Pataky, Varenterghem, & Robinson, 2015) over the duration of the gait trials were run to
compare each model condition as the repeated measure. Where significant differences were
found, post-hoc comparisons were carried out by doing multiple two-tailed t-tests using a
Bonferroni corrected critical p-value to identify which conditions were significantly different
from each other and at which time points during the gait cycle.

RESULTS

Kinematic results of the model conditions without bone pin constraints vary widely,
especially in medial/lateral and posterior/anterior translation as well as internal/external rotation
(see Figure 1.2 for a representative subject). For example, the medial lateral translations
estimated with the 4 and 5DoF models fall consistently outside the constrained range from 60-18
degree of knee flexion. As well, in the "4DoF" model condition, 2 of the DoFs are prescribed
(anterior/posterior translation and distal/proximal translation) when only distal/proximal

translations are prescribed in the "5DoF" and "S5DoFb" model conditions. These prescribed
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motions fall close to the bone pin boundaries and show similar trends in relation to knee flexion

angle (anterior/posterior translation and distal/proximal translation).
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Figure 1.2: Knee joint kinematics of one gait trial from a typical subject in terms of joint
flexion/extension angle. Solid blue line is for the 4 DoFs with 2 prescribed. Dashed green line
shows the 5 free DoF with 1 prescribed DoF model. Dotted red line shows 5 DoF model with 1
free and 4 constrained by bone pin ranges, and 1 prescribed. Dashed turquoise line shows 6Dof
model with 1 free DoF and 5 constrained by bone pin ranges. Magenta solid lines show bone pin
ranges for each DoF. For posterior/anterior translation, the 4DoF model is prescribed. For
distal/proximal translation, models with 4 and 5DoFs are prescribed and therefore show a smooth
line.
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ANOVA tests from the SPM analysis indicate significant differences (p<0.05) in
kinematics at certain time instances for most DoFs as illustrated in Figure 1.3. Significant
differences between model conditions were most notable at the knee joint where bone pin
constraints were introduced. Knee anterior/posterior translations determined by skin mounted
markers (5DoF) varied widely from those resulting from the use of bone pin constraints as well
as prescribed motion functions. Knee rotations and medial/lateral translations were also visibly
and statistically very different when using skin markers (4DoF and 5DoF) compared to bone pin
constrained motions (5DoFb and 6DoFb). Hip and ankle kinematics were affected by the
addition of bone pin derived changes at the knee joint but to a lesser extent. These results suggest
skin markers are not reliable in determining actual knee joint motion and that the addition of in-
vivo experimental bone pin constraints to kinematics calculations may be a way to improve

physiological realism of musculoskeletal models.
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Figure 1.3: Hip, knee and ankle joint kinematics means over all trials and all subjects with a
standard deviation cloud for each of the four model conditions for one stride. Blue solid line is
for the 4 free DoFs with 2 prescribed. Dashed black line shows the 5 free DoF with 1 prescribed
DoF model. Dash-dot pink line shows 5 DoF model with 1 free and 4 constrained by bone pin
ranges, and 1 prescribed. Dotted green line shows 6Dof model with 1 free DoF and 5 constrained
by bone pin ranges. For posterior/anterior translation, the 4DoF model is prescribed. For
distal/proximal translation, models with 4 and 5DoFs are prescribed and therefore show smooth
lines. Shaded rectangles on the x-axis show incidences of significant difference results between
at least 2 model conditions (p<0.05) after one-way ANOVA and SPM-Bonferroni correction.
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Important changes in the ranges of motion of the knee joint were observed with the
addition of bone pin derived constraints compared to those determined from skin mounted
markers. This is especially notable for the internal/external rotation (5DoFb - 6.1° and 6DoFb -
6.5° versus 4DoF - 21.2° and 5DoF - 24.7°), medial/lateral translation (5DoFb and 6DoFb - both
0.4cm versus 4DoF - 2.1cm and 5DoF - 1.7cm) as well as anterior/posterior translation (5DoFb
and 6DoFb both at 0.6cm versus 5DoF - 3.1cm). Prescribing motion also had an impact
compared to skin marker derived range of motion for knee anterior/posterior translation (4DoF -

0.9cm versus 5DoF 3.1cm) (Table 1.1).

Table 1.1: Mean amplitude of motion for all lower limb DoFs between model conditions.

4 DoF 5 DoF 5 DoFb 6DoFb
Hip Flexion(°®) 44.0 42.6 45.9 46.4
Hip Abduction(°) 15.5 14.6 19.5 21.1
Hip Internal/External Rotation(°) 7.4 10.6 8.6 8.2
Knee Flexion(°) 72,5 69.8 73.0 75.1
Knee Internal/External Rotation(°) 21.2 24.7 6.1 6.5
Knee Abduction(°) 8.4 114 10.0 10.2
Knee Anterior/Posterior Translation(cm) 0.9 3.1 0.6 0.6
Knee Distal/Proximal Translation(cm) 1.2 1,1 1,2 1,1
Knee Medial/Lateral Translation(cm) 2,1 1,7 0.4 0.4
Ankle Flexion(°) 24.7 25.6 24.5 22.8

Joint reaction moments and forces for each of the DoFs of the hip, knee and ankle joints
are shown in Figure 1.4. Results showed few significant differences (p<0.05) although some
were observed for knee internal/external rotation and knee abduction/adduction. Hip abduction

was also affected.
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Figure 1.4: Bodyweight normalized hip, knee and ankle joint torques (Nm/Kg) or forces (N/Kg)
means over all trials and all subjects with a standard deviation cloud for each of the four model
conditions from right heel strike to next right heel strike. Solid blue line is for the 4 free DoFs
with 2 prescribed. Dashed black line shows the 5 free DoF with 1 prescribed DoF model. Dash-
dot pink line shows 5 DoF model with 1 free and 4 constrained by bone pin ranges, and 1
prescribed. Dotted green line shows 6Dof model with 1 free DoF and 5 constrained by bone pin
ranges. Forces for prescribed motions are not plotted (anterior/posterior and distal/proximal
translation forces). Shaded rectangles on the x-axis show incidences of significant difference
results between at least 2 model conditions (p<0.05) after one-way ANOVA and SPM-

Bonferroni correction.
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DISCUSSION

This study used the in vivo bone-pin derived tibio-femoral motions of six healthy male
participants (Benoit et al., 2006) to create physiological experimentally based knee joint bone
motion boundaries. These boundaries were applied within a musculoskeletal modeling
framework (OpenSim) to guide musculoskeletal model scaling and inverse kinematics
calculations on gait trials from 5 new subjects. The purpose of adding DoF motion constraints
was to provide physiological ranges of motion rather than absolute values to guide the system's
resolution, as well as minimize errors introduced by soft tissue artifact created by skin mounted
marker tracking.

As expected, introducing bone pin derived constraints resulted in smaller ranges of
motion especially notable in the internal/external knee rotation (from 24.7° to 6.1°) as well as
knee anterior/posterior (3.1cm to 0.6cm) and medial/lateral translation (2.1cm to 0.4cm; Figure
1.3, table 1.1). More specifically, unconstrained knee internal/external rotation and medial/lateral
translation for the 4 and 5DoF model conditions showed large ranges of motion (4DoF: 21.2° and
2.1cm, 5DoF: 24.7° and 1.7cm respectively) during the gait cycle and were significantly different
from the bone pin constrained ranges (5DoFb: 6.1° and 0.4cm, 6DoFb: 6.5° and 0.4cm
respectively). Overall, the common bone pin constrained DoFs in both 5DoFb and 6DoFb model
conditions showed very similar values over the gait cycle.

Soft tissue artifact present in motion capture has been shown in numerous studies to
affect segment kinematics calculations (Andersen et al., 2010; Benoit et al., 2006; Gao & Zheng,
2010; Li et al., 2012). Large translational and rotational errors have been observed, more so at
the thigh level than the lower leg, in the range of a few centimeters and more than 15 degrees

respectively (Boeth, 2013; Leardini et al., 2005). When looking at knee joint flexion, errors of a
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few degrees can seem small in comparison to the magnitude of the motion. However, when
comparing these errors to other DoFs at the knee where movements are proportionally much
smaller, these errors become considerable (Benoit et al., 2006; Boeth, 2013; Leardini et al., 2005;
Reinschmidt et al., 1997; Stagni, Fantozzi, Cappello, & Leardini, 2005). By definition, including
these errors as inputs will lead to erroneous assumptions about joint motions and these errors will
be propagated throughout the model.

Kinematic results for hip, knee and ankle flexion compared well with values observed in
the literature in studies using motion capture with skin mounted markers (Kadaba et al., 1989;
Kadaba, Ramakrishnan, & Wootten, 1990) as well as those using bone pin methodologies
(Benoit et al., 2007; Lafortune, Cavanagh, Sommer, & Kalenak, 1992). This is consistent with
observations from (Benoit et al., 2006; Boeth, 2013; Leardini et al., 2005; Reinschmidt et al.,
1997; Stagni et al., 2005) showing that flexion/extension motions are typically well described
when using reflective skin mounted markers to evaluate joint kinematics. When calculating
inverse kinematics for the four model conditions, we found that there were no significant
differences for hip flexion and for the large part of knee and ankle flexion (Figure 1.3). The
differences that were observed are somewhat small when compared to the magnitude of motion:
6.8% or approximately 5° of variation at the knee between bone pin constrained and
unconstrained conditions over a range of about 73° and up to 20% or approximately 5°, at the
ankle between the unconstrained 4DoF model condition and the other three over a total range of
about 25°. These differences however could be the determining factor between clearing an
obstacle on the floor and tripping resulting in a fall or loss of balance for example. For example,
using Winter’s data of a 180cm male (Winter 2004) and the gait kinematics and 1.29cm foot

clearance during the oscillation phase as reported by Winter (1992), a 5° change in ankle flexion
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angle would be enough (>1.29cm) to cause a trip. Thus the changes prescribed by our in vivo
model are of clinical relevance.

Knee abduction results showed significant differences (p<0.05) between model
conditions with and without bone pin constraints, although curve shapes were generally similar
and not overly variable within themselves (Figure 1.3). In contrast, knee internal/external
rotations were less consistent and showed striking differences between constrained and
unconstrained model conditions (Figure 1.3). The modification of the knee joint's DoFs also had
an impact on hip internal/external rotation. These results suggest that introducing knee joint
kinematic constraints had some effect on the surrounding joints in addition to those of the knee
joint, underlining the importance of creating a realistic musculoskeletal model in as many
components as possible as all parts of the model interact with one another.

Anterior/posterior translation was significantly different (up to 3cm; figure 1.3) in the
5DoF model condition when compared to the other models at almost all time pointsl. It is in the
5DoF model condition that motion in anterior/posterior translation is not prescribed by a function
nor is it constrained by bone pin envelopes but follows skin markers to determine its kinematics.

In the case of distal/proximal translation, curve shapes followed the same trends between
the four model conditions, although the bone pin constrained 6DoF model showed a distal
translation shift of approximately 5mm over the course of the gait cycle. A reason for this may
be explained by the modified femur and tibia segment origin definitions to accommodate this
additional un-prescribed DoF and the scaling protocol in OpenSim. This observation can also be
expected based on Figure 1.2, where prescribed motion curves for distal/proximal translations

are shifted slightly towards negative values from the bone pin interval definitions.
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The medial/lateral translation DoF in the original 4DoF model used in this study is
guided by skin mounted markers and is not prescribed, as opposed to the other two translations.
The addition of bone pin constraints had a clear and significant effect on this DoF throughout the
gait cycle, notably in the first 25%, near the 50% time point and at the end of the gait cycle,
showing differences on the scale of 15mm.

Studies such as that of (Gao & Zheng, 2010) that rely on skin mounted markers, even in
complex arrangements, to determine the smaller magnitude DoFs show translations from 1.5 to
3.5cm, which are large considering the size of the femoral condyles and tibial plateau, and when
compared to in vivo results (Benoit et al., 2006; Lafortune et al., 1992; Reinschmidt et al., 1997).
These differences underline the presence of soft tissue artifact in motion capture. Before
accepting or using such results, they should be considered in terms of other tissues in the knee
joint such as ligaments and their capacity to stretch and deform to such lengths without damage.
For example, Butler et al. (Butler & Guan, 1992; Butler, Kay, & Stouffer, 1986) and Zavatski et
al. (Zavatsky & Wright, 2001) reported that, depending on knee flexion angle, anterior tibial
translations of as little as 6.65mm caused rupture of at least part of the ACL. Results from the
5DoF model in this study (Figure 1.3) would therefore imply an ACL rupture from excessive
anterior translation during normal walking. The use of bone pin derived constraints maintained
more reasonable translation values.

Although inverse kinematics differences between model conditions were easily
observable, hip, knee and ankle moments and forces were not as pronounced (Figure 1.4).
Torque results for hip, knee and ankle flexion from the model conditions without bone pins
compare well with other studies (Kadaba et al., 1989; Lee & Hidler, 2008; Ren, Jones, &

Howard, 2008) as may be expected since they are calculated in much the same way with similar
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gait data. The addition of bone pin constraints did not create many significant differences at the
joint torque level (Figure 1.4) . Hip and knee rotation and abduction moment profiles from the 4
model conditions are also similar in shape to literature values although magnitudes varied (Lee &
Hidler, 2008; Ren et al., 2008). The lack of significant differences may be due to small sample
sizes, normalization methods and the inherent variability typical of joint moment calculations we
observed.

Anterior/posterior forces, distal/proximal forces and medial/lateral forces curve shapes
and magnitude of results are also similarly represented in (Kim et al., 2009; Ren et al., 2008).
These results suggest that although kinematics are improved using bone pin constraints, knee
joint torques are less affected by these changes after averaging of trials. Kinematic changes are
observed more significantly in the secondary DoFs at the knee and torques are also respectively
smaller in magnitude in these types of motions. The change in these secondary kinematics may
not have been remarkable enough to create large changes in muscle moment arms and thus joint
torques.

There are a few limitations in this study that must be noted. Bone pin data were collected
from healthy young males and therefore the derived ranges of motion are representative of this
population. The experimental data also only reflects values observed between 0-45° of knee
flexion. Beyond this range of knee flexion, bone pin boundaries were approximated, although
final kinematic results remained similar to those of other studies. The bone pin sample size was
also small (6 participants) and increasing this group size may reveal different ranges of bone
motion. These may also be different in female populations or within those with various knee
joint pathologies or different ages. The bone pin study could be repeated in different populations

of varying demographics and health conditions. However, this may be difficult from a participant
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recruitment point of view and for participant health (Boeth, 2013; Ramsey, Wretenberg, Benoit,
Lamontagne, & Nemeth, 2003). Despite these limitations, the in-vivo boundaries used here
represent the best available data describing knee joint motions over a wide range of dynamic
movements and are therefore a significant improvement over current practice. It is clear that
relying on skin mounted markers may not be a reliable method in studying 5 of the 6 DoFs of the
knee joint.

As with any musculoskeletal model simulation, results will only be as good as the model
itself and the quality of the motion capture trial data. Muscle moment arms, muscle sizes and
insertion points for example, are generally based on cadaveric studies (Delp et al., 1990; Pandy,
2001; Shelburne, Torry, & Pandy, 2006). Limitations arise from the populations on which these
cadaveric studies are done as they are often older individuals who may have muscle atrophy or
tissue degeneration (Buchanan, Lloyd, Manal, & Besier, 2005; Buchanan & Shreeve, 1996).
These factors will therefore affect model prescribed motions in the DoFs of joints that are not
free to move. In the case of this study however, prescribed motions were close to those derived
from bone pin boundaries, especially in the anterior/posterior translation DoF.

From a technical standpoint, adding the bone pin constraints to the MatLab-OpenSim
API did slow down the inverse kinematics simulation time as the model had to be updated with
new boundaries at every time frame of the simulation. This delay was on the time scale of
approximately 20 minutes/trial with the bone pin constraints compared to less than a minute/trial
when unconstrained using OpenSim 3.2 and MatLab 2013a on a computer with a 3.4GHz
processor and 16GB of RAM. In a study requiring many participants with many motion trials,
this would considerably increase computation time. Nonetheless, it is a process that can be

automated through MatLab programming without much user input. Following testing, visual



69 | Manuscript 1: In Vivo Knee Model

checking of model scaling and motion was done to verify reasonable results had been calculated
for all model conditions.

CONCLUSION

Soft tissue artifact is an important source of kinematic errors in human movement studies.
It is important to consider that skin marker tracking is best suited for gross joint movement
analysis such as flexion/extension of the knee as the other DoFs are not accurately represented.
The methods in this paper describe a process to reduce soft tissue artifact in musculoskeletal
modeling of health individuals by the application of boundaries derived from in vivo tibio
femoral motions and presented in an easily implemented manner. Constraining joint motions to
physiologically relevant ranges allows the resulting simulations to provide more representative
joint motions although does not affect resulting joint moments and forces in an equally
significant manner at least when looking at gait trials. If biofidelity is the goal of musculoskeletal

modeling, this work represents a step in that direction.
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ABSTRACT

Musculoskeletal modeling and simulation frameworks show promise in becoming
important clinical tools. However, they must be validated before they can be widely used.
Calculating muscle activations during motion around the knee joint is an under-determinate
problem as the number of muscles involved is considerably larger than the joint's number of
degrees of freedom. Therefore the solution of the problem must be found by optimization, adding
an appropriate set of constraints to close the system. The true muscle activation strategies
implemented by the central nervous system remain unknown. Many studies use optimization
functions minimizing metabolic costs although results have shown inadequate accuracy with
experimental data. This study used a simlation framework to predict muscle activations in 25
dominant leg muscles over a gait cycle with optimization objective functions inspired by
musculoskeletal joint stability (maximization of total muscle activation, minimization of shear
knee joint contact loading and maximization of knee joint compression loading) rather than a
common efficiency functions (minimization of total muscle activation) using a forward-inverse
dynamics simulation framework. EMG data for 8 of the model's muscles were used to compare
simulation outputs to experimental data. Results showed that minimizing total muscle activations
resulted in the strongest correlations and visual similarities to available experimental
electromyographical data, notably for the tibialis anterior muscle (r=0.658 +0.133). Medial
gastrocnemius and soleus were well correlated for this function (r=0.718+0.137 and 0.725+0.095
respectively), for maximization of muscle activation (r=0.731+0.156 and 0.725+0.121
respectively) and minimization of shear loading (r=0.670+0.103 and 0.518+0.406 respectively).
Maximizing knee joint compression forces did not show strong correlations. Other muscles did

not show significant correlations with available EMG.
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Optimization objective functions have an effect on final muscle activation and joint
contact loading predictions. Although the joint stability inspired objective functions did not show
marked improvements on simulation results, this supports the importance of considering
optimization choices carefully in regards to the studied motion and the purposes of a given
research question.

KEY WORDS

Musculoskeletal modeling, optimization, objective function, stability, electromyography,
simulation framework
BACKGROUND

Musculoskeletal disorders and injuries affect large amounts of individuals, hundreds of
thousands in the US only, and have high financial repercussions on the health care system (Frank
& Jackson, 1997; Fregly et al., 2011; Mansouri & Reinbolt, 2012; McLean & Van Den Bogert,
2003; Reinbolt, Seth, & Delp, 2011; Roux et al., 2005). A better understanding of how muscles
contribute to human movement and joint stability could help alleviate this problem.

Musculoskeletal modeling and computer simulations have become increasingly attractive
in this regard (Delp et al., 1990; Fregly et al., 2011; Hicks, Uchida, Seth, Rajagopal, & Delp,
2015; Kinney, Besier, D’Lima, & Fregly, 2013; Komistek, Kane, Mahfouz, Ochoa, & Dennis,
2005; Reinbolt et al., 2005). As of yet however, models have not been validated sufficiently to be
used reliably in health care environments (Hicks et al., 2015; Kinney et al., 2013), with one
difficulty in validating muscle forces from these models related to making direct measurements
on muscle fibers inside a live subject (Buchanan & Shreeve, 1996; Erdemir, McLean, Herzog, &
Van Den Bogert, 2007; Hicks et al., 2015; Kim et al., 2009; Reinbolt et al., 2011). This

knowledge however, is of crucial importance in understanding how movement is achieved in
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healthy and pathological conditions to develop treatment and rehabilitation protocols for various
injuries or joint diseases (Delp et al., 1990; Fregly et al., 2011; Hicks et al., 2015; Reinbolt et al.,
2005).

In knee joint modeling, there are many muscles to consider and considerably fewer joint
degrees of freedom (and therefore governing equations) to solve for muscle activation profiles.
Optimization methods are therefore employed with objective functions to guide the resolution of
the systems in determining muscle activations, forces and joint contact loading (Buchanan &
Shreeve, 1996; Crowninshield & Brand, 1981; Dul, Johnson, Shiavi, & Townsend, 1984;
Kaufman, An, Litchy, & Chao, 1991; Pedotti, Krishman, & Stark, 1978). Choosing appropriate
objective functions is difficult as results are sensitive to these choices, especially when faced
with few constraints (Ackermann & van den Bogert, 2010; Buchanan, Lloyd, Manal, & Besier,
2004; Lin, Walter, Banks, Pandy, & Gregly, 2010; Sanford, Williams, Zucker-Levin, & Mihalko,
2013; Shourijeh & McPhee, 2013). Various functions have been used in recent models with the
assumption that the human musculoskeletal system works to maximize efficiency such as
minimizing total muscle activations (Kaufman et al., 1991; Kim et al., 2009; Shourijeh &
McPhee, 2013; Walter et al., 2013), forces (Buchanan & Shreeve, 1996; Pedotti et al., 1978),
fatigue (Buchanan & Shreeve, 1996; Cao, Inoue, Liu, & Shibata, 2013; Dul et al., 1984), or
metabolic energy expenditure (Anderson & Pandy, 2001; Shourijeh & McPhee, 2013). The
validity of these functions has been questioned as experimental data often poorly matches with
predicted muscle activity or models require extensive subject specific model customization
(Buchanan & Shreeve, 1996; Herzog & Leonard, 1991; Winby, Lloyd, Besier, & Kirk, 2009).

Numerous biomechanical and neuromuscular control studies have investigated the

contributions of different structures of the knee joint (bones, ligaments, muscles) and muscle
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activation patterns in altering the stability and loading of a healthy or damaged joint to prevent or
treat injuries and diseases and thus improving people’s mobility in daily activities and sports
(Baratta et al., 1988; Boeth, 2013; Doorenbosch & Harlaar, 2003; Giesl & Wagner, 2007; Lloyd
& Buchanan, 1996; Maitland, Ajemian, & Suter, 1997; Schmitt & Rudolph, 2008; Senavongse et
al., 2003; Solomonow et al., 1987; Sturnieks, Besier, & Lloyd, 2011). One of the challenges
here, however, lies in the definition of the term stability and how it is applied in these studies
(Hasan, 2005; Senavongse et al., 2003).

Studies show that co-contraction, the simultaneous activation of antagonistic muscles,
plays an important role in supporting varus/valgus and flexion/extension moments, thus
enhancing joint stability by increasing joint stiffness and protecting ligaments (Ambegaonkar et
al., 2011; Doorenbosch & Harlaar, 2003; Lloyd & Buchanan, 1996, 2001; Maitland et al., 1997,
Milner, 2002; Schipplein & Andriacchi, 1991; Schmitt & Rudolph, 2008; Senavongse et al.,
2003; Shelburne, Torry, & Pandy, 2006; Solomonow et al., 1987; Sturnieks et al., 2011; Winby
et al., 2009). Increases in synergistic muscle activity could help stiffen and stabilize a joint, but
would consequently elevate compression loads between articular surfaces (Schipplein &
Andriacchi, 1991) while also being a metabolically inefficient mechanism (Milner, 2002). This
strategy could compensate joint stability when the passive mechanical properties of surrounding
tissues are insufficient in accomplishing this task (Riemann & Lephart, 2002). These increases in
co-activations and resulting increases in joint contact loading have been hypothesized to lead to
damage of the articular surfaces (Lloyd & Buchanan, 1996; Schmitt & Rudolph, 2008; Winby et
al., 2009; Wu, Burr, Boyd, & Radin, 1990), while cellular/tissue level studies have shown that
physiological levels of dynamic loading of cartilage promote tissue health and integrity, although

type and duration of loading could have negative effects (Lee, Grad, Wimmer, & Alini, 2006).
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In musculoskeletal modeling, studies have used principles of mechanical control theories
to describe muscle contributions in joint stabilization in using equilibrium (static with constant
muscle activations and joint position) states (Derouin & Potvin, 2005; Giesl, Meisel, Scheurle, &
Wagner, 2004; Pel, Spoor, Pool-Goudzwaard, Hoek Van Dijke, & Snijders, 2008; Wagner,
Giesl, & Blickhan, 2007).

Considering the potential approaches to stability noted above, we will explore the effect
of the objective function of the optimization protocol within a forward/inverse dynamics
simulation framework by using as comparison standard the commonly used minimization of total
muscle activation function. Different objective functions were defined, inspired by various
definitions of musculoskeletal joint stability, and their effects on muscle activation pattern
predictions was observed to show if changing the objective of an optimization protocol had an
impact on final simulation outputs (muscle activation predictions) and thus should be chosen
carefully.

METHODOLOGY

Data Collection:

Gait data from 5 healthy young adult males (mean age, bodyweight and height 24+1.9yr,
80.8+9.1kg and 177.3+8.1cm respectively) were collected and time normalized to two
consecutive dominant heel strikes using a 10 camera motion capture system Nexus 1.8.3 (MX-
40, Vicon Motion Systems Itd, UK). Fifty two passive marker trajectories, of which 38 described
the lower limbs, were positioned using a Plug-in Gait model (Kadaba, Ramakrishnan, &
Wootten, 1990) augmented with marker clusters on the pelvis, thigh, shank and foot, then

sampled at 200 Hz. Ground reaction force data was sampled at 1000Hz using a Bertec force
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platform (FP4060-08, Bertec, USA). Trajectories and force plate data were filtered with a 4™
order zero lag dual pass Butterworth filter with a cut-off frequency of 10Hz.

Muscle electromyography (EMG) data of the gluteus maximus (GLTMAX), gluteus
medius (GLTMED), tensor fascia latae (TFL), rectus femoris (RFEM), vastus medials (VMED),
vastus lateralis (VLAT), biceps femoris (BFEM), semitendinosus (STEN), tibialis anterior (TA),
medial gastrocnemius (MGAS), lateral gastrocnemius (LGAS) and the soleus (SOL) were
recorded from the dominant leg using a Delsys DS-B04 Bagnoli 16 EMG system (Delsys, USA).
EMG signals were sampled at 1000 Hz, amplified by a gain of 1000, and band-pass filtered at
20-450 Hz before digital conversion using a 16-bit A/D conversion board (NI PCI 6229,
National Instruments Corp., Austin, TX). The signal was then full wave rectified and low-pass
filtered with a 4™ order zero-lag Butterworth filter with cut-off frequency of 8Hz, chosen by
residual analysis and visual observation. Trials were normalized to time and maximum voluntary
isometric contraction (MVIC) trials.

Musculoskeletal Model

We adapted a musculoskeletal model based on the work of Xu et al. (Xu, Bloswick, &
Merryweather, 2014) and Delp et al (Delp et al., 1990) available in the OpenSim model
repository at https://simtk.org/home/kneeligament (last visited December 2015). It has 56
muscles (25/leg + 6 abdominals) and 29 degrees of freedom (DoF), specifically 4 at the knee
joint (3 rotations and medio/lateral translation) (Xu, 2013; Xu et al., 2014) where the other two
DoFs are prescribed functions. Ligaments were omitted from the model's definition and the
muscle model used in the original script was updated from the “Thelen2003Muscle” muscle

model (Thelen, 2003) to that of the Millard et al’s  model
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“Millard2012EquilibriumMusclemodel” (Millard, Uchida, Seth, & Delp, 2013), as is the current
OpenSim standard.

Muscles included in both EMG data collection and in the musculoskeletal model were the
GLTMAX, GLTMED, TFL, RFEM, BFEM, TA, MGAS and SOL. In the musculoskeletal
model, the GLTMAX and GLTMED were represented by three muscle segments each
(GLTMAX1, GLTMAX2, GLTMAX3 and GLTMED1, GLTMED2, GLTMED3 respectively)
and the BFEM muscle is divided into two muscle segments (BFEMLH - biceps femoris long
head, and BFEMSH - biceps femoris short head).

Forward/Inverse Dynamics Simulation Framework

A forward-inverse dynamics (FID) simulation framework was developed within our
research team and is illustrated in Figure 2.1. Details of this framework can be found in
(Shourijeh & Benoit, 2015; Shourijeh, Smale, Potvin, & Benoit, 2016). The FID method
calculates knee joint torques by first scaling a generic sized musculoskeletal model to subject
specific marker placement, height and weight using the MatLab-OpenSim API (MatLab 2014a,
The Mathworks, USA and OpenSim 3.2 , simtk.org, Simbios, National NIH Center for
Biomedical Computing, USA), followed by inverse kinematics (IK) and inverse dynamics (ID)
calculations as shown in the right hand side of Figure 2.1. The static optimization (SO) protocol
built into OpenSim 3.2 that minimizes overall muscle activations squared was run for each trial
to obtain initial muscle activation approximations for the forward dynamics (FD) element of the
simulation framework.

FD with prescribed 1K motion estimates muscle activations and forces that yield knee
joint torques as close as possible to those calculated by the 1D method (left hand side of Figure

2.1). Conversion from muscle activation level to muscle force and thus torque with the
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prescribed kinematics is determined using a Hill-type muscle model built into OpenSim (the
Millard2012equilibrium muscle model) that considers activation level, force-length and force
velocity muscle relationships as well as models muscle and tendon mechanical properties with
parallel and series spring constants. More information on this muscle model can be found on the
OpenSim website http://simtk-confluence.stanford.edu/. An optimization protocol is defined to
determine the best combination of muscle activation levels with the objective of both minimizing

this difference between the two sets of joint torques as well as a physiological objective function.

- ﬁ force plate data
i ivation] a(t fit - -
u(t) Activation ( ): Muscle ( ): Moment (1) (1) Inverse kinematic data
Dynamics Dynamics Arms Dynamics

A A

Obtimal Control : T(t): simulated torque vector
. |ma> onro e (t) Te(t): torque vector from ID

Figure 2.1 : Forward-inverse dynamics simulation framework minimizing joint torque prediction
error e(t) . Other variables are defined as follows: u(t): muscle excitation, a(t): muscle
activation, f(t):tendon-muscle forces, T*:simulated torque vector, T ¢:torque vector from inverse
dynamics (ID). Adapted from (Shourijeh & Benoit, 2015; Shourijeh & McPhee, 2014).

Optimization and Objective Function Definitions for Physiological Joint Stability

The mathematical component of the objective function (Jrmin) Of the optimization
protocol minimizes the torque error (TE) normalized to torque magnitude for hip, knee and ankle
flexion/extension and rejects combinations of values where predicted normalized muscle
activations (a) are outside the range of 0 to100% of maximal activation.

Jrmin = min(E(TE)) /|1 Drorques|) (eal)

A non-physiological mathematical objective is insufficient in providing biologically
realistic results as it can yield an almost infinite number of muscle activation possibilities.

Therefore biologically inspired functions focused on joint stability were added to the total
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objective function with an approximate 50/50 weighting to see what impact they had on final
muscle activation outputs: minimizing and maximizing the sum of squared muscle activations
(X(a;)?), (eq2 and eq3 respectively) maximizing knee joint compression contact loading on the
tibia (X Fzompr) (€94) and minimizing knee joint shear contact loading on the tibia (X Fspeqr)
(egb).

Jamin = minz(ai)z (eq2)

1 (eq3)

Jamax = min (a)?

1

4
]]max = |min (Z( (eq4)

)|

Fcompr)

Jsmin = ’min z:(Fshear)‘ (eq5)

For example, using eq2, the total equation was defined as:
Objective function value (egb)

]Amin ]Tmin
= 5 * ]Tmin +

* ]Amin
]Amin + ]Tmin

4 ,
for each 25 muscles ]Amm ]Tmm

+ (ifa>1)+1e6+ (if a <0) + 1le6

The optimizations were run with a MatLab 2014a script, using the functions fmincon
(find minimum of constrained nonlinear multivariable function), GA (find minimum of function

using a genetic algorithm) and fminsearchbnd (find minimum constrained multivariable function
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using derivative-free method) as described in (Shourijeh & McPhee, 2013; Shourijeh et al.,
2016) with the specific parameters found in appendices. The simulation framework divided each
motion trial into 50 time steps and optimized muscle activations for the dominant leg's 25
muscles for each step independently.
Data Analysis

For each subject individually, muscle activation patterns predicted from the different
objective functions were compared to their respective experimental EMG data using Pearson's
correlations (r) and root mean squared error (RMSE) tests for pattern trend and magnitude
comparisons respectively. The strength of the correlations was classified as no relation
(0.00>0.25), fair (0.25>0.50), moderate to good (0.50>0.75) and good to excellent (>0.75)
(Portney & Watkins, 2000). Initial results showed that there was some observed delay between
EMG peaks and muscle activation results due to the electrochemical delay between muscle
excitation and production of force (Cavanagh & Komi, 1979; Hof, 1997; Hug, Hodges, &
Tucker, 2015; Roberts & Gabaldon, 2008) as well as electrode placement (Hug et al., 2015; Van
Dieen, Thissen, Van de Ven, & Toussaint, 1991; Wong & Ng, 2006). This delay was of the order
of 30-150ms, consistent with literature values (Cavanagh & Komi, 1979; Hof, 1997) and varied
between different muscles. Cross-correlation between muscle activations and EMG were
therefore calculated and the curves correspondingly shifted in the time domain to remove the
effect of the time offset of up to approximately 150ms using MatLab scripting and its xcorr
function. Predicted muscle activity patterns were also compared to EMG data and simulation
results from the literature.

Joint contact loading patterns were qualitatively compared between the predicted results

of each physiological objective function, as well as with values found in the literature.



86 | Manuscript 2: Stability Inspired Objective Function Optimization

RESULTS

The cross-correlation adjusted activation results from the simulations of each
physiological objective function's muscle activation levels were compared to their corresponding
EMG channel. Figure 2.2 displays results for minimization of torque error combined with
minimization of total muscle activation (Jrmin+amin) @nd also with maximization of total muscle
activation (Jrmin+amax)- Figure 2.3 displays results for minimization of torque error combined
with maximization of knee joint compression (Jrmin+jmax) and combined with minimization of
knee joint shear force (Jrmin+smin), @ Well as results from OpenSim’s SO. Average time shifted
correlations with standard deviations between relevant muscles with EMG profiles are detailed in
Table 2.2.

Muscle activation patterns (Figure 2.2) indicate good correlation for the TA (r=0.658),
MGAS (r=0.718) and SOL (r=0.725) muscles for the J;mmin+amin Objective function. The TA
muscle is not well correlated (r=-0.099) in the case of the J7min+amax fUNction although MGAS

(r=0.731) and SOL (r=0.725) remain good.
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Figure 2.2: Across-subject average muscle activation predictions with standard deviation clouds
for muscles with EMG channels and present in the musculoskeletal model following simulations
with two of the tested objective functions: minimization of torque error combined with
minimization of total muscle activation (T,,in + Amin) and also with maximization of total

muscle activation (T ,uin + Amax))-
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Similarly to the Jrmin+amax Objective function results, the MGAS (r=0.670) and SOL
(r=0.518) for the Jrmin+smin function, and SO (r=0.796 and 0.772 respectively) all have good
correlations (Figure 2.3). However, residual errors in joint torque that the FID framework is
meant to minimize was quite high in the case of SO activation predictions and this may indicate

technical issues within the OpenSim function. The Jrmin4jmar did not show particular

correlations with any muscle.
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Figure 2.3 : Across-subject average muscle activation predictions with standard deviation clouds
for muscles with EMG channels and present in the musculoskeletal model following simulations
with three of the tested objective functions: minimization of torque error combined with

maximization of knee joint compression (Tpnin + Jmax) @nd combined with minimization of knee
joint shear force (Tyuin + Smin) as well as results from OpenSim’s static optimization process

(SO).
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Table 2.1 : Across-subject average (+/-std dev) correlations (r) following removal of time offset
using cross-correlation between muscle activation predictions and corresponding EMG signal
resulting from simulations using the different objective functions.

Tmin Tmin Tmin Tmin SO
+ Amin + Amax + ]max + Smin
GLTMAX1 -0.010 -0.042 0.027 -0.179 -0.316
(0.157) (0.233) (0.115) (0.117) (0.148)
GLTMAX2 -0.082 -0.002 0.000 -0.024 -0.300
(0.092) (0.122) (0.117) (0.125) (0.125)
GLTMAX3 0.031 -0.005 0.094 -0.033 -0.233
(0.246) (0.229) (0.157) (0.221) (0.180)
GLTMED1 0.217 0.259 0.094 0.124 0.056
(0.315) (0.197) (0.224) (0.343) (0.310)
GLTMED?2 0.266 0.298 0.121 0.150 -0.060
(0.382) (0.350) (0.286) (0.376) (0.148)
GLTMED3 0.042 0.269 0.026 0.047 -0.149
(0.464) (0.240) (0.280) (0.392) (0.234)
TFL 0.057 -0.055 -0.173 0.018 0.303
(0.272) (0.088) (0.128) (0.158) (0.453)
RFEM 0.128 0.097 0.052 -0.127 0.175
(0.278) (0.267) (0.126) (0.211) (0.167)
BFEMLH -0.114 0.065 0.130 -0.003 -0.255
(0.332) (0.271) (0.149) (0.203) (0.330)
BFEMSH -0.142 -0.184 0.094 -0.061 -0.443
(0.343) (0.333) (0.208) (0.132) (0.298)
TA 0.658 -0.099 -0.106 0.080 0.194
(0.133) (0.383) (0.133) (0.221) (0.203)
MGAS 0.718 0.731 0.054 0.670 0.796
(0.137) (0.156) (0.310) (0.103) (0.170)
SOL 0.725 0.725 0.325 0.518 0.772
(0.095) (0.121) (0.502) (0.406) (0.128)

Overall, GLTMAX, GLTMED, TFL, RFEM and BFEM muscle activation pattern
predictions did not show particular correlations with EMG curve shapes for any of the tested
objective function conditions.

RMSE values detailed in Table 2.2 support the observations that correlations with the
Jrmin+amin Where the highest (RMSE values were the lowest). Overall results suggest that for
gait motion, the Jrmin+amin ODjective function may yield the best results although there remains

room for improvement with other muscles.
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Table 2.2: RMSE between predicted activations and experimental EMG resulting from the FID
simulations using the different optimization objectives (Tmin + Amin: Amax» Jmax» Smin) @S Well
as SO results from OpenSim 3.2 functionality.

Tmin Tmin Tmin Tmin SO

+ Amin + Amax + ]max + Smin
GLTMAX1 3.084 2.923 2.670 3.031 0.420
GLTMAX2 2.939 2.763 2.552 2.913 0.314
GLTMAX3 2.773 2.662 2.544 3.072 0.307
GLTMED1 2411 2.364 2.561 2.216 0.505
GLTMED?2 2.233 2.103 2.665 2.342 0.555
GLTMED3 2.262 2.168 2.684 2.533 0.618
TFL 2.816 2.783 3.906 2.757 0.478
RFEM 2.042 2.260 2.7182 1.713 0.127
BFEMLH 2.596 2.380 4.758 1.812 0.144
BFEMSH 3.949 3.457 5.365 2.671 0.383
TA 0.253 6.109 2.159 2.879 0.231
MGAS 0.464 0.579 3.884 0.523 0.986
SOL 0.533 1.008 3.908 0.520 0.397

Average joint contact loading applied to the tibia resulting from the various muscle
activation patterns are shown in Figure 2.4. As expected, axial joint contact loading is at its

greatest for the Jryin+ jmax CONdition.
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Figure 2.4: Average knee joint forces (N) normalized to bodyweight (N) in relation to the tibial
coordinate system resulting from each objective function’s simulation muscle activation results.
Objective functions are T, + Amin - Addition of minimization of total muscle activation.
Tmin + Amax - Addition of maximizing total muscle activation. Ty, + Jmax - Addition of
maximizing axial knee compression. Ty, + Smin: Addition of minimizing shear forces at the

knee.

SO: OpenSim static optimization results obtained from inverse dynamics only.
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DISCUSSION

The purpose of this study was to evaluate the effect of a range of objective functions
based on potential neuromuscular stabilisation strategies on simulated muscle activations within
a musculoskeletal modeling framework. These predicted activations were compared to
experimental EMG measurements collected during gait trials of healthy young adult males,
simultaneously with kinematics and ground reaction forces. Our experimental gait kinematics
(Besier, Sturnieks, Alderson, & Lloyd, 2003; Gao & Zheng, 2010; Kadaba et al., 1989, 1990;
Lafortune, Cavanagh, Sommer, & Kalenak, 1992; Potvin, Shourijeh, Smale, & Benoit, 2015;
Sartori, Farina, & Lloyd, 2014) and EMG data (Sartori et al.,, 2014; Van Den Bogert,
Geijtenbeek, Even-Zohar, Steenbrink, & Hardin, 2013) are consistent with the literature,
indicating that our in vivo data is an appropriate source to validate the muscle activations

predicted by the various objective functions used in this study.

The tested objective functions for optimization were chosen based on J . and also
Jymax Potentially increasing joint stiffness and promoting muscle co-contraction and thus stable
support. Jsmin Was thought to promote co-contraction of muscles while also protecting the
important ligaments supporting the knee from excessive stress. ] ,min Was used as a comparison,
as this particular function is often used in musculoskeletal modeling under the assumption that
the body moves efficiently (Kaufman et al., 1991; Kim et al., 2009; Shelburne et al., 2006;

Shourijeh & McPhee, 2013; Walter et al., 2013).

Muscle Activation Predictions
Previous studies have noted that gait tends to follow patterns that minimize fatigue or

promote efficiency (Ackermann & van den Bogert, 2010). Results illustrated in Figure 2.2 and
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2.3 show that /4., produced predicted muscle activation patterns consistent with EMG curves
in 3 of the 8 muscles groups that could be compared between the model and experimental EMG
data: the TA (r=0.658 ), MGAS (r=0.718) and SOL (r=0.725) muscles.

Although correlations were low, visual inspection showed some trends for the RFEM and
BFEM predicted activation patterns. Curve shapes for Jrmin+amin: Jrmin+amax @9 Jrmin+smin
in Figure 2.2 and 2.3, suggest that muscle activation predictions followed EMG peaks with some
delay, although EMG signal amplitudes were quite low. Timing of predicted muscle activations
and force production for these muscle groups are also consistent with what may be expected
during a gait cycle (Sartori et al., 2014; Van Den Bogert et al., 2013). Co-contraction of the
RFEM and BFEM muscle groups was observed in the predicted activations of all optimization
protocols as well as experimental EMG, suggesting both groups work together to maintain joint
stability.

The timing of predicted activations for the RFEM and MGAS is also consistent with past
studies suggesting that quadriceps muscles had an important role in early stance followed by
gastrocnemius activity in later stance phase (Shelburne et al., 2006; Winby et al., 2009). Muscle
force curves for the MGAS, RFEM and BFEM muscle group studies by Kim et al. (Kim et al.,
2009) and by Lin et al. (Lin et al., 2010) also resemble activation curves shown in Figure 2.2 for
their corresponding muscles.

Although results of the Jrmin+ ymax Objective function did not yield muscle activation
predictions consistent with EMG data, the high activations (>50% activation throughout the gait
cycle; Figure 2.3) of the BFEM, MGAS and SOL muscles suggest that these muscles can play

an important role in tightening the knee joint and increasing compression forces.



95 | Manuscript 2: Stability Inspired Objective Function Optimization

Overall, high magnitudes of predicted muscle activations were observed for many
muscles as shown in Figure 2.2 and 2.3, notably for the GLTMAX, GLTMED, BFEM and TFL
which hovered around 50% activation throughout the gait cycle. These values are normalized
based on maximum strengths of muscles defined in the musculoskeletal model. Increasing the
strength properties of these within the musculoskeletal model to subject or population specific
ones may Yyield lower activation values and be more physiologically representative. As the
musculoskeletal model used in this study was a simplified one that did not include all muscles,
there may have been compensation by the existing muscles to act on behalf of the missing
muscles and thus the model needed to have higher activations to resolve the system.

Many studies and simulation platforms like OpenSim and AnyBody (AnyBody
Technology, Denmark) have built in the minimization of total muscle activation as their ideal
objective (Cao et al., 2013; Kim et al., 2009) Although it may be fitting in some simulations, it
is important to realize that this has not yet been fully validated. It is possible that testing other
types of motions (squats, sprints, jumps, etc.) or injured populations may show that this function
is no longer appropriate. The objective functions tested in this study show that some functions
are better predictors than others but that these objective functions have important effects on
simulation outputs, as also noted in previous research (Cleather & Bull, 2011; Lin et al., 2010).
Given that gait is considered highly efficient and presents little risk of injury, it is reasonable to
conclude that the functions presented here in these studies may be better suited to more dynamic
tasks where joint stability would be prioritized by the CNS.

Knee Joint Contact Forces
Predicted joint contact loading results shown in Figure 2.4 confirm that, as expected, the

Jrmin+max ODjective function resulted in the highest predicted loading values compared to the
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other optimization conditions. This also led to higher predicted loading in the medio/lateral and
antero/posterior directions, although not at all time points. Predicted axial forces were quite
large, reaching almost 8x bodyweight when using this objective function. This is not surprising
since the objective of this function was to maximize this force. It does, however, show the
potential for muscles to contribute in important ways to knee loading. Predicted axial loading
patterns resulting from the three other objective function optimization conditions showed
comparatively reduced axial loading magnitudes and resembled the double peak knee loading
curves found in other musculoskeletal modeling studies (D’Lima, Patil, Steklov, Slamin, &
Colwell Jr., 2006; Fregly et al., 2011; Kim et al., 2009; Winby et al., 2009). Figure 2.4 shows
compression loads of up to approximately 4.2N/BW for these objective function conditions.
Many studies have reported values in the range near 2.5x bodyweight (D’Lima et al., 2006;
Fregly et al., 2011; Heinlein et al., 2009; Kim et al., 2009; Kutzner et al., 2010; Lin et al., 2010;
Schipplein & Andriacchi, 1991; Shelburne et al., 2006; Thambyah, Pereira, & Wyss, 2005)
including studies reporting joint contact loading recorded from instrumented knee joint
prostheses (Bergmann et al., 2014; Heinlein et al., 2009) but the range increases up to more than
double this range in other works (Fregly et al., 2011; Mikosz, Andriacchi, & Andersson, 1988;
Seireg & Arvikar, 1975; Winby et al., 2009). Predicted joint contact loading values obtained in
the current study fit within these ranges but remain on the higher end of reported values, possibly
due to model simplifications. It should be kept in mind that since some predicted muscle
activation patterns were not well correlated with experimental EMG, resulting knee joint contact

loading is likely inaccurate.
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Limitations

In terms of the FID simulation framework, the addition of physiological objectives to the
optimization protocol resulted in slightly reduced quality in torque error minimization as the
focus of the optimization was split between the two elements in the function. ID joint torques are
themselves imperfect due to noise in measurements and approximations of anthropometric data.
Joint torque errors observed USING Jrmin+ymax and OpenSim’s SO functions were large,
suggesting that muscle activations predicted by these methods are incorrect, especially noting the
few similarities with EMG. In the case of the SO protocol built into OpenSim 3.2, errors may be
of a technical nature. The SO function predicts muscle activations based on minimizing total
muscle activation squared that should reconstruct the joint torques calculated through inverse
dynamics. When the SO predicted activation results were used with muscle moment arms, it was
found that this net torque value was not recreated. In the case of Jrpin+ jmax » MiNimMizing joint
torque error was weighed equally with maximization of axial joint forces. Perhaps with a
different weigthing scheme, the final torque error would be better reconstructed although the
physiological element of the optimization sequence would have to be reduced.

Only sagittal plane joint torque error was optimized. Other non-principal DoFs were not
considered as their kinematics and dynamics are not reliable when using skin surface markers in
motion capture systems due to soft tissue artifact (Benoit et al., 2006; Gao & Zheng, 2008;
Gasparutto, Sancisi, Jacquelin, Parenti-Castelli, & Dumas, 2015; Li, Zheng, Tashman, & Zhang,
2012; Reinschmidt, Van Den Bogert, Nigg, Lundberg, & Murphy, 1997). The simulation
framework was unable to reduce the joint torque errors to acceptable levels for all degrees of
freedom simultaneously, possibly from lack of sufficient muscles or ligaments within the

musculoskeletal model. Incorporating more muscles within the model could improve this
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flexibility and physiological realism but also comes at a higher computational price (Buchanan &
Shreeve, 1996). The model used in this study included 25 muscles in each leg, which we
considered to be a good balance between keeping the model realistic enough without requiring
exceedingly long simulation times.

There are a few additional general sources of errors to consider in these simulations.
Measurement errors can originate at the initial data collection, affecting model inputs and the
reliability of simulation outputs. Many of the musculoskeletal model’s variables are determined
from cadaveric studies, often from older individuals, and therefore do not always scale well to
younger healthy populations (Anderson & Pandy, 2001; Buchanan, Lloyd, Manal, & Besier,
2005; Buchanan & Shreeve, 1996; Delp et al., 1990; Shelburne et al., 2006). The flexibility of a
model in terms of its DoFs can affect joint kinematics and thus muscle moment arms and
predicted muscle forces (Buchanan & Shreeve, 1996). The model created by Xu et al. based on
the work of (Delp et al., 1990) offered 4DoF at the knee joint (Xu et al., 2014) giving it more
flexibility to follow experimental kinematics data around the joint than hinge knee joint models.

Finally, knee ligaments were omitted in this study which may have led to underestimation
of joint contact loading (Sasaki & Neptune, 2010; Winby et al., 2009; Xu, 2013) and may have
contributed to the increased muscle activation magnitudes to compensate for this lack of passive
tissue, as noted by (Doorenbosch & Harlaar, 2003) in a model with reduced anterior cruciate
ligament function.

CONCLUSION

The purpose of this study was to evaluate the effectiveness of optimizing muscle

activation predictions using different objective functions than one that is commonly used in

musculoskeletal modeling today. In the case of gait, a motion recognized as an efficient and well
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practiced task, the optimization objective minimizing muscle activation and thus efficiency
showed the most similarities to experimental muscle excitation patterns. It is possible that for
less familiar tasks or motions that occur in multiple DoFs rather than principally in the sagittal
plane for walking, the optimization objectives suggested in this work would be more suitable.
Researchers have not yet defined how it is exactly that the neuro-musculoskeletal system
controls muscle activity and thus body motion. Our work explored a small sample of
physiologically inspired possibilities and revealed that the choice of objective is an important
one in the musculoskeletal simulation process.
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APPENDICES

Appendix 2.1: Optimization function parameters used for fmincon (find minimum of constrained
nonlinear multivariable function), GA (find minimum of function using a genetic algorithm) and
fminsearchbnd (find minimum constrained multivariable function using derivative-free method) .
TolFun: Termination tolerance on the function value, TolX: Termination tolerance on x, the
current point, FinDiffRelStep: step size for finite difference, MaxFunEvals: maximum function
evaluations, Maxlter: maximum iterations, StallGenLimit: maximum iteration of population
update without improvement of the objective function, TolCon: tolerance on constraint

fmincon GA fminsearchbnd
TolFun le-4 le-4 le-4
TolX le-6 -- le-6
Algorithm Interior-point -- Nelder-Mead
FinDiffRelStep le-5 - --
MaxFunEvals 5e2 -- 5e2
MaxlIter 2e? -- 2e2
StallGenLimit -- 5 --
Generations -- 25 --
PopulationSize -- 20 --

TolCon le-3 le-3 le-3
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ABSTRACT

Musculoskeletal modeling and simulation of human movement is often used to describe
motions and muscle activations about the knee joint. The knee is a 6 degree of freedom (DoF)
joint that is often simplified in musculoskeletal modeling. Since there are very few studies
describing tibio-femoral kinematics in vivo during dynamic tasks, the effects of these
simplifications is not well understood. The purpose of this study was to compare muscle
activation predictions within an OpenSim framework when using a novel 5DoF knee joint
kinematically defined from in vivo bone-pin derived tibio-femoral kinematics and one prescribed
DoF and when using a free 4DoF knee joint model with two prescribed joint constraints. Two
objective functions (minimization of total muscle activation squared and minimization of shear
forces at the knee) within the optimization protocols of a forward-inverse dynamics simulation
framework were also tested.

Using minimization of muscle activation as an objective function within the simulation
framework, the in vivo model’s muscle activations were more closely correlated to experimental
EMG than the prescribed 4DoF model for the medial gastrocnemius (r=0.776 vs 0.725), soleus
(r=0.771 vs 0.718) and showed good correlations with tibialis anterior predictions (r=0.600).
Knee joint contact loading magnitudes were reduced and varied less among subjects in the in
vivo model condition for compression and medio/lateral forces but increased for
posterior/anterior loading, potentially due to increased degrees of freedom at the knee and tighter

ranges of motion.
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KEY WORDS

Musculoskeletal modeling, simulations, knee, stability, bone-pins, intra-cortical pins, soft
tissue artifact, motion capture, kinematics, dynamics, muscle activation, electromyography,
degree of freedom

BACKGROUND

Musculoskeletal modeling and computer simulations are becoming useful clinical and
research tools to address musculoskeletal disorders and their costly effect on quality of life and
on the health care system (Delp et al., 1990; Fregly et al., 2011; Kinney, Besier, D’Lima, &
Fregly, 2013; Komistek, Kane, Mahfouz, Ochoa, & Dennis, 2005; Reinbolt et al., 2005). In order
to closely represent the internal workings of the human body, models and simulations need to be
as physiologically realistic as possible, in particular if they are to be used to gain clinical insight.
There are a few challenges to address within musculoskeletal modeling, one of which lies in the
quality of experimental kinematic data applied to models within simulation frameworks. Skin
mounted reflective markers used with motion capture camera systems are affected by soft tissue
artifact (STA) and do not reflect actual bone motions in any but the larger range DoFs
(flexion/extension for the hip, knee and ankle) as has been demonstrated in multiple studies
(Benoit et al., 2006; Duprey, Cheze, & Dumas, 2010; Gasparutto, Sancisi, Jacquelin, Parenti-
Castelli, & Dumas, 2015; Li, Zheng, Tashman, & Zhang, 2012). Methods have been used to
reduce STA effects at the motion capture level such as with the use of marker clusters
(Alexander & Andriacchi, 2001; Andriacchi, Alexander, Toney, Dyrby, & Sum, 1998;
Cappozzo, Capello, Croce, & Pensalfini, 1997), or at the computer model level by reducing joint
DoFs to hinge, spherical, parallel and universal joints (Reinbolt et al., 2005), prescribing DoFs

based on 2D motion (Cerveri, Pedotti, & Ferrigno, 2005), or introducing anatomical constraints
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(Duprey et al., 2010; Gasparutto et al., 2015; Lu & O’Connor, 1999) such as modifying
ligaments properties and simplifying joint contact surface shapes. However, some of these
methods have been shown to worsen the error caused by STA or are only useful to specific types
of motion (Andersen, Benoit, Damsgaard, Ramsey, & Rasmussen, 2010; Andersen, Damsgaard,
Rasmussen, Ramsey, & Benoit, 2012).

The knee joint in particular is a complex load bearing joint that moves in 6 degrees of
freedom (DoF). However, this joint is often simplified within musculoskeletal models by either
reducing the DoF for example in (Anderson & Pandy, 2001; De Groote et al., 2009; Delp et al.,
1990; Glitsch & Baumann, 1997; Modenese, Phillips, & Bull, 2011; Xu, Bloswick, &
Merryweather, 2014; Yamaguchi & Zajac, 1989) and/or prescribing the motions of secondary
rotations and translations based on sagittal (knee flexion/extension) rotations as was done in
(Delp et al., 1990; Dumas, Moissenet, Gasparutto, & Cheze, 2012; Duprey et al., 2010; Xiao &
Higginson, 2008; Xu et al., 2014).

A recently developed novel 5 DoF kinematic knee joint model (Potvin, Shourijeh,
Smale, & Benoit, 2015) is based on experimental bone-pin derived tibio-femoral ranges of
motion envelopes during dynamic tasks (Benoit et al., 2007; Benoit, Damsgaard, & Andersen,
2015). Significant differences were found in kinematics between the in vivo derived model and
the 4 DoF model with prescribed kinematics, especially notable in knee abduction and
translations. These kinematic differences change the musculoskeletal model's muscle moment
arms, and therefore muscle activations predictions should be different between model conditions.

Once joint kinematics and dynamics are calculated, muscle activation predictions can be
made through simulation frameworks and optimization protocols since the knee joint is an under-

determinate system. Various types of simulation frameworks, inverse (ID) (Cao, Inoue, Liu, &
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Shibata, 2013; De Groote et al., 2009; Glitsch & Baumann, 1997; Kim et al., 2009) or forward
dynamics (FD) based/EMG driven (Besier, Fredericson, Gold, Beaupre, & Delp, 2009;
Buchanan, Lloyd, Manal, & Besier, 2005; Winby, Gerus, Kirk, & Lloyd, 2013), have been
described in the literature. Hybrid forward-inverse dynamics simulations are also used to cross-
validate results between ID and FD methods (Buchanan et al., 2005; Lloyd & Buchanan, 1996;
Sartori, Farina, & Lloyd, 2014). Optimizations using simple objective functions based on the
premise of motion and metabolic efficiency have been used to predict muscle activations and
forces (Anderson & Pandy, 2001; Cao et al., 2013; Cleather & Bull, 2011; Collins, 1995;
Crowninshield & Brand, 1981; Glitsch & Baumann, 1997; Kim et al., 2009; Seireg & Arvikar,
1975; Shelburne, Torry, & Pandy, 2006; Winby, Lloyd, Besier, & Kirk, 2009). Nevertheless, the
contributions of individual muscles to resulting knee joint contact loading is still an open
research field as direct measurement is difficult (Buchanan et al., 2005; Crowninshield & Brand,
1981; Glitsch & Baumann, 1997; Shelburne et al., 2006; Winby et al., 2009). Ideally, in vivo
activations can inform simulations, thus leading to improved predictions of in vivo activations
(Sartori et al., 2014).We therefore developed a forward-inverse dynamics (FID) simulation
framework that combined the advantages of both forward and inverse dynamics methods

((Shourijeh, Smale, Potvin, & Benoit, 2016), Figure 3.1).

- ¢7 Torce piate aata
Y ivation | a(t fit . :
u(t) Actwahpn ( )> Musclg ( ); Moment (1) () Invers.e kinematic data
Dynamics Dynamics Arms Dynamics

A A

) T'S(t): simulated torque vector
Opt|maLControI et fe(t): torque vector from ID
Figure 3.1: Forward-inverse dynamics simulation framework minimizing joint torque prediction
error e(t) . Other variables are defined as follows: u(t): muscle excitation, a(t): muscle
activation, f(t):tendon-muscle forces, T*:simulated torque vector, T ¢:torque vector from inverse

dynamics (ID). Adapted from (Shourijeh & Benoit, 2015; Shourijeh & McPhee, 2014).
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Using this framework we found that changing the objective function from the commonly
used minimizing total muscle activation (Jsmin) to functions based on joint stabilisation
(minimization of shear forces (Js,,i,,) at the knee) had an impact on activation predictions during
the gait cycle (Potvin, Shourijeh, Smale, Spinello, & Benoit, 2015). Physiological joint stability
can also be defined using classic control theory as the system’s ability to return to an original
equilibrium state or remain within a feasible range of states described by constraints or
boundaries for given parameters(Bergmark, 1989; Moengin, 2010, 2011; Murphy, 1974). This is
similar to imposing boundaries with bone pin data for kinematic calculations and increasing a
system’s stability.

As such, the purpose of this study was to combine both the in vivo derived knee joint
model (Potvin, Shourijeh, Smale, & Benoit, 2015) and the simulation framework’s optimizations
from (Potvin, Shourijeh, Smale, Spinello, et al., 2015) to determine if motion constrained by in-
vivo bone-pin data had an impact on muscle activation predictions and joint contact loading
during dynamic tasks, in addition to comparing the results to the built-in static optimization (SO)
function of OpenSim 3.2.We hypothesize that the use of the in vivo knee kinematic model will
improve muscle activation profiles and thus joint contact loading patterns. Furthermore, we
hypothesize that combining this model with a joint stability-inspired objective function could
improve the activation predictions when compared to a standard approach during gait.

METHODOLOGY

Musculoskeletal Model Definition and Modifications

Xu et al.'s musculoskeletal model (Xu et al., 2014), developed based on (Delp et al.,
1990), was used in this study and is available from the OpenSim model database. This model

includes 56 muscles (25/leg + 6 abdominals) and 29 DoFs. The knee joint has 4 free DoFs and
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the remaining two are functions of the knee flexion/extension angle. The Xu model was modified
to omit ligaments and to update the muscle model from the “Thelen2003Muscle” muscle model
(Thelen, 2003) to that of the Millard et al.(Millard, Uchida, Seth, & Delp, 2013),
“Millard2012EquilibriumMusclemodel” as is OpenSim's current standard.

The knee joint model script was modified to have two conditions: 1- 4DoF: A 4DoF knee
model with 2 prescribed DoFs (Distal/Proximal translation and anterior/posterior translations)
without in-vivo data. 2- In-Vivo: A 5 DoF knee model with one prescribed DoFs (distal/proximal
translation) and 4 DoFs (excluding flexion/extension) constrained by in-vivo bone-pin data.
4DoF and In-Vivo model kinematics were obtained following the procedure outlined in (Potvin,
Shourijeh, Smale, & Benoit, 2015).

Motion Capture Data

Gait trials from 5 healthy young adult males (mean age, weight and height 24+1.9yr,
80.8+9.1kg and 177.3+8.1cm respectively) were collected, and time normalized between two
consecutive dominant leg heel strikes with a 10 camera motion capture system (Nexus 1.8.3,
Vicon Motion Systems Itd, UK). Fifty two marker trajectories, of which 38 described the lower
limbs were placed according to the University of Ottawa Motion Analysis Cluster Model, a
modified Plug-in-Gait model (Kadaba MP & Wootten, 1990), were sampled at 200 Hz and
kinetics data (force plates) were collected at 1000Hz (FP4060-08, Bertec, USA). Marker
trajectories and force plate data were filtered with a 4™ order zero lag Butterworth filter with a
cut-off frequency of 10Hz.

Electromyography (EMG) collected at 1000Hz on the dominant leg was recorded for 12
muscles using a Delsys DS-B04 Bagnoli 16 EMG system (Delsys, USA): gluteus maximus

(GLTMAX), gluteus medius (GLTMED), tensor fascia latae (TFL), rectus femoris (RFEM),
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vastus medials (VMED), vastus lateralis (VLAT), biceps femoris (BFEM), semitendinosus
(STEN), tibialis anterior (TA), medial gastrocnemius (MGAS), lateral gastrocnemius (LGAS)
and the soleus (SOL). EMG data from each motion trial was full wave rectified and low-pass
filtered with a 4™ order zero-lag Butterworth filter with cut-off frequency of 8Hz. Resulting
EMG waveforms were normalized to maximum voluntary isometric contraction (MVIC) trials
recorded on a Biodex System 4 (Biodex Medical Systems, NY-USA).

Forward-Inverse Dynamics Simulation Framework (FID)

We used a novel forward-inverse dynamics simulation framework (FID) (Figure 3.1,
(Shourijeh et al., 2016)) to predict muscle activations and also joint contact forces using the
kinematics from the In-Vivo model and the 4DoF model. This FID calculates knee joint torques
using a scaled model through the MatLab-OpenSim API (MatLab 2014a, The Mathworks, USA
and OpenSim 3.2 , simtk.org, Simbios, National NIH Center for Biomedical Computing, USA),
followed by inverse kinematics (IK) and dynamics calculations (ID) as shown in the right hand
side of Figure 3.1. The static optimization (SO) protocol built into OpenSim 3.2 that minimizes
the sum of muscle activations squared was also run to predict muscle activations for all model
muscles for both the in vivo 5DoF model and the 4 free DoF model to obtain initial muscle
activation approximations for the FID framework’s simulation of the 25 muscles from the
dominant leg.

Forward dynamics with prescribed kinematic motion were run to estimate muscle
activations yielding knee joint torques as close to those described by the ID results. Additional
physiologically based objective functions were added since minimization of torque error could

yield an infinite number of muscle activation combinations.
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Optimization with Stability Inspired Objective Functions

The basic objective function (J,,in) Of the framework minimizes the normalized torque
error (TE) divided by absolute values of torque determined from inverse dynamics (/Drorquyes)-
Simulation scripting rejected combinations of values where muscle activations (a) were outside

the range of 0 t0100% maximal activation. .

]Tmin = min (Z <—|1 ITEl |>) (eql)

Torques

The two most promising objective functions from a previous study (Potvin, Shourijeh,
Smale, Spinello, et al., 2015) were added to eql and weighting of each element of the function
was divided evenly: minimizing the sum of squared muscle activations (¥ (a;)?) and minimizing

total shear loading (3. F

shear)'

Jamin = minz(ai)z (eq2)
Jsmin = minZ(Fshear) (eq‘?’)

For example, using eq2, the total equation was defined as
Objective function value (eqd)

] Amin ] Tmin
= * Jrmin T

4 ,
for each 25 muscles ]Amm ]Tmm

* ] Amin
] Amin + ] Tmin

+ (ifa>1)+1e6+ (if a <0) x 1le6
The optimizations were run with a MatLab 2014a script, using the functions from the
Global Optimization and Optimization toolboxes fmincon (find minimum of constrained
nonlinear multivariable function), GA (find minimum of function using a genetic algorithm) and

fminsearchbnd (find minimum constrained multivariable function using derivative-free method).
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Data Analysis

Differences between inverse kinematics and dynamics results for both free and In-Vivo
models conditions were reported in (Potvin, Shourijeh, Smale, & Benoit, 2015). Dominant leg
muscle activation results from the FID framework simulations with the two objective functions
(Apin and S, ) as well as SO for the two models were compared with corresponding
experimental EMG for each subject for pattern trends using Pearson's correlation (r) test and for
magnitude using root mean squared error (RMSE) through custom MatLab scripting. The FID
framework predicted muscle activations for the 25 muscles on the dominant leg. Muscles present
both in the musculoskeletal model and as EMG recordings included the GLTMAX, GLTMED,
TFL, RFEM, BFEM, TA, MGAS and SOL. In the model, GLTMAX and GLTMED are
represented by 3 muscle lines and the BFEM is represented by 2 muscle bundles, the biceps
femoris long head and short head (BFEMLH and BFEMSH respectively).

In preliminary observations, there was some delay between EMG peaks and muscle
activation results likely due to electrode placement on the muscles (Hug, Hodges, & Tucker,
2015; Van Dieen, Thissen, Van de Ven, & Toussaint, 1991; Wong & Ng, 2006) as well as the
typical electrochemical delay seen between muscle excitation and production of force (Cavanagh
& Komi, 1979; Hof, 1997; Hug et al., 2015; Roberts & Gabaldon, 2008). This delay was on the
order of 30-150ms, consistent with literature values (Cavanagh & Komi, 1979; Hof, 1997).
Cross-correlation between muscle activations and EMG were therefore calculated to remove the
effect of the time offset using MatLab scripting and its xcorr function (this offset was set to a
maximum of approximately 150ms). Predicted muscle activity patterns were also compared to

EMG data from the literature and to simulation results obtained by other studies.
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Knee joint contact loading patterns created by the muscle activation patterns were also
qualitatively compared between the predicted results of each physiological objective function
and both model conditions as well as with relevant literature.

RESULTS

Simulation framework results from the different objective function definitions (4,
Smin, SO) and both model conditions (4DoF and In-Vivo) were averaged across subjects and are
plotted in Figures 3.2, 3.3 and 3.4 with their respective average EMG data. According to cross-
correlation analysis results, muscle activation predictions were shifted in these figures to
represent the best fit between EMG and activation and minimize the effect of the delay between
the two. Correlation values can be found in Table 3.1 and RMSE values between predicted
results and experimental EMG are found in Table 3.2.

In the A,,;,case (Figure 3.2), TA, MGAS and SOL muscles were well and similarly
predicted in the framework for both model conditions, with average correlation (+/- stdev) values
for the 4DoF model of r=0.658(0.133), 0.718(0.137) and 0.725(0.095) respectively and for the
In-Vivo model values of r=0.600(0.126), 0.771(0.113) and 0.776(0.084) respectively. As detailed
in Table 3.2, RMSE values for these muscles were slightly lower for the 4DoF model than the
In-Vivo model (0.253, 0.464, 0.533 respectively for the 4DoF model as compared to 0.417,

0.571 and 0.550 respectively for the In-Vivo model).
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Figure 3.2: Comparison of muscle activation predictions adjusted to best experimental EMG
correlation data for the simulation condition using a combination of minimization of torque error
with minimization of total muscle activation for the musculoskeletal model with the 4DoF knee
model (4,,,;», 4DoF) and for the In-Vivo model (4,,i,, In-Vivo)

In the case of the S,,;,, objective function in Figure 3.3, muscle activation prediction

results were similar between model conditions for the MGAS and SOL muscles (4DoF average r

and (stdev):

r=0.670(0.103) and 0.518(0.406) respectively and In-Vivo: 0.550(0.126) and

0.754(0.069) respectively) while other muscles did not show particular correlations. As in the
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Ain Objective function case, RMSE values were higher in the In-Vivo model compared to in the
4DoF model (In-Vivo: 1.164 and 1.257 respectively and 4DoF:0.523 and 0.520). This suggests
that these muscle activation predictions were overestimated in the In-Vivo model more so than in
the 4DoF model with prescribed motion when using the S,,;, objective function.

Muscle activation predictions simulated with the SO objective function as defined in
OpenSim 3.2 showed much weaker activations across muscles. Similarities between predictions
and experimental EMG were observed for the MGAS and SOL muscles (average correlation +/-
stdev) for the 4DoF model r=0.796(0.170) and 0.772(0.128) respectively and for the In-Vivo
model r=(-0.438(0.205) and 0.758(0.138) respectively). Predicted activation results from the In-
Vivo model were similar or lower than those of the 4DoF model as illustrated in Figure 3.4.
RMSE, detailed in Table 3.2, also showed higher values for the In-Vivo model for these muscles
(MGAS: 1.083 and SOL.: 0.413) than in the 4DoF model (MGAS: 0.986 and SOL.: 0.397). Upon
further analysis, it was revealed that knee joint torques calculated by inverse dynamics were not
well replicated by the forward dynamics calculations using predicted muscle activations. This

may be a technical issue in OpenSim 3.2.
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Table 3.1: Across subject average (+/-std dev) Pearson's correlation results after adjustment with
cross-correlation analysis between muscle activation predictions and corresponding EMG signal
resulting from simulations using the different objective functions for the 4DoF model (clear
cells) and In-Vivo model (shaded cells).

e | A | 4% | 4%, | S0 | O
(4DoF | (In-Vivo | (4DoF | (In-Vivo r(r?(l)?:loellz) (::C')g;‘l’)o
model) model) model) model)
GLTMAX1 | -0.010 -0.009 -0.179 -0.125 20.316 -0.345
(0.157) 0.079) | (0.117) | (0.201) | (0.148) | (0.060)
GLTMAX2 | -0.082 -0.098 -0.024 -0.141 -0.300 -0.222
(0.092) 0.113) | (0.125) | (0.297) | (0.125) | (0.253)
GLTMAX3 0.031 0.009 -0.033 -0.098 -0.233 -0.205
(0.246) (0.156) | (0.221) | (0.253) | (0.180) | (0.214)
GLTMED1 0.217 0.182 0.124 0.186 0.056 0.006
(0.315) (0.296) | (0.343) | (0.427) | (0.310) | (0.150)
GLTMED?2 0.266 0.249 0.150 0.264 -0.060 0.028
(0.382) (0.446) | (0.376) | (0.442) | (0.148) | (0.160)
GLTMED3 0.042 0.241 0.047 0.273 -0.149 0.009
(0.464) 0411) | (0.392) | (0.403) | (0.234) | (0.375)
TFL 0.057 -0.170 0.018 0.108 0.303 -0.299
(0.272) (0.159) | (0.158) | (0.242) | (0.453) | (0.392)
RFEM 0.128 0.130 -0.127 0.084 0.175 0.247
(0.278) (0.308) | (0.211) | (0.381) | (0.167) | (0.173)
BFEMLH -0.114 0.155 -0.003 0.088 -0.255 0.332
(0.332) (0241) | (0.203) | (0.121) | (0.330) | (0.281)
BFEMSH -0.142 -0.018 -0.061 0.063 -0.443 0.330
(0.343) (0251) | (0.132) | (0.168) | (0.298) | (0.278)
TA 0.658 0.600 0.080 0.506 0.194 0.745
(0.133) (0.126) | (0.221) | (0221) | (0.203) | (0.140)
MGAS 0.718 0.771 0.670 0.550 0.796 -0.438
(0.137) (0.113) | (0.103) | (0.126) | (0.170) | (0.205)
SOL 0.725 0.776 0.518 0.754 0.772 0.758
(0.095) (0.084) | (0.406) | (0.069) | (0.128) | (0.138)
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Table 3. 2: RMSE values between predicted activations and experimental EMG for the different
model conditions (4DoF and In-Vivo model) and for the different objective function
optimization protocols (A,,in, Smin and SO)

Tmin + Tmin + Tmin Tmin SO SO

Amin Amin FSmin |+ Smin | (4poF | (In-Vivo

(4DoF (In-Vivo (4DoF (In-Vivo model) model)

model) model) model) model)
GLTMAX1 3.084 2.896 3.031 2.945 0.420 0.425
GLTMAX2 2.939 2.805 2.913 2.873 0.314 0.312
GLTMAX3 2.773 2.395 3.072 2.905 0.307 0.301
GLTMED1 2.411 2.197 2.216 2.024 0.505 0.516
GLTMED?2 2.233 2.100 2.342 2.008 0.555 0.536
GLTMED3 2.262 2.058 2.533 2.066 0.618 0.662
TFL 2.816 2.977 2.757 2.339 0.478 0.541
RFEM 2.042 2.002 1.713 1.580 0.127 0.129
BFEMLH 2.596 2.142 1.812 1.431 0.144 0.417
BFEMSH 3.949 3.247 2.671 1.959 0.383 0.420
TA 0.253 0.417 2.879 3.484 0.231 0.306
MGAS 0.464 0.571 0.523 1.164 0.986 1.083
SOL 0.533 0.550 0.520 1.257 0.397 0.413

Average predicted knee joint contact loading results created by the muscle activation
profiles between the physiological objective functions A4,,;, and S,,;,, as well as the static
optimization results from OpenSim 3.2 for both model conditions (4DoF and In-Vivo) are shown
in Figure 3.5. Mean curve shapes are similar in both models although medio-lateral forces show
much less variability in the In-Vivo model (max stdev = 0.66N/Kg) than in the 4DoF model
(max stdev = 2.02N/Kg), whereas anterior-posterior forces are more variable in the In-Vivo
model (max stdev = 10.34N/Kg compared to 3.67N/Kg). Peak absolute forces were lower for
axial and medio/lateral forces in the In-Vivo model (33.55N/Kg and 0.65N/Kg respectively)

compared to the 4DoF model (41.53N/Kg and 1.36N/Kg respectively).
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Figure 3.5: Average (xstdev) between subjects of bodyweight normalized knee joint contact
loading in the tibial reference frame resulting from the predicted muscle activation profiles from
each of the simulation conditions for the 4DoF knee model and for the In-Vivo knee model.
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DISCUSSION
The main purpose of this study was to examine the effect of adding In-Vivo based joint
kinematic constraints within a musculoskeletal model on muscle activation predictions from a
forward-inverse dynamics simulation framework and subsequently on resulting knee joint
contact loading. As an additional objective, the effect of changing the objective function within
the optimization protocol of the FID framework using the In-Vivo or 4DoF models was
observed.

Effect of Model Condition and Objective Function on Muscle Activation Predictions

When looking back at results obtained in (Potvin, Shourijeh, Smale, & Benoit, 2015), we
see that although kinematics were changed significantly when adding bone-pin derived range of
motion limits, hip, knee and ankle joint torques were not. Since the simulation framework
optimizes its solution using knee joint net torque values, it could have been hypothesized that if
this torque remains similar, predicted activation profiles would also be similar. On the other
hand, the simulation framework also uses prescribed kinematic motion to determine moment
arms of the muscles in the musculoskeletal model. As such, the change in joint kinematics
introduced by the In-Vivo model should also have had an effect on simulation results. As
demonstrated in (Potvin, Shourijeh, Smale, Spinello, et al., 2015) the change in objective
function within the framework also had an influence on muscle activation predictions.

Comparing average correlation results using the physiologically inspired objective
functions (A,,i,and S,,;) from Table 3.1, we see that the MGAS and SOL muscles were well
predicted (Pearson's correlation values 0.518<r<776), with higher values obtained with the In-
Vivo model. TA muscle activation was also well predicted by the optimization protocol

minimizing muscle activation (r=0.658 for the 4DoF model and r=0.600 for the In-Vivo model)
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but not as well by minimization of shear force loading at the knee (r=0.080 for the 4DoF model
and r=0.506 for the In-Vivo model). As SO muscle activation predictions did not accurately
recreate inverse dynamics calculated net joint torques in the simulation framework (see
Appendices A4 of this thesis), the activation results appear questionable even though good
correlations were identified for the MGAS (4DoF: r=0.796, In-Vivo: 0.72) and SOL (In-Vivo:
r=0.758) muscles.

Overall, using minimization of muscle activation squared as the objective function within
the optimization protocol of the FID simulation framework showed the strongest correlations for
the most muscles although it was only for 3 muscles of the 8 that could be compared to EMG.
These results are consistent with other studies that have shown gait patterns to be driven in such
a way as to reduce energy expenditure and thus fatigue (Ackermann & van den Bogert, 2010).

Although correlation values were low for the other muscles, visual observations showed
that RFEM and BFEM muscles did show some trend of increasing activation after peaks in EMG
data although EMG values were low. Co-contraction of the BFEM and RFEM during the stance
phase was also observed and suggests muscles working together to balance and stabilize the
knee.

Correlation comparisons give us an idea of curve shape, but RMSE analysis also revealed
if there were large differences between predicted muscle activity and experimental EMG
magnitudes with both model conditions. Results for the TA, MGAS and SOL muscles suggest
that the 4DoF model predicted values that were closer in magnitude to experimental EMG than
the In-Vivo based model (0.253, 0.464, 0.533 respectively for the 4DoF model as compared to

0.417, 0.571 and 0.550 respectively for the In-Vivo model). For those muscles that did not show
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particular correlations with EMG data, RMSE values were generally lower by an average of 8%
using the In-Vivo model rather than with the 4DoF model.

From both of these viewpoints, results show that changing the musculoskeletal model as
well as changing the objective function will have an impact on final muscle activation
predictions. Similar observations have been reported by (Cleather & Bull, 2011) although others
report that changing the objective function within the simulation had minimal impacts on final
predictions (Buchanan et al., 2005; Collins, 1995; Glitsch & Baumann, 1997). Such conclusions
depend on how objective functions were defined within the simulation framework and to what
degree each tested condition differed. The current study showed that the In-Vivo model using the
Anin Objective function had higher correlations for 2 of the three well correlated muscles
(MGAS and SOL) than the 4DoF model. On the other hand, RMSE results showed higher values
for the In-Vivo model. These results emphasize that choosing an objective function should be
done carefully and its results reviewed with caution. As well, as was noted in (Crowninshield &
Brand, 1981; Potvin, Shourijeh, Smale, Spinello, et al., 2015) observing good muscle activation
correlations with experimental EMG does not necessarily guarantee the validity of the
optimization's objective functions or the model. As can be seen in figures 3.2, 3.3 and 3.4,
although some muscle activation patterns are well predicted, others have room for improvement.
This could be achieved in various ways such as by modifying the musculoskeletal model
parameters. For example, high levels of muscle activations were noted for the GLTMAX,
GLTMED and TFL muscles. This could be adjusted by increasing the strength parameters of the
various muscles within Xu et al.’s musculoskeletal model script. Improvements to the current
model could also include the addition of synergistic muscle groups to actuate the various DoFs

of the lower limb. This could reduce the forces applied to certain muscles by sharing the load
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with additional actuators and thus decrease each of their activations, which results of this
experiment showed were higher than experimental EMG in many cases.

Effect of Model Condition on Joint Contact Loading

Multiple studies have reported estimated knee joint compressive loading values and
maximal values range mostly around 2-3x bodyweight (D’Lima, Patil, Steklov, Slamin, &
Colwell Jr., 2006; Fregly et al., 2011; Heinlein et al., 2009; Kim et al., 2009; Kutzner et al.,
2010; Lin, Walter, Banks, Pandy, & Gregly, 2010; Schipplein & Andriacchi, 1991; Shelburne et
al., 2006; Thambyah, Pereira, & Wyss, 2005) but also reached up to more double this value in
certain cases (Fregly et al., 2011; Mikosz, Andriacchi, & Andersson, 1988; Seireg & Arvikar,
1975; Winby et al., 2009). The mean maximal compressive loading values shown in Figure 3.5
also fall within this range though perhaps on the high side high (approx. 4-4.5x bodyweight).
Fewer studies like those using instrumented prostheses (Bergmann et al., 2014; Taylor, Heller,
Bergmann, & Duda, 2004) report shear forces at the knee although values found in this study for
medial/lateral and posterior/anterior forces are similar to those reported by (Bergmann et al.,
2014; Heinlein et al., 2009; Mikosz et al., 1988).

Neglecting the knee joint ligaments in both model conditions likely resulted in some
underestimation of joint contact loading as has been discussed in previous works (Sasaki &
Neptune, 2010; Winby et al., 2009; Xu, 2013). Ligaments omitted in the musculoskeletal models
used here are also important to provide additional moment arms to create forces counteracting
joint contact loading when muscles are not sufficient (Cleather & Bull, 2011). It should also be
kept in mind that since some predicted muscle activation patterns were not well correlated with

experimental EMG, resulting knee joint contact loading is likely inaccurate.
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In addition to changes in muscle activation predictions, the incorporation of bone-pin
derived constraints in the In-Vivo model resulted in differences in joint contact loading
compared to the 4DoF model as illustrated in Figure 3.5. Generally, force curves were somewhat
similar between both model conditions, although a reduction of medio/lateral force (0.066 vs.
0.14 N/BW) and peak axial loading magnitude of the tibia (-3.42 vs -4.23 N/BW) was noted for
the In-Vivo model. An increase in anterior/posterior loading is noted especially during the stance
phase of gait with the In-Vivo model that may be caused by the increased activation levels from
the BFEM muscles in the bone pin constrained simulation output compared to the unconstrained
condition. As well, a sharp reduction variability, as evidenced by the decreased standard
deviation was observed in the In-Vivo model, most notably for medio/lateral force (0.067N/BW
vs 0.206 N/BW, or a 67% difference). This is to be expected as kinematic variability was limited
when using the bone pin derived constraints (Potvin, Shourijeh, Smale, & Benoit, 2015).

CONCLUSION

The objective function guiding the control of muscles in the human body during various
activities has yet to be defined and may be a combination of various strategies. The functions
tested in this study and in a related previous one (Potvin, Shourijeh, Smale, Spinello, et al., 2015)
are only a few simple examples meant to highlight the variety of possible options to be explored
which are based on a physiological principle. Similarly, using an in vivo kinematics derived knee
joint is a simple way in which to ensure realistic ranges of motion are obtained. Although the
muscle activation changes were relatively small, gait is primarily a sagittal plane movement and
its effects may be more pronounced for the simulation of more dynamic tasks, similar to those
from which the In-Vivo model was derived (cutting and hoping motions). Nevertheless, if the

goal of a musculoskeletal model is to achieve a physiological representation of muscle



132 | Manuscript 3: Using the In Vivo Knee Model within the Simulation Framework

activations and forces, optimization strategies and joint models which are physiologically
representative are crucial step in obtaining accurate information. Based on our results, the In-
Vivo model showed more realistic kinematics for the knee joint, reduced simulated force
variability, and remained consistent in muscle activation predictions when compared to the 4DoF
model. Taken together, we believe that incorporating our in-vivo model into existing frameworks

can improve the biofidelity of musculoskeletal models.
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Chapter 4 — Summary of Research Findings and Closing Remarks

4.1 Summary of Key Results

The first step in the work of this thesis, described in the first manuscript, involved
creating boundary envelopes within which to constrain kinematics in the non-principal degrees
of freedom of the knee joint in order to reduce the effect of soft tissue artifact. Results showed
that adding these constraints to a musculoskeletal model with a knee joint with 4, 5 and 6 DoFs
resulted in significant differences in kinematics, especially for the knee joint's internal/external
rotation and translation degrees of freedom as shown in Figure 1.3 of the first manuscript.

The addition of kinematic bone-pin constraints created more physiologically realistic
motion profiles than what skin-mounted marker derived joint kinematics described. Since the
original work of this part of the thesis was completed, additional work has applied these
constraints to other motion trials (cutting and hopping) and also found significant differences and
more realistic segment motions (unpublished). Kinematics in the principal DoFs as in the case of
hip, knee and ankle flexion/extension, remain adequately accurate when using only skin mounted
markers. Results also showed similar trends as those shown in other studies using intra-cortical
pins to determine kinematics (Benoit et al., 2007; Lafortune, Cavanagh, Sommer, & Kalenak,
1992). The data used in this part of the work was based on experimental data from young and
healthy adult males. It should therefore be noted that kinematic constraints may be different in
other populations such as those with pathological musculoskeletal disorders.

Following the determination of kinematics derived from bone pin data, and as described
in the second and third journal manuscripts in Chapter 3, a forward/inverse dynamics simulation
framework was adapted to the musculoskeletal model and set up to predict muscle activation

profiles during a gait cycle utilizing different optimization objective functions addressing the
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muscle redundancy problem presented by the knee joint and the lower limb’s multiple muscles.
The main objective of the second manuscript in Chapter 3 was to observe differences in muscle
activation predictions between optimizations using several objective functions. Some of these
results were also presented at the International Society of Biomechanics conference in Glasgow
in 2015. The poster for this conference can be found in Appendices A5. In the third manuscript,
the main goal was to see if incorporating the kinematics derived from bone pin data to the
simulations made differences as well.

In many studies, objective functions within optimization protocols are defined to reduce
energetic or metabolic costs, assuming the human body moves in an efficient manner (Anderson
& Pandy, 2001; Cao et al., 2013; Kim et al., 2009; Lloyd & Buchanan, 1996; Winby et al.,
2009). In this thesis, this assumption was challenged by implementing new objectives for the
optimization script. These objectives were inspired by multiple and various definitions of
musculoskeletal joint stability and were defined to maximize total muscle activation, minimize
knee joint shear loading and to maximize knee joint compression (axial) loading. These
simulation results were also compared to simulations aiming to minimize total muscle
activations, a commonly used objective function promoting efficiency. Simulations were run for
gait trials using a musculoskeletal model with 4 DoFs at the knee and by a more flexible knee
joint model with 5DoFs at the knee of which 4 were constrained by bone pin data (all but knee
flexion/extension and distraction/compression).

Results, shown in Figures 2.2 and 2.3 of the second manuscript, of the unconstrained
4DoF knee model show that, at least for gait motion, minimizing activation was the objective
function leading to the most similarities between muscle activation predictions and experimental

EMG. Correlations, root mean square error and visual observations suggest that the tibialis
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anterior, medial gastrocnemius and soleus muscles were best predicted with this objective
function while other muscles were less accurately simulated. Some trends were visually observed
between EMG and activation predictions for the rectus femoris and biceps femoris muscles as
well, although correlation values were low. Timing of muscle activations and force production
for these muscle groups are also consistent with what may be expected during a gait cycle. Co-
contraction of the RFEM and BFEM muscle groups can also be seen from these figures, which
suggests both groups work together to maintain joint stability.

Predictions from the maximization of knee joint contact loading should be interpreted
carefully as it was observed that the joint torque error resulting from these activations within the
forward-inverse dynamics simulation framework was high. (Joint torque errors resulting from
this objective function as well as the other functions tested in this thesis can be found in
Appendices A4. Such high levels of joint torque errors were also observed when static
optimization outputs directly from OpenSim were input into the framework. The increased error
in joint torques would suggest that muscle activation predictions are invalid as torques are not
reconstructed correctly and may indicate a technical problem in the OpenSim 3.2 scripts.

Simulations were run once more with the musculoskeletal model having kinematics
constrained with the in-vivo derived bone pin range of motion envelopes and using optimization
objective functions of minimization of total muscle activation as well as minimization of shear
forces at the knee joint. As in the model condition used in the previous experiment, minimization
of muscle activation prove to be more effective in predicting muscle activation patterns and
signal intensity than minimization of shear force.

Activation prediction results are shown in Figure 3.2 from the third manuscript and are

adjusted for best correlation between EMG and activation results because of the effects of
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electrochemical delay and of electrode positioning (Hug, Hodges, & Tucker, 2015; Van Dieen,
Thissen, Van de Ven, & Toussaint, 1991; Wong & Ng, 2006).There were some prediction
differences between the 4DoF model and the In-Vivo model. The in vivo model’s muscle
activations were more closely correlated to experimental EMG than the prescribed 4DoF model
for the medial gastrocnemius (r=0.776 vs 0.725), soleus (r=0.771 vs 0.718) and showed good
correlations with tibialis anterior predictions (r=0.600). Root mean square error showed similar
values although the 4DoF model had slightly lower results for these three muscles (0.533, 0.253
and 0.464 respectively) compared to the In-Vivo model (0.550, 0.417 and 0.571 respectively).

Other muscles (rectus femoris, biceps femoris, gluteus maximus, gluteus medius, tensor
fascia latae) for both the 4DoF and In Vivo models were not as well predicted (Pearson's
correlation 0<r<0.298) for a variety of possible reasons. The musculoskeletal model is a
simplification of the human body and did not include all muscles actually present in the human
lower limb. The addition of more muscle segments may have helped to reduce the loading from
the muscles present within the model. As well, it should be considered that normalization
methods for EMG using experimental maximum voluntary isometric contraction (MVIC) is not
the same as the method used for activation predictions which is based on theoretical muscle
strengths and properties. Changing muscle mechanical properties within the model may help fine
tune results or adapt them to different populations.

Knee joint contact loading magnitudes were reduced and varied less among subjects in
the in vivo model condition for compression and medio/lateral forces but increased for
posterior/anterior loading, potentially due to increased degrees of freedom at the knee and tighter
ranges of motion. Loading patterns and magnitudes fell within values obtained elsewhere in the

literature from model results and instrumented prosthesis devices for flexion/extension DoFs
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(D’Lima, Patil, Steklov, Slamin, & Colwell Jr., 2006; Fregly et al., 2011, 2011; Heinlein et al.,
2009; Kim et al., 2009; Kutzner et al., 2010; Lin, Walter, Banks, Pandy, & Gregly, 2010;
Mikosz, Andriacchi, & Andersson, 1988; Mikosz et al., 1988; Schipplein & Andriacchi, 1991;
Seireg & Arvikar, 1975; Shelburne et al., 2006; Thambyah, Pereira, & Wyss, 2005; Winby et al.,
2013) as well as in shear loading (Bergmann et al., 2014; Heinlein et al., 2009; Mikosz et al.,

1988). Joint contact loading is illustrated in Figure 3.5.

4.2 Conclusion

Defining accurate joint kinematics is an essential part of successful musculoskeletal
modeling. However, determining such kinematics is challenging for various reasons, notably that
we cannot easily see what is actually occurring within a joint without invasive or costly
measurement techniques and that the alternative, using motion capture systems to track
movement using skin mounted markers is heavily influenced by soft tissue artifact. This thesis
first focused on developing an easy to use and implement tool constraining joint kinematics in
the non-principal degrees of freedom to realistic ranges of motion that based itself on valuable
joint motion data obtained from in-vivo experiments using intra-cortical pins equipped with
tracking markers. This tool provided more biofidelic motion for the knee joint and is a step
forward in the quest to obtaining accurate joint kinematics for musculoskeletal modeling.

Following this step, this thesis showed that changing the objective function of an
optimization protocol within a musculoskeletal simulation framework had an important effect on
final model outputs. Changing joint kinematics to more physiologically realistic ones obtained in
the first part of this work also had an effect on simulation predictions. This underlines the
importance of furthering research in this regard as we have yet to define, both physiologically

and mathematically, how the neuromuscular system is governed during various activities.
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Knowing which muscles activation patterns contribute to joint stability could improve treatment
and training protocols to get a patient back on track, using objective testing and experimental
data (Hicks et al., 2015).

This thesis focused on self-selected pace level ground gait trials, a movement that has
been shown to favor efficiency (Kim et al., 2009). The new objective functions added to the
simulation framework in this project were therefore not as adept at predicting muscle activation
profiles as the original function minimizing total muscle activation. However, it would be
interesting to see how all these objective functions perform with different motion types such as
the one and two legged squat motions, cutting motions or jJumping as well.

From this thesis we can conclude that (1) using in-vivo inspired knee constraints will
modify and generally improve musculoskeletal model simulations; (2) simulation outputs should
be analyzed cautiously and in light of the optimisation used to solve the indeterminate problem
posed by the many muscles of the human body; (3) Changing the objective function is only one
way in which to improve existing models. Continued modifications and optimizations of
musculoskeletal model parameters and definitions can and should be made to improve results

and achieve physiologically representative simulation results.
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Glossary

Abduction: Moving away from the body’s frontal plane central axis
Adduction: Moving towards the body’s frontal plane central axis

Anterior: Meaning “in front of”. For the knee joint, anterior translation refers to movement
towards the front of the knee

Co-contraction: Simultaneous contraction of two opposing muscles
Cost Function: See “Objective Function”

Degree of Freedom: Directions of movement. For the knee joint, there are 6 degrees of freedom
in which the bones can move with relation to one another, 3 rotations and 3 translations

Distal: Away from the body’s trunk. Ex. The femur’s epicondyles are distal to the femoral head
in relation to the trunk of the body.

Dynamics: The study of mechanics and the motion of bodies under the influence of forces and
moments

Electromyography: Electric signal measurement from muscle tissue, commonly measured
through skin surface electrodes placed on the area closest to the muscle belly

Forward dynamics: The calculation of joint forces and torques by converting muscle excitation
signals to activations to muscle forces and then joint torques

Inverse dynamics: The calculation of joint forces and torques using body segment kinematics
and measured external forces

In-Silico: Computer based testing
In-Vitro: Lab based testing
In-Vivo: Real world, live testing

Joint contact loading: Forces and moments created within a joint from ground reaction forces
as well as tightened muscles accross the joint

Joint reaction loading: Net joint forcess/moments calculated from inverse dynamics based on
ground reaction forces

Kinematics: The study of mechanical motion without considering masses or forces
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Musculoskeletal Model: A representation of a body including an anatomical and geometrical
representation of muscles, ligaments and bones and mechanical representations of muscle
tissues

Objective Function: The function that an optimization protocol seeks to maximize or minimize
in order to find a suitable solution to a given indeterminate problem

Pennation Angle: Angle formed between its line of action and direction of muscle fibers

Posterior: Meaning “behind”. For the knee joint, posterior translation refers to movement
towards the back of the knee

Proximal: Close to the body’s trunk as opposed to distal. The femoral head is proximal to the
femoral epicondyles

Simulation Framework: Protocol used to run a simulation with all of its components

Soft tissue artifact: The motion of skin affecting measurements of bone motion within the body
segment, typically observed during motion capture data collection

Static Optimization: Optimization of solutions by individual steps such as time frames over the
course of a trial

Statistical Parametric Mapping: Statistical method that considers 1-D continuous data
trajectories to find significance between measures taken over time (ex: marker or force
plate trajectories)

Varus/Valgus: Terms used to describe angled position of segments. At the knee, varus refers to
outward angled knees and valgus describes knees pointed inwards in the frontal plane
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Appendices

Appendices Al: Patella definition scripts

Original model file: Note the parent body is the tibia and only flexion/extension(rotationl),
anterior/posterior translation (translationl) and distal/proximal translation (translation2) are
defined. Other DoFs are left at zero and omitted here for conciseness.

<CustomlJoint name="tib_pat_r">

<I--Name of the parent body to which this joint connects its owner body.-->
<parent_body>tibia_r</parent_body>

<!l--Location of the joint in the parent body specified in the parent reference frame. Default is (0,0,0).-->

<location_in_parent>0 0 0</location_in_parent>
<!I--Orientation of the joint in the parent body specified in the parent reference frame. Euler XYZ body-fixed
rotation angles are used to express the orientation. Default is (0,0,0).-->

<orientation_in_parent>0 0 O</orientation_in_parent>
<!l--Location of the joint in the child body specified in the child reference frame. For SIMM models, this vector is
always the zero vector (i.e., the body reference frame coincides with the joint). -->

<location>0 0 0</location>
<!I--Orientation of the joint in the owing body specified in the owning body reference frame. Euler XYZ body-
fixed rotation angles are used to express the orientation. -->

<orientation>0 0 0</orientation>

<!l--Set holding the generalized coordinates (q's) that parmeterize this joint.-->

<SpatialTransform>
<!I--3 Axes for rotations are listed first.-->
<TransformAxis name="rotation1">
<!--Names of the coordinates that serve as the independent variables of the transform function.-->
<coordinates>knee_extend_pat_r</coordinates>
<l--Rotation or translation axis for the transform.-->

<axis>0 0 1</axis>
<!I--Transform function of the generalized coordinates used to represent the amount of
transformation along a specified axis.-->

<function>
<SimmSpline>
<x>-2.0944 -1.99997 -1.45752 -0.526391 0.0279253 0.174533</x>
<y>0.308051 0.308051 0.306305 0.270177 -0.037001 -0.279951</y>
</SimmSpline>
</function>
</TransformAxis>
<TransformAxis name="translation1">
<!--Names of the coordinates that serve as the independent variables of the transform function.-->

<coordinates>knee_extend_pat_r</coordinates>
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<l--Rotation or translation axis for the transform.-->

<axis>1 0 0</axis>
<!I--Transform function of the generalized coordinates used to represent the amount of
transformation along a specified axis.-->

<function>
<MultiplierFunction>
<function>

<SimmSpline>
<x>-2.0944 -1.39626 -1.0472 -0.698132 -0.349066 -0.174533 0 0.00017453 0.00034907
0.0872665 2.0944</x>

<y>0.0173 0.0324 0.0381 0.043 0.0469 0.0484 0.0496 0.0496 0.0496 0.0496 0.0496</y>
</SimmSpline>
</function>
<scale>1</scale>
</MultiplierFunction>
</function>
</TransformAxis>
<TransformAxis name="translation2">
<!--Names of the coordinates that serve as the independent variables of the transform function.-->
<coordinates>knee_extend_pat_r</coordinates>
<l--Rotation or translation axis for the transform.-->

<axis>0 1 0</axis>
<!--Transform function of the generalized coordinates used to represent the amount of
transformation along a specified axis.-->

<function>
<MultiplierFunction>
<function>

<SimmSpline>
<x>-2.0944 -1.5708 -1.39626 -1.0472 -0.698132 -0.349066 -0.174533 0 0.00017453
0.00034907 0.0872665 2.0944</x>
<y>-0.0219 -0.0202 -0.02 -0.0204 -0.0211 -0.0219 -0.0223 -0.0227 -0.0227 -0.0227 -0.0227 -
0.0227</y>

</SimmSpline>
</function>
<scale>1</scale>
</MultiplierFunction>

</function>

</TransformAxis>

Modified model file: Note the parent body is the femur and only flexion/extension(rotationl),
anterior/posterior translation (translation1) and distal/proximal translation (translation2) are
defined. Other DoFs are left at zero and omitted here for conciseness.

<CustomlJoint name="fem_pat_r">
<!--Name of the parent body to which this joint connects its owner body.-->

<parent_body>femur_r</parent_body>
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<!l--Location of the joint in the parent body specified in the parent reference frame. Default is (0,0,0).-->

<location_in_parent>0.04 -0.395 0</location_in_parent>
<!I--Orientation of the joint in the parent body specified in the parent reference frame. Euler XYZ body-fixed
rotation angles are used to express the orientation. Default is (0,0,0).-->

<orientation_in_parent>0 0 O</orientation_in_parent>
<!l--Location of the joint in the child body specified in the child reference frame. For SIMM models, this vector is
always the zero vector (i.e., the body reference frame coincides with the joint). -->

<location>0 0 0</location>
<l--Orientation of the joint in the owing body specified in the owning body reference frame. Euler XYZ body-
fixed rotation angles are used to express the orientation. -->

<orientation>0 0 O</orientation>
<!l--Set holding the generalized coordinates (q's) that parmeterize this joint.-->
<SpatialTransform>
<I--3 Axes for rotations are listed first.-->
<TransformAxis name="rotation1">
<l--Names of the coordinates that serve as the independent variables of the transform function.-->
<coordinates>knee_extend_pat_r</coordinates>
<I--Rotation or translation axis for the transform.-->

<axis>0 0 1</axis>
<I--Transform function of the generalized coordinates used to represent the amount of transformation
along a specified axis.-->

<function>

<PiecewiseLinearFunction>
<x>-2.0944 -1.71743 -1.24969 -1.0472 -0.703922 -0.306391 -0.130644 0.00607367 0.127345
0.194133</x>
<y>-1.85005 -1.26974 -0.846041 -0.733028 -0.476555 -0.207427 -0.0884463 -0.0590306 -0.0538727
-0.0566183</y>

</PiecewiselinearFunction>
</function>
</TransformAxis>
<!I--3 Axes for translations are listed next.-->
<TransformAxis name="translation1">
<I--Names of the coordinates that serve as the independent variables of the transform function.-->
<coordinates>knee_extend_pat_r</coordinates>
<!--Rotation or translation axis for the transform.-->

<axis>1 0 0</axis>
<I--Transform function of the generalized coordinates used to represent the amount of transformation
along a specified axis.-->

<function>
<MultiplierFunction>
<function>

<PiecewiselLinearFunction>
<x>-2.16868 -1.72496 -1.38149 -1.24969 -1.02358 -0.673697 -0.32898 -0.130644 0.0527228
0.334306 0.669892 1.26213 2.11637</x>
<y>-0.0722757 -0.0625827 -0.0468162 -0.0397108 -0.0318689 -0.016538 -0.00511909
0.000553575 0.00465652 0.00713944 0.0081561 0.00912147 0.00966838</y>
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</PiecewiselinearFunction>
</function>
<scale>1</scale>
</MultiplierFunction>
</function>
</TransformAxis>
<TransformAxis name="translation2">
<l--Names of the coordinates that serve as the independent variables of the transform function.-->
<coordinates>knee_extend_pat_r</coordinates>
<!--Rotation or translation axis for the transform.-->

<axis>0 1 0</axis>
<!I--Transform function of the generalized coordinates used to represent the amount of transformation
along a specified axis.-->

<function>
<MultiplierFunction>
<function>

<PiecewiseLinearFunction>
<x>-2.1612 -1.76797 -1.38153 -1.07282 -0.760551 -0.365625 -0.190483 -0.0139851 0.137468
0.528251 1.08032 1.41988 1.68543 1.98925 2.25075</x>
<y>-0.0277513 -0.0455888 -0.0518783 -0.0524016 -0.0479748 -0.0361534 -0.0249335 -
0.0222212 -0.011389 -0.0107772 -0.0113565 -0.0111467 -0.0112391 -0.0111153 -0.011117</y>

</PiecewiselinearFunction>
</function>
<scale>1</scale>
</MultiplierFunction>
</function>
</TransformAxis>
</SpatialTransform>
</Customloint>
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Appendices A2: OpenSim model scripts for the 4DoF and clamped 6DoF knee joint

Script for the 4DoF knee joint with 2 prescribed DoFs.

Tz refers to medio/lateral translation. The three rotation DoFs and medio/lateral translation are
free to move depending on marker trajectories. Anterior/posterior and distal/proximal
translations (translation 1 and 2 respectively) are defined as functions based on the
flexion/extension angle. Ranges of motion are not clamped, meaning that they are not
constrained to strenuous limitations.

<CustomlJoint name="knee_r">

<!I--Name of the parent body to which this joint connects its owner body.-->
<parent_body>femur_r</parent_body>

<!I--Location of the joint in the parent body specified in the parent reference frame. Default is (0,0,0).-->
<location_in_parent>0 0 0</location_in_parent>

<!I--Orientation of the joint in the parent body specified in the parent reference frame. Euler XYZ body-fixed
rotation angles are used to express the orientation. Default is (0,0,0).-->
<orientation_in_parent>0 0 O</orientation_in_parent>
<l--Location of the joint in the child body specified in the child reference frame. For SIMM models, this vector is
always the zero vector (i.e., the body reference frame coincides with the joint). -->
<location>0 0 0</location>
<!I--Orientation of the joint in the owing body specified in the owning body reference frame. Euler XYZ body-
fixed rotation angles are used to express the orientation. -->
<orientation>0 0 0</orientation>
<!l--Set holding the generalized coordinates (q's) that parmeterize this joint.-->
<CoordinateSet>
<objects>
<Coordinate name="knee_extend_r">
<l--Coordinate can describe rotational, translational, or coupled motion. Defaults to rotational.-->
<motion_type>rotational</motion_type>
<I--The value of this coordinate before any value has been set. Rotational coordinate value is in radians
and Translational in meters.-->
<default_value>0</default_value>
<I--The speed value of this coordinate before any value has been set. Rotational coordinate value is in
rad/s and Translational in m/s.-->
<default_speed_value>0</default_speed_value>
<I--The minimum and maximum values that the coordinate can range between. Rotational coordinate
range in radians and Translational in meters.-->
<range>-2.0943951 0.17453293</range>
<l--Flag indicating whether or not the values of the coordinates should be limited to the range, above.--
>
<clamped>false</clamped>
<l--Flag indicating whether or not the values of the coordinates should be constrained to the current
(e.g. default) value, above.-->
<locked>false</locked>

<I--If specified, the coordinate can be prescribed by a function of time. It can be any OpenSim Function
with valid second order derivatives.-->
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<prescribed_function />
<!--Flag indicating whether or not the values of the coordinates should be prescribed according to the
function above. It is ignored if the no prescribed function is specified.-->

<prescribed>false</prescribed>

</Coordinate>

<Coordinate name="knee_rotation_r">
<l--Coordinate can describe rotational, translational, or coupled motion. Defaults to rotational.-->
<motion_type>rotational</motion_type>

<I--The value of this coordinate before any value has been set. Rotational coordinate value is in radians
and Translational in meters.-->

<default_value>0</default_value>
<I--The speed value of this coordinate before any value has been set. Rotational coordinate value is in
rad/s and Translational in m/s.-->

<default_speed_value>0</default_speed_value>
<I--The minimum and maximum values that the coordinate can range between. Rotational coordinate
range in radians and Translational in meters.-->

<range>-0.78539815 0.52359877</range>
<I--Flag indicating whether or not the values of the coordinates should be limited to the range, above.--
>

<clamped>false</clamped>
<!--Flag indicating whether or not the values of the coordinates should be constrained to the current
(e.g. default) value, above.-->

<locked>false</locked>
<I--If specified, the coordinate can be prescribed by a function of time. It can be any OpenSim Function
with valid second order derivatives.-->

<prescribed_function />
<l--Flag indicating whether or not the values of the coordinates should be prescribed according to the
function above. It is ignored if the no prescribed function is specified.-->
<prescribed>false</prescribed>

</Coordinate>

<Coordinate name="knee_adduction_r">
<l--Coordinate can describe rotational, translational, or coupled motion. Defaults to rotational.-->
<motion_type>rotational</motion_type>
<I--The value of this coordinate before any value has been set. Rotational coordinate value is in radians
and Translational in meters.-->
<default_value>0</default_value>
<I--The speed value of this coordinate before any value has been set. Rotational coordinate value is in
rad/s and Translational in m/s.-->
<default_speed_value>0</default_speed_value>

<1--The minimum and maximum values that the coordinate can range between. Rotational coordinate
range in radians and Translational in meters.-->

<range>-0.2617993 0.2617993</range>
<l--Flag indicating whether or not the values of the coordinates should be limited to the range, above.--
>

<clamped>false</clamped>
<!I--Flag indicating whether or not the values of the coordinates should be constrained to the current
(e.g. default) value, above.-->
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<locked>false</locked>
<!--If specified, the coordinate can be prescribed by a function of time. It can be any OpenSim Function
with valid second order derivatives.-->

<prescribed_function />
<!l--Flag indicating whether or not the values of the coordinates should be prescribed according to the
function above. It is ignored if the no prescribed function is specified.-->

<prescribed>false</prescribed>
</Coordinate>
<Coordinate name="knee_tz_r">
<l--Coordinate can describe rotational, translational, or coupled motion. Defaults to rotational.-->

<motion_type>translational</motion_type>
<I--The value of this coordinate before any value has been set. Rotational coordinate value is in radians
and Translational in meters.-->

<default_value>0</default_value>
<I--The speed value of this coordinate before any value has been set. Rotational coordinate value is in
rad/s and Translational in m/s.-->

<default_speed_value>0</default_speed_value>
<I--The minimum and maximum values that the coordinate can range between. Rotational coordinate
range in radians and Translational in meters.-->

<range>-0.02 0.02</range>
<I--Flag indicating whether or not the values of the coordinates should be limited to the range, above.--
>

<clamped>false</clamped>
<!l--Flag indicating whether or not the values of the coordinates should be constrained to the current
(e.g. default) value, above.-->

<locked>false</locked>
<I--If specified, the coordinate can be prescribed by a function of time. It can be any OpenSim Function
with valid second order derivatives.-->

<prescribed_function />
<I--Flag indicating whether or not the values of the coordinates should be prescribed according to the
function above. It is ignored if the no prescribed function is specified.-->

<prescribed>false</prescribed>
</Coordinate>
</objects>
<groups />
</CoordinateSet>
<l--Whether the joint transform defines parent->child or child->parent.-->
<reverse>false</reverse>
<l--Defines how the child body moves with respect to the parent as a function of the generalized coordinates.-->
<SpatialTransform>
<!--3 Axes for rotations are listed first.-->
<TransformAxis name="rotation1">
<l--Names of the coordinates that serve as the independent variables of the transform function.-->
<coordinates>knee_extend_r</coordinates>
<!--Rotation or translation axis for the transform.-->

<axis>0 0 1</axis>
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<I--Transform function of the generalized coordinates used to represent the amount of transformation
along a specified axis.-->

<function>
<LinearFunction>
<coefficients> 1 0</coefficients>
</LinearFunction>
</function>
</TransformAxis>
<TransformAxis name="rotation2">
<l--Names of the coordinates that serve as the independent variables of the transform function.-->
<coordinates>knee_rotation_r</coordinates>
<!--Rotation or translation axis for the transform.-->

<axis>0 1 0</axis>
<I--Transform function of the generalized coordinates used to represent the amount of transformation
along a specified axis.-->

<function>
<LinearFunction>
<coefficients> 1 0</coefficients>
</LinearFunction>
</function>
</TransformAxis>
<TransformAxis name="rotation3">
<l--Names of the coordinates that serve as the independent variables of the transform function.-->
<coordinates>knee_adduction_r</coordinates>
<!--Rotation or translation axis for the transform.-->

<axis>1 0 0</axis>
<I--Transform function of the generalized coordinates used to represent the amount of transformation
along a specified axis.-->

<function>
<LinearFunction>
<coefficients> 1 0</coefficients>
</LinearFunction>
</function>
</TransformAxis>
<!--3 Axes for translations are listed next.-->
<TransformAxis name="translation1">
<l--Names of the coordinates that serve as the independent variables of the transform function.-->
<coordinates>knee_extend_r</coordinates>
<!I--Rotation or translation axis for the transform.-->

<axis>1 0 0</axis>
<I--Transform function of the generalized coordinates used to represent the amount of transformation
along a specified axis.-->

<function>
<SimmSpline>
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<x>-2.0944 -1.74533 -1.39626 -1.0472 -0.698132 -0.349066 -0.174533 0.197344 0.337395 0.490178
1.52146 2.0944</x>

<y>-0.0032 0.00179 0.00411 0.0041 0.00212 -0.001 -0.0031 -0.005227 -0.005435 -0.005574 -
0.005435 -0.00525</y>

</SimmSpline>
</function>
</TransformAxis>
<TransformAxis name="translation2">
<l--Names of the coordinates that serve as the independent variables of the transform function.-->
<coordinates>knee_extend_r</coordinates>
<!--Rotation or translation axis for the transform.-->

<axis>0 1 0</axis>
<!--Transform function of the generalized coordinates used to represent the amount of transformation
along a specified axis.-->

<function>
<SimmSpline>
<x>-2.0944 -1.22173 -0.523599 -0.349066 -0.174533 0.159149 2.0944</x>
<y>-0.4226 -0.4082 -0.399 -0.3976 -0.3966 -0.395264 -0.396</y>
</SimmSpline>
</function>
</TransformAxis>
<TransformAxis name="translation3">
<I--Names of the coordinates that serve as the independent variables of the transform function.-->
<coordinates>knee_tz_r</coordinates>
<!--Rotation or translation axis for the transform.-->

<axis>0 0 1</axis>
<I--Transform function of the generalized coordinates used to represent the amount of transformation
along a specified axis.-->

<function>
<LinearFunction>
<coefficients> 1 0</coefficients>
</LinearFunction>
</function>
</TransformAxis>
</SpatialTransform>
</Customloint>
</Joint
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Script for the 5DoF knee joint with clamped ranges of motion

Tz refers to medio/lateral translation and Tx refer to anterior/posterior translation.
Distal/proximal translation remains prescribed in terms of the flexion/extension angle. The
flexion/extension DoF is free to follow marker trajectories while the other 2 rotations, Tx and Tz
DoFs are clamped to specific ranges of motion limits. These ranges of motion are updated within
the model script during inverse kinematics calculations to reflect bone pin derived constraints.

<CustomlJoint name="knee_r">
<!--Name of the parent body to which this joint connects its owner body.-->
<parent_body>femur_r</parent_body>
<l--Location of the joint in the parent body specified in the parent reference frame. Default is (0,0,0).-->
<location_in_parent>0 0 0</location_in_parent>

<I--Orientation of the joint in the parent body specified in the parent reference frame. Euler XYZ body-fixed
rotation angles are used to express the orientation. Default is (0,0,0).-->

<orientation_in_parent>0 0 O</orientation_in_parent>
<l--Location of the joint in the child body specified in the child reference frame. For SIMM models, this vector
is always the zero vector (i.e., the body reference frame coincides with the joint). -->
<location>0 0 0</location>
<I--Orientation of the joint in the owing body specified in the owning body reference frame. Euler XYZ body-
fixed rotation angles are used to express the orientation. -->
<orientation>0 0 0</orientation>
<!I--Set holding the generalized coordinates (q's) that parmeterize this joint.-->
<CoordinateSet>
<objects>
<Coordinate name="knee_extend_r">
<l--Coordinate can describe rotational, translational, or coupled motion. Defaults to rotational.-->
<motion_type>rotational</motion_type>
<I--The value of this coordinate before any value has been set. Rotational coordinate value is in
radians and Translational in meters.-->
<default_value>0</default_value>
<I--The speed value of this coordinate before any value has been set. Rotational coordinate value is
in rad/s and Translational in m/s.-->
<default_speed_value>0</default_speed_value>
<1--The minimum and maximum values that the coordinate can range between. Rotational
coordinate range in radians and Translational in meters.-->
<range>-2.0944 0.17453</range>
<I--Flag indicating whether or not the values of the coordinates should be limited to the range,
above.-->
<clamped>false</clamped>
<!I--Flag indicating whether or not the values of the coordinates should be constrained to the current
(e.g. default) value, above.-->
<locked>false</locked>
<I--If specified, the coordinate can be prescribed by a function of time. It can be any OpenSim
Function with valid second order derivatives.-->
<prescribed_function />
<I--Flag indicating whether or not the values of the coordinates should be prescribed according to
the function above. It is ignored if the no prescribed function is specified.-->
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<prescribed>false</prescribed>
</Coordinate>
<Coordinate name="knee_rotation_r">
<l--Coordinate can describe rotational, translational, or coupled motion. Defaults to rotational.-->

<motion_type>rotational</motion_type>
<I--The value of this coordinate before any value has been set. Rotational coordinate value is in
radians and Translational in meters.-->

<default_value>0</default_value>
<I--The speed value of this coordinate before any value has been set. Rotational coordinate value is
in rad/s and Translational in m/s.-->

<default_speed_value>0</default_speed_value>
<I--The minimum and maximum values that the coordinate can range between. Rotational
coordinate range in radians and Translational in meters.-->

<range>-0.7854 0.5236</range>
<!--Flag indicating whether or not the values of the coordinates should be limited to the range,
above.-->

<clamped>true</clamped>
<!--Flag indicating whether or not the values of the coordinates should be constrained to the current
(e.g. default) value, above.-->

<locked>false</locked>
<I--If specified, the coordinate can be prescribed by a function of time. It can be any OpenSim
Function with valid second order derivatives.-->

<prescribed_function />
<l--Flag indicating whether or not the values of the coordinates should be prescribed according to
the function above. It is ignored if the no prescribed function is specified.-->
<prescribed>false</prescribed>

</Coordinate>

<Coordinate name="knee_adduction_r">
<l--Coordinate can describe rotational, translational, or coupled motion. Defaults to rotational.-->
<motion_type>rotational</motion_type>
<I--The value of this coordinate before any value has been set. Rotational coordinate value is in
radians and Translational in meters.-->
<default_value>0</default_value>
<I--The speed value of this coordinate before any value has been set. Rotational coordinate value is
in rad/s and Translational in m/s.-->
<default_speed_value>0</default_speed_value>
<I--The minimum and maximum values that the coordinate can range between. Rotational
coordinate range in radians and Translational in meters.-->
<range>-0.2618 0.2618</range>
<l--Flag indicating whether or not the values of the coordinates should be limited to the range,
above.-->
<clamped>true</clamped>
<l--Flag indicating whether or not the values of the coordinates should be constrained to the current
(e.g. default) value, above.-->
<locked>false</locked>

<I--If specified, the coordinate can be prescribed by a function of time. It can be any OpenSim
Function with valid second order derivatives.-->
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<prescribed_function />
<!--Flag indicating whether or not the values of the coordinates should be prescribed according to
the function above. It is ignored if the no prescribed function is specified.-->

<prescribed>false</prescribed>
</Coordinate>
<Coordinate name="knee_tx_r">
<l--Coordinate can describe rotational, translational, or coupled motion. Defaults to rotational.-->

<motion_type>translational</motion_type>
<!I--The value of this coordinate before any value has been set. Rotational coordinate value is in
radians and Translational in meters.-->

<default_value>0</default_value>
<I--The speed value of this coordinate before any value has been set. Rotational coordinate value is
in rad/s and Translational in m/s.-->

<default_speed_value>0</default_speed_value>
<I--The minimum and maximum values that the coordinate can range between. Rotational
coordinate range in radians and Translational in meters.-->

<range>-0.1 0.1</range>
<!--Flag indicating whether or not the values of the coordinates should be limited to the range,
above.-->

<clamped>true</clamped>
<!--Flag indicating whether or not the values of the coordinates should be constrained to the current
(e.g. default) value, above.-->

<locked>false</locked>
<I--If specified, the coordinate can be prescribed by a function of time. It can be any OpenSim
Function with valid second order derivatives.-->

<prescribed_function />
<l--Flag indicating whether or not the values of the coordinates should be prescribed according to
the function above. It is ignored if the no prescribed function is specified.-->
<prescribed>false</prescribed>

</Coordinate>

<Coordinate name="knee_tz_r">
<I--Coordinate can describe rotational, translational, or coupled motion. Defaults to rotational.-->
<motion_type>translational</motion_type>

<!--The value of this coordinate before any value has been set. Rotational coordinate value is in
radians and Translational in meters.-->

<default_value>0</default_value>
<!--The speed value of this coordinate before any value has been set. Rotational coordinate value is in
rad/s and Translational in m/s.-->

<default_speed_value>0</default_speed value>

<!--The minimum and maximum values that the coordinate can range between. Rotational coordinate
range in radians and Translational in meters.-->

<range>-0.1 0.1</range>

<!--Flag indicating whether or not the values of the coordinates should be limited to the range, above.-
>

<clamped>true</clamped>
<!--Flag indicating whether or not the values of the coordinates should be constrained to the current
(e.g. default) value, above.-->

<locked>false</locked>
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<!--1f specified, the coordinate can be prescribed by a function of time. It can be any OpenSim
Function with valid second order derivatives.-->

<prescribed_function />
<!--Flag indicating whether or not the values of the coordinates should be prescribed according to the
function above. It is ignored if the no prescribed function is specified.-->

<prescribed>false</prescribed>
</Coordinate>
</objects>
<groups />
</CoordinateSet>
<!--Whether the joint transform defines parent->child or child->parent.-->

<reverse>false</reverse>
<I--Defines how the child body moves with respect to the parent as a function of the generalized
coordinates.-->

<SpatialTransform>
<I--3 Axes for rotations are listed first.-->
<TransformAxis name="rotation1">
<l--Names of the coordinates that serve as the independent variables of the transform function.-->
<coordinates>knee_extend_r</coordinates>
<I--Rotation or translation axis for the transform.-->

<axis>0 0 1</axis>
<I--Transform function of the generalized coordinates used to represent the amount of
transformation along a specified axis.-->

<function>
<LinearFunction>
<coefficients> 1 0</coefficients>
</LinearFunction>
</function>
</TransformAxis>
<TransformAxis name="rotation2">
<l--Names of the coordinates that serve as the independent variables of the transform function.-->
<coordinates>knee_rotation_r</coordinates>
<!--Rotation or translation axis for the transform.-->

<axis>0 1 0</axis>
<I--Transform function of the generalized coordinates used to represent the amount of
transformation along a specified axis.-->

<function>
<LinearFunction>
<coefficients> 1 0</coefficients>
</LinearFunction>
</function>
</TransformAxis>
<TransformAxis name="rotation3">
<l--Names of the coordinates that serve as the independent variables of the transform function.-->

<coordinates>knee_adduction_r</coordinates>
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<l--Rotation or translation axis for the transform.-->

<axis>1 0 0</axis>
<I--Transform function of the generalized coordinates used to represent the amount of
transformation along a specified axis.-->

<function>
<LinearFunction>
<coefficients> 1 0</coefficients>
</LinearFunction>
</function>
</TransformAxis>
<I--3 Axes for translations are listed next.-->
<TransformAxis name="translation1">
<l--Names of the coordinates that serve as the independent variables of the transform function.-->
<coordinates>knee_tx_r</coordinates>
<I--Rotation or translation axis for the transform.-->

<axis>1 0 0</axis>
<I--Transform function of the generalized coordinates used to represent the amount of
transformation along a specified axis.-->

<function>
<LinearFunction>
<coefficients> 1 0</coefficients>
</LinearFunction>
</function>
</TransformAxis>
<TransformAxis name="translation2">
<l--Names of the coordinates that serve as the independent variables of the transform function.-->
<coordinates>knee_extend_r</coordinates>
<I--Rotation or translation axis for the transform.-->

<axis>0 1 0</axis>
<I--Transform function of the generalized coordinates used to represent the amount of
transformation along a specified axis.-->

<function>
<SimmSpline>
<x>-2.0944 -1.2217 -0.5236 -0.34907 -0.17453 0.15915 2.0944</x>
<y>-0.4226 -0.4082 -0.399 -0.3976 -0.3966 -0.39526 -0.396</y>
</SimmSpline>
</function>
</TransformAxis>
<TransformAxis name="translation3">
<l--Names of the coordinates that serve as the independent variables of the transform function.-->
<coordinates>knee_tz_r</coordinates>
<!--Rotation or translation axis for the transform.-->
<axis>0 0 1</axis>

<I--Transform function of the generalized coordinates used to represent the amount of
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transformation along a specified axis.-->

<function>
<LinearFunction>
<coefficients> 1 0</coefficients>
</LinearFunction>
</function>
</TransformAxis>

</SpatialTransform>

</CustomJoint>
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Appendices A3: Inverse Kinematics Methodology in OpenSim

The following information is copied from
http://simtk-confluence.stanford.edu:8080/display/OpenSim/How+Inverse+Kinematics+Works,
Last visited on December 2015

How Inverse Kinematics Works

The IK tool goes through each time step (frame) of motion and computes generalized
coordinate values which positions the model in a pose that "best matches™ experimental marker
and coordinate values for that time step. Mathematically, the "best match" is expressed as a
weighted least squares problem, whose solution aims to minimize both marker and coordinate
errors. The topics covered in this section include:

Marker Errors

Coordinate Errors

Weighted Least Squares Equation
Important Note about Units

Marker Errors

A marker error is the distance between an experimental marker and the corresponding
marker on the model when it is positioned using the generalized coordinates computed by the 1K
solver. Each marker has a weight associated with it, specifying how strongly that marker's error
term should be minimized.

Coordinate Errors

A coordinate error is the difference between an experimental coordinate value and the
coordinate value computed by IK.
What are "experimental coordinate values?" These can be joint angles obtained directly from a
motion capture system (i.e., built-in mocap inverse kinematics capabilities), or may be computed
from experimental data by various specialized algorithms (e.g., defining anatomical coordinate
frames and using them to specify joint frames that, in turn, describe joint angles) or by other
measurement techniques that involve other measurement devices (e.g., a goniometer). A fixed
desired value for a coordinate can also be specified (e.g., if you know a specific joint's angle
should stay at 0°). The inclusion of experimental coordinate values is optional; the IK tool can
solve for the motion trajectories using marker matching alone.
A distinction should be made between prescribed and unprescribed coordinates. A
prescribed coordinate (also referred to as alocked coordinate) is a generalized coordinate
whose trajectory is known and which will not be computed using IK. It will get set to its exact
trajectory value instead. This can be useful when you have enough confidence in some
generalized coordinate value that you don't want the IK solver to change it.
An unprescribed coordinate is a coordinate which is not prescribed, and whose value is
computed using IK.
Using these definitions, only unprescribed coordinates can vary and so only they appear in


http://simtk-confluence.stanford.edu:8080/display/OpenSim/How+Inverse+Kinematics+Works#HowInverseKinematicsWorks-_Toc174781341MarkerErrors
http://simtk-confluence.stanford.edu:8080/display/OpenSim/How+Inverse+Kinematics+Works#HowInverseKinematicsWorks-_Toc174781342CoordinateErrors
http://simtk-confluence.stanford.edu:8080/display/OpenSim/How+Inverse+Kinematics+Works#HowInverseKinematicsWorks-_Toc174781343WeightedLeastSquaresEquation
http://simtk-confluence.stanford.edu:8080/display/OpenSim/How+Inverse+Kinematics+Works#HowInverseKinematicsWorks-_Toc174781344ImportantNoteaboutUnits
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the least squares equation solved by IK. Each unprescribed coordinate being compared to an
experimental coordinate must have a weight associated with it, specifying how strongly that
coordinate's error should be minimized.

Weighted Least Squares Equation

The weighted least squares problem solved by IK is

mn 3 owrox(f+ ¥ fgree)

Emarkers jEunprescribed coords

q,=4;" for all prescribed coordinates j

where g is the vector of generalized coordinates being solved for, x;*® is the experimental
position of marker i, xj(q) is the position of the corresponding marker on the model (which
depends on the coordinate values), g;*” is the experimental value for coordinate j. Prescribed
coordinates are set to their experimental values. For instance, in the gait2354 and gait2392
examples, the subtalar and metatarsophalangeal (mtp) joints are locked and during IK they are
assigned the prescribed value of 0°.

The marker weights (wj's) and coordinate weights (wj's) are specified in
the <IKMarkerTask> and <IKCoordinateTask> tags, respectively. These are all specified within
a single <IKTaskSet> tag, as will be outlined in How to Use the IK Tool. This least squares
problem is solved using a general quadratic programming solver, with a convergence criterion of
0.0001 and a limit of 1000 iterations. These are currently fixed values that cannot be changed in
the XML files.



http://simtk-confluence.stanford.edu:8080/display/OpenSim/How+to+Use+the+IK+Tool
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Appendices A4: Sagittal Plane Torque Error with Each Cost Function

Torque/BW (N.m/Kg)

0 20 40 B0 81 1
0 2 40 B0 80 1
0 20 40 G0 80 1
"0 w & o @ 1
D 20 40 B0 B0 1
D 20 40 e &8

Hip Joint

o~
;P'A*d
-

0

00
0

0o
0o

1]
% Gait Cycle

Knee Joint

oo

[uln}

o

40 B0
% Gait Cycle

(=

0

Ankla Joint

===
FD

_E"

Tmin

100

Tmin + Amin

100

Tmin + Amax

1] 20 40 B0 a0 oo 1] 20 40 B0 80 100
10 10
Tmin + Jmax
-10 40
0 20 40 ED 80 [} 1] 20 40 B0 80 100
1 2 2
o u] o
Tmin + Smin
A 24 -2
! 0o 0 20 40 B0 A0 oo 0 20 40 GO0 80 100
1 1 1
0
0 0
A —
- SO
B A -2

o 20 40 B0
% Gait Cycle

100

Figure A4.1: Cross-subject average +/- standard deviation cloud of sagittal plane torque
normalized to bodyweight (Kg) from inverse (ID — dashed grey line) and forward (FD — solid
grey line) dynamics and the error (solid black line) between them for each objective function at
the hip, knee and ankle joints. Objective functions are Tmin: Minimization of torque error only.
Tmin+Amin: Addition of minimization of total muscle activation. Tmin+Amax: Addition of
maximizing total muscle activation. Tmin+Jmax: Addition of maximizing axial knee
compression. Tmin+Smin: Addition of minimizing shear forces at the knee. SO: OpenSim static
optimization results obtained from inverse dynamics only.
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Appendices A5: Conference Poster Presentation

A poster showing the research on the effect of changing the objective function in the
hybrid simulation framework was presented at the International Society of Biomechanics (ISB)

conference in Glasgow in July 2015. The following is its published abstract.
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[@  Comparison of Knee Joint Muscle Activation Predictions of Hybrid Forward-
L. lnverse Dynamics Simulations with Static Optimization and Experimental EMG

Brigitte M. Potvin {M.A.Sc Candidate}’, Mohammad S. Shourijeh (Ph.D.)%3,
Kenneth B, Smale (Ph.D. Candidate)’, Daniel L, Benoit {Ph.D.)1 %3
ntact: dban
POEIRED:

Geay

al da: i H Ay Wy

fing and c

fieal

ions are g inghy popular to img our und ding of the i system and in implementing
based in clinical settings {1,2]. ¢ the exact way in which muscles contribute to movement and joint stahifity is not yet fully understood and as
a result, these models and simulation f: ‘s do nat yet provide results able to be reliabiy applied in clinical settings [2-4].
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The knee joint is a high load bearing joint and is stabilized in large part by active and passive soft tissues {mnuscles and tigaments raspectively) {S), U is important tc determine
healthy muscle activation patterns znd how they contribute to smooth and stable Joint motion and loading in order to identify pathological ones and the serious consequences
they may create.

A hybrid for i-inverse d ics simulation f k was recently developed that bines the ads ges of both inverse and d dy ics based modeling
framewaorks, offering the possibility of modifying muscle while ining computationally economical{6]. In additron, this framework does not require extensive
[ ¥ dical imzging or taning & each subject and trial as is the case of others making it much mote accessible to researchers without extensive
modeling backgrounds.

Furthermore, as there are many muscles to consider and too few equations of motion resulting from the inverse or forward d ics processes, optimizati hods are

quired to soive for individual muscle activations, forces and joimt loading [7]. The choice of objective function to be reached by the opiimization protocel has been shown 10 ba
important in obtaining physiclogically realistic results [8].

The pumose of this study was to evaluate this new hybrid framework and tostudy the effect of adding 2 physilogicaily basad ot

function within it, by comparing the

muscle activation results to those of GpenSim's d static optimizati {hetp:/y ; i | electromyography data (EMG).

METHOD

Data Collection
Motion capture, ground ion force and ek yography data were collected for gait trials of five healthy young adult males {mean age, body weight and height were
24+1.9yrs, 80.829.2kg and 177.318.1¢m respectively). Marker trajectories were collected at 200Hz and force plate data 3t 1000Hz, ther filtered with 2 4™ order dual pass
Butterworth filter with 10Hz cutoff. EMG data of the gluteus maximus {GLTMAX), glutevs medius (GLTMED), tensor fascia latae (TFL), rectus femoris (RFEM), vastis mediais
{VMED), vastus lateralis (VIAT), biceps femoris (BFEM), semitendinosus {(STEN), tibialis anterior {TA), medial gastrocniemius (MGAS), Ixteral gastrocnemius {LGAS} and soleus
{50L) ware collected at 1000Hz and fikerad with 3 4™ arder dual pass Butterworth filter with a cutoff of 8Hz and fized to d % yis ic contraction levels,

Musculoskeletal Model Definition
We implemented a medified version of the muscutoskeletal model created by Xu e al. (8], available in the OpenSim modei repository
simitk.org, which has 25 DoFs, 56 muscles and 8 ligaments, The knee has 4Dcls {3 rotations and medic-lateral transiztion) with 2 prescribed
Dofs, The patefla s alsc included to better visualize and control the moment arm created by the pateliar tendon and quadriceps musdes.
Ligaments were removed fram the model; the muscle madel was updated to the Millard {2012 Equilibrium Model and the patefla’s
definition was changed to follow the distal femur rather than the tibia's position and ion. The model is il dinFgi.

TR s

R

Hybrid Forward-Inverse Dynamics Simulation Framework
The hybrid methed initially calculates knee joint torques by first scaling s generic sized modsl to subject specific marker placement using
the Matlab-CpenSim APi {MatLab 20142, The Mathworks, USA and O: tm 3.2, simtk.org, Simbios, Natlonal NiH Center for Biomedical
Computing, USA}, foliowed by inverse ki ics and dy ics calcul: {shown in the nght hand sida of Fig 2. The static optimization
{50} 1 ) built into O im 3,2 that minimizes overall muscle activations was run to obtain initial musdle activation approximations.
Fallawing this, forward dynamics with prescribed motion using the inverse kinematics data are run to estimate muscle excitations {u),
activations {a} and forces (f} that yield knee joint torques as close to these described by the inverse dynamics method (feft hand side of Fig 2).

5

SN e

e i force plate data

] 1) Imwagm ait) Hasde 1) . e Kinsmatic data

SR

¥ i T(t): simulated torque vector
e(!)v T°(t): torque vector from ID
imfaimizing joint torque prediction differences eft).
prel ctivation, ft} p

T =16 - & Fig 1: Modified Xu et al.
Simulation Optimization Objective Functions musculoskeletol model

To minimize the difference in jeint torque predictions, an optimization protocol was run to find the ideal muscle activation combination. The hybrid fi 's basic
objective function {1} minimizes the normalized torque error (T) divided by absolute values of torgue d ined from inverse d ics (1D _Torgues), and rejects
combinations of values where muscle activations (3} are outside the range of [0,11, by assigning a large penalty ta them. The simulation attempts to abtain the solution with
the smallest value of the phjective function 1.

St = MID{E{ | TE| 7 {1D_Jorques [} + 1e6 “{a<0]+1e6*(a>1)}

A physiological objective function was added to the basic cost Tunction to minimize the sum of muscle activations to sae what impact if had on final muscle activation
outputs.
:: L =minZ (2,7

pared with their ¢ ive SO muscle activation results and experi | EMG data.
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The average results of the hybrid and SO activation predictions for each muscle
with EMG dato are shown in Fig 3, 1t can be seen that the hybrid simalations with
the objective function of minimization ¢f muscle activation (Tmin+Amin ) predicted
the TA, MGAS and SOL muscle acti ina consi with experi al
EMG. The torque errer minimization {Tmin} testing condition also resufied in
muscle activation patlerns similar to the EMG of the MGAS and SGL muscles.

Static optimization (SO} muscle actw resuits catculated within Dpen$
showed weak muscle activation levels averall for ail subjects compared to hybrid
results. Curve shapes for these predictions, however, follow those of experimental
EMG for the MGAS and SOL muscles in all participants.

A slight shift between EME and muscle activation peaks c2n be most notably
observed in the MGAS and SOt muscles, which is consistent with the
electromechanical defay between musde excitation and actual force production as
well as from electrede placement effects [10,11]. Among the participants, this shitt
was on the order of approximately S0ms.

Individually, some subjects sh d similar p B EMG and hybrid
outputs for the RFEM muscle but this was not consistent. Looking at Fig 3, it could
be construed that hybrid muscle activation predictions, on average, increase
following EMG peaks and thus follows principles of electromechanicat delay.

Average BFEM prediction pattems 2o suggests this trend where activations
drop following a decrease in EMG magnitude. This it is not clear, however, when
iooking 3t only one gait cycle given the relatively large standard devistions. Nate 2 - z
also that for both RFEM and BFEM muscls EMG showed relatively fow ctivation o e, i
fevels experimentally which was not the case using Tmin or Tmin+Amin. This could Fig 2: Hybrid sitmulation imuscle activation results as an average of sach subject with

be a function of EMG frsation or an ov i with the si i T cloud with cost Ftorque ermar minimi {¥min) and torgue
The TFL ch d similarities to experi EMG for anly one subjecs with both eeror son + of muscle activations {TmineAasia) compared to
Tmin and TmintAmin conditions, whereas GITMAX and GLTMED hybrid resuits did experimental EMG data and 1o static optimization resulis (SO} from OpenSim 3.2, Gait cycle
ot show pasticular refgtionships with experimental EMG for any subjects. is normalized from right heel strike 1o right heel strike. Only muscles obtalned for both EMG
and from the madel are presentad heve.
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BISCUSSION AND CONCLUSIONS
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Resuits obtained using the hybrid for d-inverse dy tes sicnulation f & show improved simiarities with experimental £MG data for some muscles compared to
50. Ins particular, SO had 2 tendency to “turn off’ musdes for extended periads, despite physiological fluctuations of EMG-based muscle activations. The addition of 2
physiolaglically based objective function improved the muscle activation patters and magnitude pradiction for the TA muscle in particular. This is because the Tmin condition
only finds a mathematically aparopriate resuft without idering any physiological criteria. Therefore, many muscle activation combinations could have resulted from the
Tmin simulation optimization.

As expected, muscle activation levels in the Tmin hybrid condition are greater or equal to those from the Tmin+Amin condition. This suggests that the addition of a
physiolagical cost function as an optimization criterion is imp when ing musculoskaletal to find physiclogicaily appropriate muscle activation profiles. In
this case of gait at a self-selected pace, minimization of total muscle activation seems to provide adequate resufts in musdle activation predictions, notably for the TA, MGAS
and SOL muscles. To improve predictions on more musdes, it may be baneficial to run simulstions with mere physiclogically appropriate goals to the optimization protocal
depending on the studied motion.

Various sources of inzccuracies and errors may further explain the poor relation between hybrid results and expenimental EMG for the GLTIMAX, GLTMED and TFL muscles.
These Include musculoskeletal model limitations in the accuracy of muscle properties and ical definitis joint degrees of freedom {Dof) definitians s well as the
quantity of muscles used to actuate each joint in ali directions. Experimentat limitations of EMG are also 2 factor, in particufar with respect te normalisation and electrode
pl during dy ic tasks. Furth , simylations were run to minimize error in torque calculations using only the flexion/extension Dofs, thus neglecting rotation
and ab/adduction. The upper body and non-dominant leg during the optimization processes were also omitted. Al h 2 more complex musculoskeletal modal may imp
simulation outputs, we believe a mare physiologicaily representative kace joint would ako improve stmulations without the additionat computational costs, making it mpre
practical for clinical use.
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