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ABSTRACT

Computational models are commonly used to evaluate spinal loads due to difficulties
associated with acquiring in-vivo measurements. Musculoskeletal (MSK) models can be used for
performing simulations of movement by considering active structures such as muscles and
simplified representations of joint structures. Finite element (FE) models are rather actuated with
simplified loading conditions determined from in vitro studies and consider detailed
representations of tissues and joint structures, making them suitable to evaluate stresses and strains
within the spine. This work was done in collaboration with Numalogics Inc., where a hybrid
modeling workflow was developed to combine MSK and FE modeling methods to be able to
evaluate stresses and strains within spinal instrumentation devices under the influence of in-vivo
loading conditions, i.e., muscle forces. A previously validated fully articulated thoracolumbar
spine MSK model was selected, simplified, and replicated exactly in Ansys, the FE modeling
platform. The sensitivity of the compressive joint loads to the modifications brought to the original
model was evaluated for static flexion poses. Then, two hybrid simulation workflows were
developed. Version I consisted of performing a static optimization analysis using the MSK model
to calculate muscle forces that satisfy equilibrium constraints. Version II consisted of performing
a stability-constrained static optimization analysis to calculate muscle forces and stiffnesses that
satisfy equilibrium and stability constraints in the MSK model. The forces and moments calculated
from the MSK model were then transferred to the FE model as loading conditions. Validation
studies were performed for both simulation workflows by comparing the kinematics and
compressive joint loads in the MSK and FE models under identical loading conditions, for various
static flexion poses and for six scaled models. Version I could not be validated due to convergence
issues and large discrepancies between model outputs. Version II was successfully validated, with
negligible kinematic and joint load differences between models across different ranges of motion.
Very strong to perfect correlations were observed between model kinematics and joint loads,
respectively, over all simulations performed. Overall, it was found that the consideration of
stability constraints is essential for successfully performing FE analyses of the entire
thoracolumbar spine under in-vivo loading conditions over physiological ranges of motion. In this
work, no soft tissue deformations nor stresses were evaluated with the FE model. However, with

the developed workflow, Numalogics will be equipped with a framework for their future works,
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including the comparison of stress distributions in spinal instrumentation devices when applying

in vitro versus in-vivo loading conditions to their FE models.
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1. INTRODUCTION

1.1. Background

The spine is a complex structure comprising many articulating bodies and joints and is
surrounded by an even larger number of ligaments and muscles. As such, the spine is subjected to
various types of loading throughout an individual’s lifetime, making it susceptible to injuries and
deformities. For example, low back pain (LBP) has an annual prevalence of 10-30% in the adult
population and up to 80% of adults will experience LBP in their lifetime [1-2]. Most options for
treating LBP revolve around pain management instead of targeting the root cause as the
mechanisms involved in LBP are poorly understood and findings from the literature are
inconsistent [1]. In some cases, LBP has been linked to degenerative changes in intervertebral
disks (IVDs) and injuries such as disc herniation and spondylolisthesis [2]. Contrarily, a study
investigating irregularities in IVDs through magnetic resonance imaging (MRI) found that disc

herniation was not always associated with LBP [3].

Difficulties in defining the root causes of LBP, along with the investigation of other spine
injuries and deformities, come in part from the testing and measurement methods. Common
methods for investigating the etiology of spine injuries involve the analysis of joint loads
determined through cadaver studies [4]. Cadaver studies are usually performed on the cadavers of
older adults that do not accurately represent the entirety of the population [5-6]. These studies
employ simplified loading conditions that may not be representative of physiological loading of
the spine from muscle forces and analyses are usually performed on a single spinal level and not
in a holistic manner [7]. Moreover, the observations made in cadaver studies are highly dependent
on external factors such as specimen storage and testing environment, which can alter the

specimen’s mechanical properties [5].

Another method utilized to investigate spinal loads consists of collecting in-vivo measurements
of joint loads acquired through implanted devices or pressure sensors. This method poses problems
as it is highly invasive and usually provides data pertaining to a single spinal level and not the

entirety of the spine [8-11]. Due to the difficulty in implementation and invasiveness of these



methods, computational models have gained popularity for the estimation and quantification of in-

vivo joint loads in the spine.

In fact, computational models of the spine are not only beneficial for our understanding of joint
loads and the mechanisms involved in LBP, spine injuries, and deformities, but also in the
estimation of muscle forces generated during movements, and in the evaluation of stresses and
strains occurring in medical instrumentation devices. For instance, multiple groups have developed
computational spine models of varying complexities for the estimation of intervertebral forces
during daily movements, during lifting tasks, or during work-related tasks, which can provide
insight on the mechanisms involved in injuries and, in turn, injury prevention [12-13]. Other
groups have used models for surgical planning, implant design optimization, and medical device

performance [14-15].

These examples of computational models can be broadly classified into two categories:
multibody models, often referred to as musculoskeletal (MSK) models, and finite element (FE)
models. MSK models are useful for performing simulations of movement through inverse or
forward dynamic approaches, estimating muscle forces required to produce movement, and
estimating internal joint loads. Biofidelic spine MSK models effectively represent the role of active
structures, 1.e. muscles, in human movements. However, these models use ideal mechanical joints,
such as pin or spherical joints, to represent the degrees of freedom (DOF) and passive stiffness
properties of IVDs. Other passive structures such as ligaments are often not explicitly modeled.
Therefore, MSK models are well-suited to investigate internal joint loads on a macroscopic scale
but are not used for detailed examination of structural behaviour nor for analyzing strain and stress

distributions within the different components of the spine [13, 16].

FE models of the spine, on the other hand, often consider detailed geometries and nonlinear
material properties of tissues, making them suitable for gaining insights into the microstructural
and complex deformations of IVDs and other passive tissues. However, FE models often do not
explicitly calculate the muscle forces acting on the skeletal system due to high computational costs
and challenges associated with the redundancy of muscles surrounding the skeletal system. A well-
established method for simulating spinal motions is to apply a pure moment to the superior vertebra
of the model while fixing the inferior vertebra or pelvis in space. Follower loads (FLs), which

induce compressive loads at each intervertebral joint (IVJ) that are tangent to the curvature of the



spine, are implemented to represent the compression of the spine produced by body weight and
muscle forces. These boundary conditions (BCs) applied in FE models are designed to replicate in
vitro conditions from experiments carried out on cadaver specimens but are not necessarily

biofidelic representations of the physiological loads acting on the spine [7, 15-18].

To consider the mechanical properties of both active and passive spinal structures on internal
joint loads, hybrid modeling, also known as coupled modeling or co-simulation, has been
presented as an effective means for combining the strengths of both MSK and FE models. The
most common hybrid modeling approach involves performing an inverse dynamics-based analysis
on a MSK model to compute muscle forces acting on the skeletal system during a specified motion
or static pose. These forces are subsequently used as loading conditions in a FE model, which is
then employed to estimate stresses and strains in the spine or in spinal implants [16]. This approach
allows for the analysis of deformations and stresses in the spine in a holistic manner while

considering the kinematics and kinetics of the whole spine [16].

The work described in this thesis was developed in collaboration with Numalogics Inc., a
company based in Montreal, Quebec, Canada, that specializes in the use of FE models for computer
modeling and simulation consulting services. Their services span the areas of healthcare, defense,
and sports through design optimization of medical devices, personal protective equipment, and
sports equipment, respectively. Numalogics specifically has expertise in FE modeling of the spine
for testing the capabilities of spinal implants such as bone screws and vertebral body tethering
devices used to correct scoliotic deformities [18-20]. Numalogics currently uses in vitro loading
conditions including pure moment loads and FLs to induce flexion in the different planes of motion
of their spine models. They desire to assess whether these loading conditions are representative of
in-vivo loading conditions in the evaluation of load distributions in spinal instrumentation devices,
and whether this modeling choice has a significant impact on the conclusions drawn from their FE

simulations.

1.2. Objectives

To be able to answer Numalogics’ questions, a method for applying in-vivo loading conditions

to FE models of the whole thoracolumbar spine was first required. Therefore, the objective of this



project was to create a hybrid modeling workflow to determine in-vivo loading conditions, namely
muscle forces, that can be used to simulate functional range of motion (ROM) flexion poses in a
FE model of the whole spine. More specifically, this objective can be divided into the three

following goals:

1. To replicate a validated MSK model of a fully articulated thoracolumbar spine in Ansys,
the FE modeling software used by Numalogics.

2. To determine muscle forces and other BCs required to produce static simulations of spinal
flexion in Ansys.

3. To validate the modeling workflow by comparing simulation outputs between the FE and
MSK models, such as joint kinematics and joint loads. This is essential to evaluate how

well a MSK simulation can be reproduced in a FE model of the spine.

In developing this simulation workflow, we will be providing Numalogics with a framework for
answering their research questions; for example, comparing joint loads or spinal implant stress

distributions when using in vitro versus in-vivo loading conditions.

1.3. Outline

This thesis contains six Chapters. Chapter 2 contains an in-depth review of the literature of the
anatomy of the spine and on MSK, FE, and hybrid models of the spine. For each type of model,
common modeling choices are listed, such as the definition of joint stiffnesses, muscle modeling,
and material models typically employed. Recent developments in each type of modeling are also

reviewed.

Chapter 3 presents the developed modeling and simulation workflow and details the
methodology required to produce simulations of static flexion poses in Ansys with in-vivo loading

conditions.

Chapter 4 presents the results of the simulations performed for comparing joint kinematics and

loads between the MSK and FE models.



Chapter 5 provides an in-depth analysis of the results presented in Chapter 4 along with

implications of these results and limitations of the workflow developed.

Lastly, Chapter 6 summarizes the thesis and introduces ideas for future developments of this

work.



2. LITERATURE REVIEW

2.1. Anatomy of the Spine

In this section, an overview of the anatomy of the spine will be presented, focusing on the
thoracic and lumbar regions, with emphasis on key structures relevant for the biomechanical

modeling methods used in this thesis.

2.1.1. Overview of the Spinal Structures

The human spine is composed of three regions, namely the cervical, thoracic, and lumbar
regions (Figure 1a). The cervical spine, composed of seven vertebrae (C1 to C7) and defined by
its lordotic or inward curve, connects the head to the trunk and its articulation permits complex
movements of the neck [21-22]. The thoracic spine, composed of 12 vertebrae (T1 to T12) and
defined by its kyphotic or outward curve, connects the superior and inferior regions of the spine
and serves as attachment sites for the rib cage [21, 23]. The rib cage is composed of 12 pairs of
ribs (Figure 1b). The seven superior pairs are named fixed ribs as they are connected to the sternum
via costal cartilage. Ribs 8 to 10 are connected to adjacent superior ribs via costal cartilage and are
identified as floating ribs. The last two pairs of ribs are known as false ribs as they are not
connected to structures other than the thoracic vertebrae. The rib cage serves as a protective
structure for internal organs, and the stiffening properties of the connections between the ribs and
the sternum via costal cartilage provide a stabilizing effect on the thoracic spine [23]. The lumbar
spine, composed of five vertebrae (L1 to L5) and defined by its lordotic or inward curve, connects
the thoracic spine to the sacrum (S1). The lumbar vertebrae are larger than the other vertebrae of
the spine, and as a result can withstand increased compressive loads acting on the lumbar spine

[21, 24].
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Figure 1: a) The three regions of the lumbar spine [21], and b) the components of the rib cage [23].

2.1.2. Intervertebral Joints

The articulation between adjacent vertebrae consists of various structures composing the
IVJ. Each IVJ has six DOF, allowing rotations and small translations in the three planes of motion
[25-26]. The structures composing the IVJ, namely the ligaments, facet joints, and IVDs, define
the allowed movements between adjacent vertebrae and contribute to load transmission throughout

the spine [23-24].

The ligaments have stabilizing functions and limit excessive movements of the joints
(Figure 2a). The anterior and posterior longitudinal ligaments limit excessive extension and flexion
movements, respectively. The ligamentum flavum limits joint distraction while also limiting
movements in flexion, extension, and axial rotation. The intertransverse ligaments resist
movements in lateral bending and axial rotation. The interspinous and supraspinous ligaments
prevent hyperflexion of the spine and the costotransverse ligaments contribute to spinal

stabilization provided by the rib cage [23].

The facet joint consists of bilateral articular surfaces with cartilaginous tissue. This joint
influences the motions of the IVJ by limiting the allowable motion in flexion, extension, and axial
rotation. Furthermore, it resists anteroposterior translation of the vertebrae and contribute to the

transfer of compressive loads from the superior to inferior vertebra (Figure 2b) [22-23].



The IVD is composed of cartilaginous endplates, the nucleus pulposus, and the annulus
fibrosis (Figure 2b). The cartilaginous endplates are rigid cartilaginous structures at the interface
between the bone and IVD. The nucleus pulposus, located at the centre of the IVD, is mainly
composed of water, with proteoglycans and collagen. Like a viscous fluid, it provides viscoelastic
properties to the IVD and gives it shock absorbing properties. The nucleus pulposus is surrounded
by the annulus fibrosis, which consists of collagen fibres organized in parallel concentric layers,
called lamellae. The overall structure of the IVD allows it to transmit large compressive loads

throughout the spine while avoiding damage to other spinal tissues [27].
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Figure 2: a) Ligaments surrounding the IVJs [23] and b) the components of the IVJ, namely the facet joint and IVD
[28].

2.1.3. Spinal Musculature

The spine is surrounded by multiple muscle groups which both enable movement of the
spine and act as stabilizers. Large posterior muscle groups also enable the movement of the upper
limbs, like for example the trapezius and latissimus dorsi muscles, however these will not be
detailed in this section. Only the key muscle groups that were considered in the modeling

framework detailed in this thesis will be presented, along with their principal functions.

The main extensors of the spine are the erector spinae, which include the spinalis,

longissimus, and iliocostalis muscles (Figure 3a). These muscles also co-activate during flexion



movements, acting as antagonist muscles. When contracted unilaterally, they produce lateral
bending of the spine. These muscles have several fascicles spanning the lumbar, thoracic, and
cervical regions. The multifidus is composed of several short intersegmental fascicles, spanning
two to four spinal levels each (Figure 3a). Running through all spinal regions, the multifidus

primarily extends the spine but is also considered a stabilizer of the spine [29].

The iliac muscles, including the quadratus lumborum, iliacus, psoas major, and psoas
minor, are deep muscles that enable movement between the lumbar spine and the hips. Of interest
are the psoas major and quadratus lumborum, which have attachments to the lumbar vertebrae and
the pelvis (Figure 3b). More specifically, the psoas major allows both hip flexion and spinal
flexion, and it has been suggested that it constitutes a stabilizer of the lumbar spine in upright
positions. The quadratus lumborum on the other hand has several functions, such as decompressing

the lower ribs, lateral bending, and extension of the lumbar spine [29].

The abdominal muscles (Figure 3c) are the main flexors of the spine. In various layers,
these muscles connect the thorax to the pelvis, assist in respiration, and maintain intra-abdominal
pressure. Specifically, the external obliques produce lateral bending and axial rotation of the spine,
the rectus abdominus produces flexion of the spine with respect to the pelvis, the internal obliques
produce lateral flexion and axial rotation of the spine in conjunction with the external obliques,

and the transverse abdominis contributes to spinal stability [29].

Lastly, the neck is surrounded by several short muscles that allow for complex movements.
For instance, the flexion of the neck is produced by the action of the sternocleidomastoid, the
scalene anterior, (Figure 3d), and the longus colli (Figure 3e). Extension of the neck is produced
by the posterior muscles, such as the semispinalis (Figure 3a), the splenius (Figure 3d), and the
cervical erector spinae. The sternocleidomastoid, scalene muscles, semispinalis, and splenius are

also involved in lateral bending and axial rotation of the neck [22].
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Figure 3: Identification of a) the posterior spinal muscles [29], b) the iliac muscles [29], ¢) the abdominal muscles
[30], d) the lateral and posterior cervical muscles [31], and e) the anterior cervical muscles [32].

2.2, Musculoskeletal Modeling of the Spine
2.2.1. Overview of Musculoskeletal Modeling of the Spine

MSK models of the spine offer a macroscopic representation of the mechanical components of
the MSK spine to analyze the kinematics and kinetics of the system. These models generally
include a large number of articulating rigid bodies, i.e. bones, that are connected by joints. The
IVJs are either modeled as spherical joints, with three rotational DOF between adjacent vertebrae
[33-37], or as joints with six DOF, representing the relative rotations and translations occurring
between vertebrae during movements [38-41]. Soft tissue structures such as [VDs, ligaments, and
cartilage are rarely explicitly modeled. Early models of the spine omitted the mechanical
considerations of these passive tissues [33, 35]. More recent models rather included them as
simplified passive mechanical components such as springs, beams, and bushings [12, 34, 37-41].
The kinematics of the models are produced by musculotendon actuators, and/or idealized force
and torque producing actuators. As many muscle groups surrounding the spine span large areas,
these muscles are represented by several distinct fascicles with respective origin and attachment

sites. The mechanical properties of the passive components and muscle actuators are incorporated
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from experimental measurements and medical imaging techniques, and bone geometry is usually

obtained from medical imaging techniques as well [13, 16].

In sum, the simplified representation of the mechanical components of the spine and the rigid
behaviour assumption of the skeletal system allow for increased computational efficiency during
simulations, and for the consideration of the spine mechanics on a macroscopic level. This has
been shown to be effective in the evaluation of joint loads, muscle forces, and muscle activation
patterns during movements and static positions, for both healthy and pathological spines. Thus,
the use of MSK models of the spine has gained popularity to study the etiology and mechanisms
behind injuries and deformities in the spine, and in turn injury prevention and rehabilitation

strategies [13, 16].
2.2.2. Muscle Modeling

One of the key components of MSK models is the detailed mechanical description of the
musculotendon actuators. The most widely adopted muscle model is the Hill-type musculotendon
model, which describes the mechanical action of the muscle-tendon unit as analogous to
mechanical elastic elements like springs and dampers [42]. Zajac has enhanced this model to
describe it using four normalized curves and five muscle-specific parameters which are commonly
used in computer simulations of muscles. The enhanced model will be summarized in the

following paragraphs [43].

The active force that can be generated by a muscle fibre depends on its length, contraction
velocity, and activation level. The maximum force that can be produced by a muscle occurs at its
optimal fibre length (1°' muscle-specific parameter). Moreover, the force that can be produced
decreases as the contraction velocity increases and increases during eccentric contractions, in
comparison to the force generated in an isometric contraction. The contraction velocity at which
the muscle can no longer generate force occurs at the maximum contraction velocity (2™ muscle-
specific parameter). Lastly, the activation level of a muscle, controlled by the central nervous
system, dictates the amplitude of the muscle force being generated. Hence, the maximum isometric
muscle force (3™ muscle-specific parameter) corresponds to the maximal force that can be

produced by a muscle when it is maximally activated and held in an isometric contraction, at its
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optimal fibre length. Muscles also generate passive forces, which occur when the muscle fibre is

stretched beyond its resting length, which also corresponds to the optimal fibre length.

The forces transmitted to the skeletal system depend on characteristics of the tendon. For
instance, the muscle force transmitted to the tendon depends on the pennation angle (4™ muscle-
specific parameter), which is the angle at which the muscle fibres attach to the tendon. Hence, the

muscle force transmitted to the tendon is expressed as

Fr = Fycos (@) Eq. 1

where Fy; is the tendon force, F), the muscle fibre force, and ¢ the pennation angle. Lastly, the
forces transmitted to the skeletal system also depend on the compliance of the tendon and its resting

length, which is called the tendon slack length (5" muscle-specific parameter) [44].

Figure 4 illustrates the mechanical representation of the Hill-type model (A), with parallel
spring and damper elements representing the passive and active muscle forces, respectively, and
another spring element representing the tendon force. The muscle spring and damper elements are
connected to the tendon at the pennation angle (¢). The curves illustrated are the muscle force-
velocity curve (B), describing the muscle force produced as a function of contraction velocity, the
tendon force-length curve (C), describing the tendon force produced as a function of its length,
and the active (green) and passive (yellow) muscle force-length curves (D), describing the muscle
force produced as a function of the fibre length. Each of these curves is scaled for specific muscles
based on the muscle-specific parameters, namely maximum contraction velocity, tendon slack
length, and optimal fibre length, respectively. The y-axis on each curve for muscle force is scaled

by the maximum isometric force [44].

12



- Lengthening o Shortening ——
A

Figure 4: (A) A mechanical representation of the Hill-type muscle model, (B) force-velocity curve, (C) tendon force-
length curve, and (D) active (green) and passive (yellow) muscle force-length curves. Diagram from Biomechanics
of Movement: The Science of Sports, Robotics, and Rehabilitation [44].

The 5 muscle-specific parameters, namely, maximum isometric force, optimal fibre length,
maximum contraction velocity, tendon slack length, and pennation angle, are generally obtained

from experimental measurements or medical imaging techniques such as MRI [44].

2.2.3. Musculoskeletal Modeling Analyses

The two most common MSK modeling platforms are AnyBody (AnyBody Technology,
Aalbrog, Denmark), a commercially available software package, and OpenSim (SimTK, Stanford,
United States), an open-source software package [45]. Both offer an extensive set of tools that can
be used to perform various types of analyses involving the kinematics and kinetics of models. The
most common modeling approach consists of the inverse dynamics (ID) method. Kinematics,
either measured through experimental methods like motion capture, or manually specified, are
determined for each of the generalized coordinates of the model. An ID analysis is then performed,
which determines the net joint forces and moments that produce said kinematics, using Newton’s
second law. Then, a static optimization (SO) algorithm is employed to estimate muscle forces that
produce joint moments which, when summed with those produced by external forces (ground

reaction forces, weights, etc.), correspond to the ID results. The MSK system is redundant,
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meaning that there are more muscles actuating the skeletal system than there are DOF, hence there
is an infinite number of possible solutions for muscle forces that could satisfy the model
equilibrium equations. Therefore, the SO algorithm finds muscle forces which minimize an
objective function, subject to a set of constraints [44]. Common objective functions include
minimizing the sum of muscle activations or stresses to a given power [12, 46-48]. Constraints
include the determination of muscle forces that remain within physiological bounds and the

maintenance of dynamic equilibrium equations at each instant in time [46].

A limitation of the SO approach is the lack of physiological accuracy in muscle force
predictions as this method computes solutions at each independent step in time without considering
the studied motion as a whole. Furthermore, SO has been shown to penalize activation of

antagonist muscles and co-contraction during movements [46].

Other methods have been employed to estimate muscle forces, such as electromyography
(EMG) -based modeling approaches, although these methods have been associated with limitations

and challenges, such as the complex nature of EMG signal processing [46].

2.2.4. Recent Advancements in Musculoskeletal Modeling of the Spine

Many MSK spine models have been developed in the last decade to investigate muscle
activation patterns and joint loads during spine movements and static poses. Most studies reused a
few base models and enhanced them based on recent technical advancements or knowledge
obtained from the literature. Moreover, most models include a detailed representation of the lumbar
spine DOF with a rigid thorax, although recent models have started to include a holistic

representation of the spine kinematics.

For instance, Christophy et al. developed a MSK model of the thoracolumbar spine in
OpenSim [33]. The model featured a rigid pelvis, sacrum, 5 lumbar vertebrae articulated with 3-
DOF spherical joints, and a rigid torso consisting of the lumped thoracic vertebrae and the ribcage.
The model featured key muscle groups such as the erector spinae, abdominal muscles, and
stabilizer muscle groups. The model was validated by comparing muscle moment arms during
flexion-extension tasks with anatomical measurements. Since then, this model was enhanced by
combining it with models of the neck and upper limbs and by modeling translational DOF in the

lumbar spine along with joint stiffness properties [36, 38]. These models were validated against
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in-vivo measurements of intradiscal pressure (IDP) and joint loads from vertebral body
replacements during static poses [38], and against EMG measurements during jogging [36].
Another group also used this model to propose a force-dependent kinematics method to model
secondary kinematics, which determines smaller motions, such as rotations and translations in
secondary planes of motion, that are dependent on joint stiffness properties and input kinematics

of the overall lumbar spine [39].

Ignasiak et al. developed a model of the thoracolumbar spine, in Anybody, with articulation of
all vertebrae from T1 to S1, and of the ribcage [40]. I[VJs and joints between the ribs and sternum
were modeled with 6-DOF, and costovertebral joints were modeled as pin joints. Stiffness
properties of the IVJ passive structures were modeled as linear functions of angular joint
displacements. The joint kinematics were computed based on the force-dependent kinematics
algorithm developed by Meng et al. [39]. All key muscle groups, namely the back, abdominal,
stabilizer muscles, and intercostal muscles, were included. The model was validated against IDP
measurements during dynamic spine movements in the sagittal plane. Through this model, they
determined that the modeling of a flexible thoracic spine was necessary for estimating joint loads
in the upper lumbar and thoracic spine [49], and that the inclusion of the ribcage had significant
effects on model predictions in the thoracic spine, suggesting that the ribcage has a stabilizing role

on the spine [40].

Similarly, Bruno et al. developed a fully articulated thoracolumbar spine (FATLS) model, in
OpenSim, with articulation of all vertebrae and of the ribcage [35]. The [VJs were modeled with
three rotational DOF, and the costovertebral joints as pin joints. Force actuators were implemented
between the ribs and sternum, and between adjacent ribs, to represent forces transmitted by costal
cartilage. The model also incorporated articulated upper limbs and a lumped body for the head and
neck, to allow the model to be used in simulations of lifting tasks. All major muscle groups,
including the back, abdominal, stabilizer, intercostal, and upper limb muscles were incorporated.
The sensitivity of the model outputs was evaluated by varying parameters such as maximum
muscle stress (which relates to the maximum isometric muscle force), optimal forces of the rib
actuators, and locations of the IVJs. Furthermore, the model was validated by comparing
compressive loads of various IVJs to IDP measurements and by comparing the muscle activations

of the erector spinae to EMG measurements during multiple static poses and lifting tasks [35]. This
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same group then used this model to generate subject-specific models by adjusting muscle
properties and the spine curvature based on CT scans of individuals [50]. Schmid et al. adapted
the model to create models for children and adolescents [51] and Wang et al. enhanced it through
the implementation of 6-DOF IVJs with nonlinear stiffness properties [41]. Since then, multiple
groups have extended the validation of this model. For instance, the model was validated against
EMG measurements for static and dynamic tasks in older adults [52]. Akhavanfar et al. enhanced
the model by considering the passive stiffness functions defined by Weng et al. for the rotational
DOF and linearizing them to be able to simulate the full rotational ROM of the spine. Moreover,
they removed the costovertebral DOF and defined the movement of the abdomen as a function of
L5S1 kinematics so that the model kinematics could be defined from optical motion capture
methods. They also incorporated lower limbs to the model to be able to couple motion capture
with ground reaction force measurements. With these additions, the model joint loads at the L1L2

level were validated against vertebral implant measurements for various dynamic lifting tasks [12].

Other models have been developed in recent years and validated against both EMG and
vertebral load measurements, but none to the extent of the FATLS model [37, 48, 53]. In addition,
with the many enhancements brought to the FATLS model, it is well suited to perform analyses
for a large portion of the population, from children and adolescents to the elderly population, and

for person-specific modeling.
2.2.5. Stability Considerations

As previously mentioned, SO algorithms for estimating muscle forces by minimizing muscle
effort have been shown to penalize activation of antagonist muscles and co-contraction during
movements when comparing model predicted activations to EMG measurements [46]. One reason
for this is that most SO algorithms estimate muscle forces required to maintain equilibrium of the
system, but do not consider the mechanical stability of the model. The concept of mechanical
stability in MSK modeling has been defined in various ways. For instance, the mechanical stability
of a system in static equilibrium has been defined as its ability to return to its equilibrium state
after a small perturbation. A critical load, causing the system to become unstable, would lead to
structural buckling [54-55]. Mathematically, the concept of stability has been defined through the
energy criterion, which states that a system is stable when the potential energy of the system is at

a relative minimum. This occurs when the second derivative of the system potential energy has a
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positive value, or when the Hessian matrix of potential energy is positive definite at the equilibrium
position. The Hessian matrix is a square matrix containing the second-order partial derivatives of
the potential energy of the system with respect to the system’s coordinates (DOF). It is positive

definite when its determinant is positive, or when all of its eigenvalues are positive [55-56].

Bergmark determined that muscles can contribute to the potential energy of the spine by storing
energy when being stretched, like a mechanical spring would, based on their stiffness [54]. They
defined the muscle stiffness as being proportional to the muscle force and inversely proportional

to its length:

Eq. 2

=1 =

where k is the stiffness, F the muscle force, L the muscle length, and g a muscle proportionality
constant which is assumed to be the same for all skeletal muscles [54]. A physiological value for
g has not yet been determined, as estimates from the literature have ranged between 0.5 and 42,

with a mean value of 10 [56].

It is clear that the musculature and other structures surrounding the spine contribute to stability,
as it has been shown that the spine buckles under loads of 20 N and 90 N on the thoracolumbar
and lumbar spines, respectively, although the human spine is subjected to loads surpassing 6000
N during everyday activities [56-57]. In fact, increased activities in trunk antagonists, such as the
abdominal muscles, have been associated with higher levels of spinal stability [55, 58-61].
Moreover, considering stability constraints in the estimation of muscle forces has resulted in better

correlation of abdominal muscle activations to EMG measurements [59-60].

Although the consideration of stability in spine modeling has been shown to improve the
realism of model estimates, this concept is not yet widely adopted in MSK modeling of the spine
due to the complex nature of the mathematics involved and associated increased computational
expenditure. Cholewicki and McGill defined the potential energy of the spine as a combination of
the elastic energy stored in muscles and tendons (i.e., springs) with the elastic energy stored in
passive joint elements, namely the [IVDs and ligaments (i.e., torsional springs), minus the external

work done:
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V=U,+Up—W Eq.3

where V' is the total potential energy, U; the potential energy stored in muscles, Uy the elastic
energy stored in passive joint properties, and W the external work [57]. Potvin and Brown derived
a simplified equation for Eq. 3 for quantifying stability about one joint, for one rotational DOF.
Their equation takes as inputs the muscle origin and insertion points (or nodes) with respect to the
joint, muscle force, and muscle stiffness (based on Eq. 2). The potential energy of muscles is
quantified from the geometry of muscles, i.e., their length and moment arms with respect to the
joints of a model, and their stiffnesses, which they called geometric stability (GS), and muscle
forces [62]. Therefore, their simplified equation for stability states that the spinal joint is stable if
the potential elastic energy, determined from the GS and muscle forces (F), minus the external

work (EW) done on the joint, is greater than or equal to zero:

GS-F—EW =0 Eq. 4

In this thesis, the stability of the system will be determined based on the definition of Potvin and
Brown, as defined in Eq. 4. Recently, Akhavanfar et al. used this simplified equation to develop
an open-access MATLAB script for computing muscle forces using the OpenSim SO algorithm,
while also considering stability constraints, which was called the stability-constrained static
optimization (SCSO) framework. The script can be used for complete spine models containing
multiple joints and DOF [63]. A limitation of this script is that it does not consider the passive joint
properties (term Uy in Eq. 3). Barrett ef al. have developed a custom script using similar methods,
while also considering passive stiffness contributions to the stability of the system, but have not

made this accessible to the public [64].

2.2.6. Limitations of Musculoskeletal Modeling

In sum, MSK models of the spine have commonly been used to evaluate spinal loads during
both static and dynamic everyday and lifting tasks. Multiple models have been developed and
validated to great extents against in-vivo measurements such as IDP and joint loads from vertebral
implants as well as EMG. However, this modeling method comes with several limitations. These
include the inability of SO methods to accurately predict co-activation of antagonist muscles and

the difficulty of implementing stability considerations, although simplified methods for calculating
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stability have started to emerge. Other limitations include the inability to evaluate microstructural
deformations and stresses as all vertebral structures are modeled with rigid behaviour and passive
joint properties are not explicitly modeled. Many models only consider three rotational DOF in
the IVJs of the spine, which may impact model predictions. Lastly, because of limited information
on biological and mechanical properties of the spine, due to difficulties in performing in-vivo

measurements, it is difficult to build fully person-specific models [13, 46].

2.3. Finite Element Modeling of the Spine

2.3.1. Overview of Finite Element Modeling of the Spine

FE analysis functions by discretizing the geometry of the model into a finite number of
elements, each of which is associated with material properties. The elements are interconnected
through nodes, and their mechanical behaviour is determined by governing differential equations
and applied boundary conditions (BCs). BCs are composed of constraints applied to the system
and loading conditions. From these BCs, the FE analysis can calculate nodal displacements, which
are used to extract information on stresses, strains, and structural deformations within the system

[65-66].

FE models are widely used to evaluate structural deformations and stresses within the spine,
as they can explicitly model geometrical and material properties of biological tissues. FE spine
models often include vertebral bodies, the sacrum, and the pelvis, all of which are modeled as
cancellous bone with an external layer of cortical bone, with elastic material properties. The [IVDs
can be explicitly modeled with the nucleus pulposus, annulus fibrosis, and cartilaginous endplates.
The nucleus pulposus has often been modeled as a fluid-filled cavity or as a hyperelastic material.
The annulus fibrosis is modeled as concentric layers of isotropic elastic fibres with a hyperelastic
ground substance. Hyperelastic material properties mostly vary in the literature between Mooney-
Rivlin and neo-Hookean material models. Cartilaginous endplates are most often modeled as rigid
elements. Ligaments are generally represented by truss, spring, or beam elements with tensile-only
elastic properties. Lastly, facet joints between vertebral bodies are modeled as contact surfaces.
Material properties for each component of the spine are assigned based on cadaveric studies or in-
vivo measurements and the geometric shape of the spine is obtained from imaging techniques,

rendering person-specific models easy to generate [15, 66-67].
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In most cases, FE analysis studies perform simulations using BCs mimicking those in in vitro
studies with cadaver specimens, as measurements taken from cadaver experiments can also be
used to validate model outputs and because it is difficult to define realistic physiological BCs [16].
Unlike MSK models, muscles are not often included in FE models due to high computational costs
and the difficulty associated with experimentally reconstructing the action of muscle forces [7,
15]. Instead, the concept of the FL has been widely implemented to represent the combined action
of gravity and muscle loads on the spine, and is defined as a resultant compressive force, acting
on each spinal level, the direction of which follows the curvature of the spine, in order to minimize
flexion and anterior shear loads at the IVDs [7, 15]. Mimicking in vitro experiments, FE
simulations simulate functional movements by pairing the FL with a pure bending moment applied
to the superior vertebra in the model and by fixing the sacrum, pelvis, or most inferior vertebra in

space [67-68].

Due to the complexity and level of detail included in the modeling of each spinal component,
many studies have focused on simulations using a single functional spinal unit or small spinal
segments. These models have been used for a variety of analyses, like the investigation of load
sharing between the different spinal components, surgical planning, the evaluation of the
mechanisms behind disc degeneration, spinal curve correction capabilities of instrumentation

devices for the treatment of scoliosis, and implant design and optimization [15, 67, 69].

2.3.2. The Concept of the Follower Load

As previously mentioned, the thoracolumbar and lumbar spines are known to buckle under
vertical loads of 20 N and 90 N, respectively. However, through acquisition of in-vivo
measurements, it was shown that the spine is subjected to compressive loads surpassing 6000 N
during everyday activities [56-57]. Therefore, it is evident that the musculature surrounding the
spine plays an important role in stabilizing the spine and reducing shear and moment loads that
would otherwise cause it to buckle [15]. The implementation of muscle forces in in vitro
experiments is technically difficult to implement. To circumvent this issue, Patwardhan et al. found
that the spine could withstand significant compressive loads when the latter were applied along a
path that is tangent to the curvature of the spine, which was called the FL [70]. Because the FL is
always tangent to the spine, this results in all spinal segments being loaded in pure compression,

with no internal shear or bending moments. This group implemented the FL through bilateral
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cables attached to the vertebral bodies and were able to apply compressive loads up to 1200 N, the
maximum value being limited by the strength of the cables and not the spinal structure itself.
Multiple groups have implemented the concept of FLs in FE studies since then. For instance,
Rohlmann et al. used a FE model of the lumbar spine and recommended a FL of 500 N which
produced intervertebral rotations and IDP that matched well with in-vivo data for a standing

posture [71].

Because FLs can easily be used in both computational and in vitro experiments, it has been
widely implemented in FE modeling as a loading condition providing a simple representation of
gravity and muscle loads. However, whether or not the FL produces an accurate depiction of the
action of muscles is controversial. Kim et al. implemented 117 pairs of muscle fascicles in a FE
model of the lumbar spine and estimated muscle forces using an optimization algorithm with a
constraint limiting the shear forces in the spine. They were not able to find a solution for muscle
forces within a physiological range that could produce a perfect FL, but were able to find good
solutions when shear forces were limited to 20% of the compressive forces, indicating that muscles
do in fact produce some level of shear forces [72-73]. On the other hand, Han ef al. used a lumbar
spine model with 232 muscle fascicles to investigate this same issue, and were able to predict
muscle forces corresponding to the FL mechanism in a standing posture [74]. Lastly, Shih et al.
compared FLs and muscle forces on a lumbar spine model during flexion tasks and compared the
spinal profiles and stress distribution in the spine between the loading methods. They found that
FLs and muscle forces produced similar lumbar profiles but that muscles produced gradual
increases in compression, shear, and moments toward the caudal (inferior) levels of the spine,
whereas FLs produced no shear, and the compression loads were the same throughout the spine.
Moreover, the FL method produced higher motion and stresses at the cephalic (superior) levels

than muscle forces, and the inverse at caudal levels, in comparison to muscle forces [7].
2.3.3. Numalogics’ Advances in Finite Element Modeling of the Spine

For this project, the base model used was of type MSK, and the methods used consisted of
those described for MSK analyses in Chapter 2.2.3. No elastic/hyperelastic material properties
were considered in this project, nor the evaluations of stresses and strains as would be in most FE

studies. Therefore, only recent work produced by members of the Numalogics team will be
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reviewed in this Chapter, to discuss their current methods and provide background information on

their needs in relation to this project.

Numalogics has done a lot of research in collaboration with orthopedic surgeons for the
evaluation of the scoliotic curve correction capabilities of spinal instrumentation devices such as
pedicle screw/rod systems. This work typically involves creating patient-specific models of the
whole spine (from T1 to the pelvis) for adolescent idiopathic scoliosis patients from EOS images
(low-dose X-ray technology). While the geometry is patient specific, material properties for [IVDs
and ligaments are taken from the literature. Bones are modeled as rigid bodies as their deformation
is minimal during surgery [75]. These models are then used to perform surgical simulations of the
pedicle screw/rod system installation to evaluate reaction forces at the screw-vertebra interface
[19]. They also use these models to simulate postoperative functional movements such as flexion,
extension, lateral bending, and axial rotation. The BCs for these simulations include fixing the
pelvis in space and applying bending moments to T1 with compression loads to simulate body
weight [20, 76]. Most recently, with similar methods, they developed a patient-specific lumbar
spine model for comparing instrumentation devices for lumbar fusion. All non-instrumented
vertebrae were modeled as rigid bodies, while instrumented vertebraec were assigned material
properties from the literature. Instead of explicitly modeling IVDs, they modeled their stiffness
properties through three-dimensional springs (bushings) with a 6x6 stiffness matrix. The BCs for
simulating functional spinal movements included fixing the pelvis in space, limiting the motion of
L1 to stay within the plane of motion being simulated, applying a FL of 415 N, and applying
bending moments of 7.5 N mto L1 [18].

2.3.4. Limitations of Finite Element Modeling

In sum, FE models of the spine are commonly used to perform surgical simulations and to
evaluate stresses and strains within the spine or within spinal instrumentation devices. With the
capabilities of FE simulations comes many limitations. Due to the difficulty in defining realistic
and physiological BCs, most FE models are limited in applying BCs mimicking those from in vitro
studies [68, 70]. While BCs from in vitro studies are simple to implement, with for example FLs,
their physiological accuracy has been debated [7, 72-73]. For instance, FLs applied in FE studies
are based on experimental studies, where the compressive load is the same at each spinal level and

for all functional movements of the spine. However, it has been shown that muscle forces produce
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a gradual increase in compressive loads in the caudal levels, while also producing some levels of
shear forces [7]. Moreover, in-vivo measurements of IDP indicate that compressive loads vary for
different functional movements [9, 77]. Therefore, FE models of the spine could benefit from new

methods for implementing muscle forces as BCs during functional spinal movements.

24. Hybrid Modeling of the Spine
2.4.1. Overview of Hybrid Modeling of the Spine

As described in the previous Chapters, MSK and FE modeling techniques offer comprehensive
ways of analyzing the kinematics and kinetics, and stresses and tissue deformations in the spine,
respectively. In combining these modeling techniques and their strengths, we can produce
simulations evaluating stresses and tissue deformations while considering both the detailed
modeling of passive tissues like IVDs and ligaments and in-vivo kinematics and kinetics. The
coupling of MSK and FE models can be referred to as hybrid modeling or co-simulation. In a
review by Nispel et al, co-simulation approaches were separated into two categories:
unidirectional and bidirectional approaches [16]. In unidirectional co-simulation approaches, the
outputs of one type of simulation are the inputs of the other, and each simulation type is performed
consecutively, producing a unidirectional flow of data. In most cases, this involves the use of a
MSK model to perform ID analyses with in-vivo kinematics for the estimation of muscle forces.
Resulting kinematics and/or computed forces and moments are then used as BCs in a FE model
for the evaluation of soft tissue deformations and stresses. In bidirectional approaches, there is a
constant flow of data between the two types of models. In cases where large deformations are
present, this method is useful for iterative data exchanges that consider the changes in kinetics of
a MSK model following soft tissue deformations in the FE model. Despite the potential of
bidirectional approaches for understanding the mechanics, stresses, and strain distributions of
models with time-varying properties, they are less commonly used due to their high computational

costs, difficulty of implementation, and challenges associated with simulation convergence [16].

2.4.2. Recent Advances in Hybrid Modeling of the Spine

This Chapter will offer a review of recent advances in hybrid modeling of the spine, focusing

on unidirectional approaches, as these methods are most common and correspond best to the
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capabilities and methods accessible to Numalogics. As mentioned, unidirectional approaches
usually perform MSK analyses first, and transfer either kinematics, forces and moments, or both,
as BCs to the FE model. The MSK model typically considers the stiffness properties of passive
joint structures as simplified mechanical elements like springs, beams and bushings while the FE
model of matching body geometry explicitly models the geometry of these passive structures with

nonlinear and hyperelastic material properties [16].

For instance, Henao et al. simulated surgical instrumentation steps for scoliosis curve
correction on a multibody model of the spine. The vertebral displacements resulting from applied
surgical steps were transmitted as BCs to a FE model for the analysis of the local effects of each

maneuver on the spinal cord [78].

Most groups, however, use a combination of kinematics and loads determined from a MSK
model as BCs to FE models. The research group of Shirazi-Adl ef al. have developed multiple co-
simulation workflows over the years to answer various research questions [79-80]. In one study,
they applied in-vivo kinematics to a MSK model of the lumbar spine including 46 muscle fascicles
and used an optimization algorithm to solve the muscle redundancy problem. In the FE model,
muscles were modeled as uniaxial springs with stiffnesses assigned based on a chosen value of the
muscle proportionality constant g (see Eq. 2). BCs in the FE model consisted of the pelvis rotation,
muscle forces, and gravity loads for a given static pose. Nonlinear structural and stability analyses
were carried out. Using this method, they were able to perform static functional poses and lifting
tasks [81]. In another study, they used the same workflow, but this time, the FE model consisted
of the L4L5 segment only for the evaluation of IDP, ligament forces, and facet joint forces at that
level. The BCs of the FE model included the prescribed kinematics of the joint, muscle forces, and
gravity loads. Since the muscle forces were computed using a MSK model of the lumbar spine
with rigid torso, they combined all gravity and muscle loads with insertion points higher than L4
into one resultant load acting at the center of L4 [82]. The group noted that the resulting kinematics
in the FE model differed from the in-vivo (MSK) kinematics because of differences in the modeling
of passive joint properties between the two types of models. To remedy this, they performed an
iterative procedure where they adjusted the passive stiffness properties of the MSK model based
on FE model responses to applied muscle loads, recalculated muscle forces, and fed the updated

muscle forces back to the FE model as new BCs. The iterative procedure was performed until
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matching kinematics were found between the two models [17]. Lastly, to avoid this iterative
process, this same group proceeded to develop a coupled MSK-FE model, where both the detailed
geometry and musculature were included in one model, and all analyses could be done in a singular

platform [83].

Others have performed simulations using similar methods. Honegger et al. collected
experimental kinematics using motion capture methods and, with a full-body and detailed lumbar
spine MSK model, performed a SO analysis to estimate muscle forces at each instant in time during
sit-to-stand movements. The time-dependent kinematics and muscle forces were used as inputs to
a detailed FE model of the lumbar spine to evaluate time-dependent IDP and facet joint forces

during these movements [84].

While most groups have used co-simulation techniques to evaluate load sharing, stresses, and
strains within the spine, there has been little research done on the effect of in-vivo loading
conditions on stresses within spinal instrumentation devices. This is a question of interest for
Numalogics because of the work that they do with the design and optimization of spinal
instrumentation devices. Panico ef al. compared stresses in pedicle screws when simulating
functional ROM movements using pure moment bending loads versus muscle forces in a lumbar
spine model. They found that muscle forces produced larger stresses in the instrumentation devices
than in vitro loading conditions, but it should be noted that they neglected FLs in their in vitro

loading conditions [85].
2.4.3. Limitations of Current Hybrid Modeling Strategies

While hybrid modeling strategies have been shown to be extremely beneficial in the evaluation
of stresses and strains within spinal components under the action of in-vivo loading conditions, the
studies listed had many limitations. Many studies used a limited number of muscle fascicles in
their analyses (less than 100) or neglected small intersegmental muscles. Moreover, these studies
presented the same limitations of most MSK modeling approaches, where the optimization
algorithms used for the estimation of muscle forces penalized abdominal co-contraction [17, 79-
83]. In cases where passive joint properties are defined differently between MSK and FE models,
iteration is required to obtain matching kinematics, which can be a time-consuming process [17].

Lastly, all hybrid models developed thus far have considered the lumbar spine only, or the lumbar
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spine with a rigid thorax. No co-simulation workflow has been developed for a fully articulated
thoracolumbar spine, even though the motions of the thorax have been shown to influence loads
in the lumbar spine [49]. Therefore, additional work should be done to evaluate FE model
responses under in-vivo loading conditions while considering a comprehensive number of muscles

and the entirety of the thoracolumbar DOF.
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3. METHODOLOGY

The development of this hybrid modeling workflow involved multiple steps of trial and error
to find modeling choices that would produce converging simulations in both the MSK and FE
modeling platforms. To demonstrate the effect that some of these modeling choices had on
simulation convergence, two versions of the workflow will be presented in this thesis and will be

referred to as version I and version I1.

3.1. Simulation Workflow — Version I

The workflow developed for this project consists of a unidirectional co-simulation workflow.
To avoid the iterative procedure described by some hybrid modeling studies, it was essential to
make sure that the MSK and FE models were equivalent in terms of geometry; mass properties;
joint positions, orientations, and stiffnesses; joint types and DOF; and muscle stiffnesses and
attachment points. Then, MSK modeling methods were used to compute forces which were used
as loading conditions to the FE model. The workflow developed can therefore be broken down
into the following key steps: (1) utilizing a SO framework to estimate muscle forces required to
satisfy equilibrium equations for a static flexion pose in a MSK model, (2) building the MSK
model geometry in the FE modeling platform, (3) defining the model structure in the FE modeling
platform so that it matches the MSK model structure, (4) applying loading conditions computed
from the SO framework to the FE model, and (5) performing the simulation and exporting the
desired results. The following Chapters will elaborate on the selection of the MSK model used for
the workflow as well as each of the 5 steps listed above. Note that this workflow was designed to

perform simulations of static poses only.

3.1.1. Model Selection and Modifications

The FATLS model that was originally developed by Bruno et al. and enhanced by other groups
was chosen for this project for its high biofidelity in terms of the large number of bodies, DOF,
and muscles modeled, and for the multiple validation studies conducted on it for both static and
dynamic tasks [12, 35, 52]. The version of the model that was used was the one modified and

enhanced by Akhavanfar et al., with the DOF of the ribs removed and passive stiffnesses
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considered at the 3 rotational DOF of the IVJs [12]. Modifications were made to the model to
simplify the FE modeling process, reduce computing time, and avoid convergence issues. Since
the primary focus of this project was to produce simulations of functional ROM poses of the spine,
the upper- and lower-limbs were removed from the model, so that the only bodies remaining were
those of the pelvis, sacrum, vertebrae, ribs, sternum, and head-neck. All upper-body muscles with
attachment points to these removed bodies were also removed. Since the psoas muscles had
attachment points on the femurs, those attachment points were removed, and the tendon slack
lengths and optimal fibre lengths were modified based on the original publication of the model
which did not include the lower limbs. The pelvis DOF were removed by fixing the pelvis to the
ground. The model included a body representing the abdomen for the attachment of abdominal
muscles, which had three rotational DOF with respect to the sacrum. The movement of the
abdomen was designed to better replicate the muscle lines of action during movements and to
prevent muscles from going through other bodies in OpenSim [12]. However, no stiffness
properties were associated with the abdomen-sacrum joint, which produced convergence issues in
Ansys. Therefore, the abdomen-sacrum joint was fixed. The strategy used for modeling muscles
in Ansys required muscles to have a straight line of action connecting origin and insertion points.
Hence, all intermediate muscle path points defined in the FATLS model were removed, and
muscles with a curved line of action, namely the transverse abdominal muscles, were removed
from the model. In simplifying the lines of action of the muscles and in removing some of the
muscles, changes associated with muscle force production and the moments that are produced
about the coordinates of the model may be impacted. To evaluate whether the simplification of the
muscles in the model significantly altered key modeling outputs, a sensitivity analysis was
performed and will be described in Chapter 3.3. Lastly, as described by Akhavanfar et al., the ribs
were welded together because the motion between them cannot be determined using marker
motion capture, and we have no metric for accurately describing their motion during spine
movements [12]. Therefore, the intercostal muscles, which are responsible for the movement of
the ribs relative to each other, were removed from the model. With these modifications, the model

had a total of 56 bodies, 51 rotational DOF, and 306 musculotendon actuators (See Appendix A).
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3.1.2. Step I: Static Optimization Framework

As a first step, the FATLS MSK model is used along with OpenSim 4.5 to calculate muscle
forces required to satisfy equilibrium equations for a given static pose. The analyses done in
OpenSim can be carried out either through the graphical user interface (GUI) or through the

application programing interface (API) and are explained in the following paragraphs (Figure 5).

Static Optimization Framework
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Figure 5: Static optimization framework for version I of the co-simulation workflow

Bruno et al. synthesized information from several experimental studies on the percentage of
total motion that occurs at individual IVJs during spine movements [35]. This information was
taken to generate several motion files corresponding to static forward flexion poses. Static motion
files, describing poses ranging from 0 to 100% of the spine ROM in forward flexion, at intervals
of 10%, were created. Table 1 lists the total thoracolumbar flexion angles that correspond to each
of the percent ROM poses generated. These angles correspond to the sum of all IV] angles, about
the sagittal plane, representing the total flexion angle of the spine. These angles do not include the
rotation of the pelvis during flexion. The rotations for each IVJ of each motion file are listed in

Appendix B.
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Table 1: Flexion angles used to generate motion files

Percent ROM (%) 0 10 20 30 40 50 60 70 8 90 100

Thoracolumbar Flexion
© 0 10.1 20.0 29.8 393 485 572 653 724 78.0 81.5

For visualization of the poses simulated, Figure 6 illustrates the static poses in the FATLS model

from neutral standing to 100% ROM in flexion, at intervals of 20%.

Figure 6: Static flexion poses from neutral standing to 100% ROM, at intervals of 20% ROM

Using the model and one of the motion files, OpenSim is used to perform an ID analysis. This
analysis is used to calculate external joint moments required to satisfy equilibrium equations for
the given static pose. The ID results are exported to be used as inputs in the FE modeling

framework.

SO is then performed to calculate muscle forces required to maintain static equilibrium. The
SO solver used by OpenSim uses an objective function which seeks to minimize the sum of squared
muscle activations, subjected to two constraints. Constraint 1 requires all model equilibrium
equations to be maintained. Constraint 2 requires muscle forces to remain within minimum and
maximum bounds, such that muscle activation levels remain between 0 and 1. Muscle forces relate
to muscle activation levels through relationships defined by the Millard2012EquilibriumMuscle
model in OpenSim that consider force-length-velocity (FLV) relationships. The SO solver outputs
a file containing all model forces, which includes active muscle forces, actuator forces, and passive
forces produced from the joint bushings, which are then used as inputs in the FE modeling

framework. Actuators considered in the model are the rib actuators, as defined by Bruno et al. [35],
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and coordinate actuators for each DOF that produce joint torques in the event that muscles are not

strong enough to maintain model equilibrium.

Lastly, SO is performed a second time, using the model, but without the action of muscle
forces. In this case, model equilibrium is completely maintained by the action of coordinate
actuators at each DOF. From the SO results, a Joint Reaction Analysis (JRA) is performed on all
IVJs to extract joint loads expressed in the joint coordinate systems (CSs). In this case, since no
muscle forces are acting on the model, the joint loads determined by the JRA analysis consist of
those occurring due to gravity loads alone. By expressing the loads in the joint CSs, the loads in
the y-direction correspond to compressive spine loads due to mass properties that are tangent to
the curvature of the spine. These joint loads are hence referred to as FLs due to gravity and are
used as inputs to the FE modeling framework. In this thesis, the FLs refer to the effect of gravity

loads on the spine but do not include the compressive loads produced by muscle forces.

3.1.3. Step 2: Building the Model Geometry in Ansys

To perform co-simulations with MSK and FE models, it is necessary to ensure that the two of
models are identical in terms of geometry and model structure. Hence, step 2 of this hybrid
modeling framework consists of creating an identical model geometry to the FATLS model in the
FE modeling platform. The FE modeling platform used in this project was Ansys, which consists
of several software and GUIs for performing different types of engineering simulations.
SpaceClaim is Ansys’ 3D modeling software for creating, designing, and importing geometry. The
FATLS model geometry files, namely the pelvis, sacrum, vertebrae, ribs, and sternum, were
converted from .v#p to .stl, a format that is compatible with SpaceClaim, and imported into the
latter. In importing the geometry files into SpaceClaim, the bodies were not positioned nor oriented
correctly in space. OpenSim Creator (TU Delft Computational Biomechanics Lab, Delft,
Netherlands) was used as an intermediary step to position the geometry correctly in space. This
software was useful to easily identify the locations of the centres of mass (COMs) of the geometry
meshes, as well as their orientation with respect to the ground frame. These positions and

orientations were then used as a guide to reposition the geometry in SpaceClaim (Figure 7).

The head-neck geometry files were not imported into SpaceClaim and were modeled as a

single point-mass as their geometry is complex and not required for the analyses performed in this
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project. The abdomen bodies were also modeled as point masses. It should be noted that the
geometry of the model was positioned correctly in space, but no information on connections and

relationships between the bodies was established at this stage.

Figure 7: The FATLS model geometry imported and positioned in Ansys SpaceClaim

3.1.4. Steps 3-5: Ansys Model Structure, Loading Conditions, Simulation, and Exporting
of Results

The process for generating engineering simulations using Ansys is through the Workbench
application, where the user can integrate data from different Ansys softwares. In Workbench, the
Static Structural Analysis System was selected, which acts as a template for performing static
mechanical simulations. In the Static Structural Analysis System, the SpaceClaim geometry
representing the FATLS model was imported. From there, the definition of the model structure and
connections between bodies can be established, as well as the setup of boundary and loading
conditions, and the execution of the desired simulation. These steps, which correspond to steps 3

to 5 of the co-simulation workflow, are all executed in the Static Structural Analysis System, via
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the Ansys Mechanical software, which is used for performing FE analyses of mechanical systems.
Steps 3 to 5 were accomplished through an automated scripting workflow, to facilitate the creation
of any version of the FATLS model in Ansys. Different versions of the model could include scaled
models or models with modifications made to muscles or joint properties for example. The detailed

steps followed by the scripting workflow are described in the following paragraphs (Figure 8).

‘ Model Geometry ‘ ‘ Follower Loads.sto ‘
FE Modeling
‘ Read Geometry }_ Framework — Version I
I Follower Loads
‘ Joints ?_
1 1
‘ Joint Stiffnesses ‘ Create Joint
Probes
——— Actuation Forces
‘ Create Muscles Run
Simulation
‘ Muscle Loading |
Export
| ‘ Joint Loading I Results
Inverse
Dynamics.sto | |
Kinematics.xlsx ‘ ‘ Compressive Joint Loads.xlsx

Figure 8: Flow chart for the FE modeling framework - version 1

The script goes through a series of steps for reading information from the OpenSim model file
and creating an identical model structure in Ansys. First, the geometry, imported from SpaceClaim,
is used as a base for defining the model structure and establishing connections between bodies.
The bodies’ material properties are set to rigid, as all bodies in the MSK model are rigid as well
and tissue deformations are not of importance at this stage. The script then performs the Read
Geometry function, which scans the model file and extracts information from all the bodies in the
model, such as their name, the location of their COM, and whether each body has an associated
geometry. In cases where no associated geometry is found for a given body, a point mass is created
at the body COM position to represent said body. This is the case for the head-neck and for the

abdomen bodies.
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The script then performs the Joints function, which extracts information on joints from the
model file: joint names, location and orientation of joint CSs, and identification of parent and child
bodies (connecting bodies) to each joint. From this information, joints are created in the model
through a series of steps. CSs are created for each joint in the model, with positions and orientations
matching those from the model file. Then, rigid remote points are created to define the connection
between bodies. Remote points are commonly used in Ansys to define the behaviour and
kinematics of certain portions of the geometry with a single point. In this model, remote points are
used to scope/represent the faces of each body with a single point in space. For each joint, two
remote points are created, for scoping the faces of the parent and child bodies. The remote points
are both positioned at the origin of the joint CS. Joints are then created between the two remote
points and are defined as fixed for all the weld joints in the model file, and as bushings for the
IVJs. The definitions of the joint CSs are illustrated in Figure 9, where 4 shows the CS of all IVJs
in Ansys, and B shows them in the OpenSim model. Their positions and orientations are identical
in the two modeling platforms. Furthermore, the definition of the remote points for the L1L2 joint
are illustrated as an example. The remote point scoping the faces of L2 (shown in red) is presented
in C, and the remote point scoping the faces of L1 (also shown in red) is presented in D. Both

remote points are positioned at the origin of the CS defining the location of the L1L2 joint.

A

Figure 9: Joint coordinate systems in Ansys (A) and OpenSim (B), and remote points scoping L2 (C) and L1 (D)

For the bushing joints, the script then reads information corresponding to the joint stiffnesses in

the model file and assigns the same stiffnesses to each bushing in Ansys.
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Next, the script performs the Actuation Forces function, which follows a series of steps. First,
it creates all muscles and represents them by uniaxial linear springs. Remote points are created in
the locations of the muscle attachment points (origin and insertion), where each remote point
scopes the faces of the body to which the muscle is attached. Longitudinal springs are created,
connecting the remote points of the origin and insertion points of each muscle. Based on a user
input, small spring stiffnesses (range of 1 to 30 N/m) are attributed to all muscles, except the neck
muscles which are attributed stiffnesses of 40 N/m. A bit of trial and error is required from the user
here to find the smallest stiffnesses attributable to the muscles to obtain simulation convergence.
When stiffnesses are too low, the model can “explode”, producing highly erroneous kinematics
and model deformations, and it becomes impossible to reach convergence. However, large
stiffnesses result in discrepancies in muscle modeling between Ansys and OpenSim. When
performing a SO analysis in OpenSim, the solver computes active muscle forces specifically but
does not consider passive forces or muscle stiffness properties. Hence, spring stiffnesses in Ansys
should be minimized. Figure 10 illustrates the matching OpenSim and Ansys models, where the

point masses representing the neck-head and abdomen and the muscle springs are visible.

Figure 10: OpenSim FATLS model (left) and matching Ansys FE model (right)

Once the muscles have been created, the forces and ID files exported from the SO framework
are read to assign muscle forces and joint loads to the model. The forces file contains values for

muscle forces, torques produced by the joint bushings, and torques produced by coordinate
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actuators. Forces produced by the rib actuators are ignored because these actuators are not being
modeled in Ansys, for simplicity. Muscle forces are directly applied to each respective muscle
spring in Ansys. Furthermore, pure moment loads are applied at each IVJ, about the z-axis,
representing the combined action of joint moments created by mass properties of the bodies located
above each joint, and coordinate actuators. These moment loads are determined from the

following:

Meapp = —ID — Mjoint + Mcooraact Eq. 5

where Mgy, is the moment to apply at a given joint, ID is the moment extracted from the ID file,

M;yin: is the moment produced by the joint bushing, and M¢oorqac: 1S the moment produced by
the coordinate actuator for the joint in question. Moments are only applied about the z-axis because
the development of this workflow was focused on the simulation of static poses in the sagittal

plane. Additional information on the derivation of Eq. 5 can be found in Appendix C.

The Follower Loads function is then performed to apply compressive spine loads produced by
gravity as FLs at each IVJ. The loading conditions, namely the muscle forces, joint moments, and
FLs, are applied to the Ansys model in its undeformed state (neutral spine position). Therefore,
separating the gravity loads into joint torques and FLs is necessary to provide a correct
representation of the gravity loads which act on the spine in the flexed configuration. A decision
was made to omit the representation of shear loads produced by gravity at this stage, to simplifythe
modeling process, although they should be considered and implemented in future developments
of this work. The gravitational FLs are outputs of the JRA step of the SO framework. They are
implemented at each IVJ with the definition of remote points. Let us take the definition of the FL.
structure of the L1L2 joint, illustrated in Figure 11, as an example. A4 illustrates a remote point
scoping the faces of L1 that is created at the origin (0,0,0) of the L1L2 joint CS. B illustrates a
second remote point scoping the faces of L2 that is positioned at -1 cm in the y-direction (0,-0.01,0)
of the L1L2 joint CS. C illustrates a linear spring that is created connecting the 2 remote points,
with a nominal length of 1 cm and a longitudinal stiffness of 1000 N/m. The FL forces are applied
to the springs at each spinal level to create compressive loads. It should be noted that a high spring
stiffness is selected for the follower loads because, while compressive loads are applied on the
IVIJs, the displacement of the springs or joint elements in compression is not the focus of the

analyses being performed with this workflow.
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Figure 11: Remote points scoping L1 (4) and L2 (B) connecting the FL spring (C)

To run the simulation, corresponding loads are applied to each FL spring, muscle spring, and
joint. The BCs consist of these loading conditions, namely the muscle forces, FLs due to gravity,
and joint moments (gravity loads and coordinate actuators), and of the fixed connection between
the pelvis and ground. All loading conditions are applied to the model simultaneously, over three
load steps, where each load step represents a time interval of one second. Moreover, these loading
conditions are applied to the model with the spine in its neutral shape (neutral standing pose). The
joint moments applied to the model include moments produced by gravity loads when the spine
would otherwise be in the studied flexion pose. Therefore, these drive the model displacement,
flexing the spine structure, until static equilibrium is met with the moments produced by muscle
forces and joint bushings. In doing so, the static equilibrium position simulated in Ansys should
match the flexion pose that was simulated in OpenSim, as described in Chapter 3.1.2. The
application of the loading conditions over three load steps was found to be sufficient for the model

to reach static equilibrium.

Once the simulation has been performed, the script creates joint probes, which facilitate the
monitoring of joint kinematics and compressive loads of the simulation. The joint kinematics being
monitored are the relative angles between adjacent vertebral bodies (joint angles) in the sagittal
plane. The joint compressive loads are expressed in the direction of the joint CSs so that each load
is tangent to the curvature of the spine and corresponds to axial compressive loads. These results
are then exported to Excel files. See Appendix D for a detailed schematic of the steps of the

simulation workflow, including the calculation of muscle forces and gravity loads, the definition
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of the model in Ansys, the application of the loading conditions, and the simulation performed in

Ansys.

Lastly, to run multiple simulations on the same model, the script allows the user to input new
forces, ID, and FL files onto a model that has already been generated in Ansys. This is useful to
perform simulations of various static poses on the same model, without having to create the model

every time.

3.2. Simulation Workflow — Version 11

As will be discussed in the next Chapters of this thesis, version I of the workflow presented
difficulties in producing converging simulations, and the range of flexion poses successfully
simulated was very limited. Version II of the co-simulation workflow was developed in an attempt
to expand the range of simulations that could be performed successfully in both modeling
platforms. Version II follows a similar approach to version I of the workflow, but in this case, the
stability of the model is considered in muscle force calculations. The key steps of version II of the
workflow are the following: (1) utilizing a stability-constrained static optimization (SCSO)
framework to estimate muscle forces required to satisfy equilibrium equations and stability
constraints for a given static pose, (2) building the MSK model geometry in the FE modeling
platform, (3) defining the model structure in the FE modeling platform to match the structure of
the MSK model, (4) applying loading conditions to the FE model, and (5) performing the
simulation and exporting desired results. The following Chapters will elaborate on each of these

steps and on modifications made to version I of the workflow.

3.2.1. Model Modifications

Version II of the workflow was implemented with the use of the SCSO framework published
by Akhavanfar ef al. for considering stability constraints in the calculation of muscle forces [63].
Further modifications had to be made to the model presented in Chapter 3.1.1 so that it would be
compatible for use with the SCSO framework.

The FATLS model included force-producing elements other than muscles, such as coordinate
actuators and rib actuators. The SCSO framework does not allow for the consideration of actuators

other than muscles when solving the equations of motion as it was developed for models which
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are assumed to only require muscular activity to satisfy all constraints. Therefore, these elements
were removed from the model. In removing the rib actuators from the model, it was found that the
SCSO framework was unable to converge for any of the static poses being simulated. Even though
the ribs are fixed, it was thought that the forces being generated by the rib actuators contributed to
the equilibrium of the model. To remedy this, the intercostal muscles were added back into the
model as a substitute for the rib actuators. In this way, the SCSO framework was able to find
solutions for all static poses evaluated. Similar to version I, a sensitivity analysis, as will be detailed
in Chapter 3.3, was performed to determine whether these modifications brought to the model
significantly affected key modeling outputs. With these modifications, along with those described
in Chapter 3.1.1, version II of the model had a total of 56 bodies, 51 DOF, and 458 musculotendon
actuators (see Appendix E).

3.2.2. Step 1: Stability-Constrained Static Optimization Framework

As a first step, the FATLS MSK model is used with the MATLAB-based SCSO framework to
calculate muscle forces that satisfy equilibrium equations and stability constraints for a given static
pose. The framework uses the OpenSim 3.3 API and was adapted for its use with the FATLS model.
The key steps taken to calculate muscle forces using this framework, along with modifications
made to the published framework, are explained in the following paragraphs, and illustrated in
Figure 12. More in-depth information on the processes and equations used in this script can be

found in the original publication of the SCSO framework [63].
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Figure 12: Stability-constrained SO framework flow chart

The model and motion file are used to perform several point kinematics analyses using the
OpenSim API. The Body Point Kinematics function finds the location of the body COMs in the
global space for the defined motion. The Muscle Point Kinematics function identifies the locations
of the muscle origin and insertion points of all muscles in the model. The Joint Point Kinematics
function identifies the locations of the Joints of Interest in the model. The Joints of Interest is a
matrix manually defined by the user and comprises the identification of the joints for which it is
required to satisfy stability constraints. In this case, because the model contains multiple weld
joints, the Joints of Interest matrix contains the identification of the IVJs, which are the only joints

in the model to have DOF and for which the stability criterion should be satisfied.

Furthermore, using the OpenSim API, the Inverse Dynamics Tool is used to calculate external
joint moments required to satisfy equilibrium equations for the given static pose. Then, the Muscle
Analysis Tool is used to determine the moment arms of all muscles with respect to each Joint of

Interest.

Next, the body COMs and joint locations are used to calculate the external work (EW) on each
joint due to mass properties. The original publication of the stability framework also calculated

EW due to external loads, but this term was removed because no external loads are considered at
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this time. Furthermore, the original publication of the stability framework used an inclusion
algorithm to determine which bodies should be considered in the EW calculation. The inclusion of
bodies for the calculation of EW at each joint is based on their relative heights, where body COMs
located higher than a given joint are considered for EW. In the FATLS model, the ribs and
sternum’s mass properties are included in the mass properties of the vertebrae. Therefore, the ribs
and sternum’s masses are listed as zero in the model. Because of this, it was necessary to manually
define the inclusion algorithm matrix to only include the vertebrae and head located above the

Joints of Interest, and to exclude the ribs and sternum from all EW calculations.

Next, the muscle path points and the joint locations are used to calculate the geometric stability
of the model, which quantifies the muscles’ contributions to joint stability. To calculate geometric
stability, the user must input a value for g, representing the muscle proportionality constant which

relates muscle force () and length (L) to stiffness (K) (see Eq. 2).

Lastly, the framework uses the MATLAB built-in finincon optimization solver to compute
muscle forces. The optimization algorithm was designed to match OpenSim’s SO solver while
adding an additional stability constraint. The optimization algorithm’s objective function is to
minimize the sum of squared muscle activations, subjected to three constraints. Constraint 1
requires all model equilibrium equations to be maintained, such that forces produced by all muscles
generate moments about each joint DOF that correspond to inverse dynamics results. Constraint 2
requires that the muscle forces remain within minimum and maximum bounds, such that muscle
activation levels remain between 0 and 1. Muscle forces relate to muscle activation levels by

multiplying the muscles’ active FLV relationship to the activation level:

F=a- e‘(zM_l)z/V Eq. 6

where F is the muscle active force, a the activation level, LM the normalized muscle fibre length,
and y a shape factor of a value of 0.5 which approximates the force-length relationship of
individual sarcomeres [86]. The normalized muscle fibre length is extracted from the Muscle

Analysis results.

Constraint 3 relates to the mechanical stability of the joints in the sagittal plane (about the z-

axis) and requires the Hessian matrix of the potential energy of the model to be positive semi-
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definite. To calculate stability, the framework employs the simplified stability equation developed

by Potvin and Brown:

[GSTjm  [Flpa — [EW];1 2 0 (Eq. 4)

where GS is the matrix of geometric stability that each muscle provides to each joint, F'is a vector
of muscle forces, and EW is the matrix quantifying the external work about each joint [62-63]. The
matrix dimensions j and m represent the number of joints of interest (number of model coordinates
for which the stability is being calculated) and the number of muscles in the model, respectively.
The geometric stability term, as detailed in Akhavanfar et al. [63] and Potvin and Brown [62], is

defined as:

AyB, +A,B, =1} qrf Eq. 7
N l 1

where Ay, By, Ay, and B,, are the x and y coordinates of the muscle nodes (attachment points) with
respect to a joint of interest, 1, is the functional moment arm of the muscle with respect to the joint
of interest, q is the user defined muscle proportionality constant, [ is the length of the muscle acting
on the joint of interest and represents the distance between the nodes A and B, and L is the total
length of the muscle. In this thesis, all muscles are modeled with simple lines of action and only
pass through two nodes, therefore [ and L have the same value. The term 7, which represents the
functional moment arm of the muscle with respect to the joint of interest, is defined as the moment

produced if the muscle exerted a force of 1 N:

BxAy - AxBy Eq. 8
T, = —
l
As mentioned, the muscle nodes and muscle lengths are extracted from the Point Kinematics
analyses and the Muscle Analysis functions of the script as detailed in the previous paragraphs,

and the muscle proportionality constant is based on a user input value.

The active muscle forces computed from the optimization algorithm are exported to be
used as inputs in the FE modeling framework along with the ID results and the muscle lengths for

the motion provided.
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3.2.3. Step 2: Building the Model Geometry in Ansys

The steps followed for building the model geometry in Ansys were exactly the same as those

described in Chapter 3.1.3 for version I of the workflow.

3.2.4. Steps 3-5: Ansys Model Structure, Loading Conditions, Simulation, and Exporting
of Results
The process for defining the model structure, loading conditions, producing simulations, and
exporting results is very similar to the one described in version I of the workflow. Differences
between the workflows occur in the implementation of muscle stiffnesses to satisfy stability
requirements. The following paragraphs will elaborate on these differences and on added steps to

version | of the workflow. The overall framework is illustrated in Figure 13.

‘ Model Geometry ‘ ‘ Follower Loads.sto ‘
I Read Geometry FE Modeling Framework — Version II
— Follower Loads
Joints
-
Joint Stiftnesses Create Joint
‘ Probes
[ Actuation Forces
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Value of ¢ Muscle Stiffness -
Modify Muscle
Muscle Stiffness Run
Lengths.sto Simulation
‘ Muscle Loading |
e
| ‘ Joint Loading | Export
Inverse Results
Dynamics.sto
‘ Kinematics.xlsx ‘ ‘ Compressive Joint Loads.xlsx

Figure 13: Flow chart of the FE modeling framework — version 11

The Read Geometry, Joints, and Joint Stiffnesses functions are executed in the exact same

manner as was described in Chapter 3.1.4.

Modifications were brought to the script in the Actuation Forces function. Here, the script
begins by computing muscle stiffnesses for each muscle in the model using Eq. 2. The value of ¢

is input by the user and the muscle lengths and forces are outputs of the SCSO framework. The
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script then performs a check to determine whether the muscles have already been created in Ansys.
This check is useful in the event that the model has already been created, but the user wishes to
input new forces files and a new value of ¢ to perform a simulation. In this case, the user would
input the correct files and run the Actuation Forces function only instead of running the entire
script, and the existing muscles would be assigned the newly calculated stiffnesses. On the other
hand, if the model is being built for the first time and the muscles have not yet been created, muscle
spring creation is executed in the same fashion as was described for version I of the framework,

and the muscle stiffnesses calculated are assigned to each spring, respectively.

Once the muscles have been created, the forces and ID files are used to assign muscle forces
and joint loads to the model, in the same way as in version I of the framework. The forces file
input by the user must be of the same format as the forces file that is usually output from the SO
analysis in OpenSim, containing muscle forces, torques produced by the joint bushings and
forces/torques produced by coordinate actuators. The muscle forces are direct outputs from the
SCSO framework, and bushing torques, which can easily be obtained from a SO analysis in
OpenSim, are added to the muscle forces file by the user. Muscle forces are directly applied to
each respective muscle spring in Ansys. Pure moment loads are applied at each IVJ, the values of
which are determined by Eq. 5. When using the SCSO framework, coordinate actuators cannot be
considered, in which case the Mc,,rqace term is zero and the moment applied at each joint

corresponds only to moments produced by the mass properties of the model.

Lastly, compressive FLs are applied to each IVJ in the same way as in version I of the
framework. Because the computation of muscle forces is determined using the SCSO framework
which doesn’t perform SO via the OpenSim API, the steps for obtaining the FL file were not
illustrated in Figure 12. These steps are performed separately by the user, using the OpenSim GUI

or API, following the same method as was described in version I of the framework.

To run the simulation, the loading conditions, namely the muscle forces, joint moments, and
FLs due to gravity, are simultaneously applied to the model in a neutral spine pose, over three load
steps. Similar to version I, these loading conditions drive the flexion of the spine until static

equilibrium is met. Results being monitored by the joint probes are exported to Excel files.
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3.3. Model Sensitivity Analysis

The original FATLS model was validated extensively for lumbar compressive joint loads, at
L1L2 and L4L5 levels specifically, in both static and dynamic tasks, against vertebral implant load
and IDP measurements [12, 35]. Modifications, as described in Chapters 3.1.1 and 3.2.1, were
brought to the model to simplify its representation in Ansys, to avoid convergence issues, and to
make it compatible for use with the SCSO framework. Therefore, a sensitivity analysis was carried
out to evaluate the sensitivity of the axial compressive loads on IVJs following each model
modification. This was necessary to determine whether the modifications brought to the model had
significant impacts on model outputs that were of interest for the co-simulation workflow, and to
determine whether compensatory changes should be implemented to account for the

simplifications brought to the models.

3.3.1. Sensitivity Analysis — Workflow Version 1

The sensitivity of compressive joint loads was evaluated for each of the modifications brought
to the model for version I of the co-simulation workflow. Various versions of the model were
generated to compare the compressive joint loads after each of the modifications listed in Chapter
3.1.1. The model versions and their modifications are listed in Table 2. ModelO corresponds to the
original model, with only the legs removed and pelvis fixed to ground, and serves as the base

model for comparing all other model versions.

Table 2: Models used to evaluate the sensitivity of compressive joint loads

Model Version Modifications from Original Model
Model0 e Legs removed
e Pelvis fixed to ground
Modell e Legs removed
e Pelvis fixed to ground
e Arms and muscles attaching to the
arms removed
Model2 e Legs removed

e Pelvis fixed to ground
e Arms and muscles attaching to the
arms removed
e Intercostal muscles removed
Model3 e Legs removed
e Pelvis fixed to ground
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e Arms and muscles attaching to the
arms removed

e Intercostal muscles removed

e Rib actuators removed

Model4 e Legs removed

e Pelvis fixed to ground

e Arms and muscles attaching to the
arms removed

e Intercostal muscles removed

e Abdomen-sacrum joint welded

e Muscles were reduced to origin and
insertion points only

Compressive joint loads were evaluated by performing SO followed by JRA using OpenSim,
for each model version. These analyses were performed for all motion files listed in Table 1, to
simulate the entire ROM of the spine in forward flexion. However, only 0 to 60% of the ROM was
simulated for Model3, as SO started to fail for larger ROM poses. For Model0O, which included the
upper limbs, the flexion poses were simulated with the arms always vertically pointing towards

the ground.

To assess the sensitivity of the model for each of the key modifications made to it, linear
regression was carried out between the compressive joint loads of each model and trunk flexion
angle, at the L1L2 and L4LS5 levels specifically. To evaluate the strength of the linear relationships
between the joint loads of the different model versions over the range of trunk flexion poses

simulated, Pearson’s correlation coefficients were estimated at the L1L.2 and L4L5 levels.

Mean absolute percent differences (MAPD) in joint loads between the different model versions
and the original model (Model0) were also evaluated to quantify the magnitude of the variation in

joint loads occurring with each modification brought to the original model.

3.3.2. Sensitivity Analysis — Workflow Version Il

In version II of the workflow, it was required to remove the rib actuators from the model. In
order for the SCSO framework to find convergent solutions, the intercostal muscles were added
back into the model. Therefore, a sensitivity analysis was performed to compare joint loads
between the original model (Model0) and the model used for version II of the workflow, which

will be referred to as Model5. To evaluate the sensitivity of the model, linear regression was carried
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out between the compressive joint loads of Model5 and Model0 and trunk flexion angle, at the
L1L2 and L4LS5 levels specifically. To evaluate the strength of the linear relationships between the
joint loads of the two models over the range of trunk flexion poses simulated, Pearson’s correlation
coefficients were estimated at the L1L2 and L4L5 levels. The MAPD were also calculated between

the joint loads of the two models.

3.4. Workflow Verification

A key step to modeling workflows includes their verification, to ensure that the algorithms they
contain are implemented correctly [87]. Verification of the SCSO framework was described in its
original publication, by checking that muscle forces produced by the algorithm were the same as
those produced by OpenSim’s SO tool at high values of g (g > 13) [63]. The same verification
procedure was followed to verify the SCSO framework following the modifications described in

Chapter 3.2.2.

Both versions of the hybrid modeling framework were verified by manually inspecting the
locations and orientations of joint and body CSs, bushing stiffnesses, locations of muscle
attachment points, and muscle stiffnesses in Ansys. Tests were done to ensure that the application
of FLs produced the same joint loads as those extracted from OpenSim without the application of
muscle forces. Tests were also done to verify that muscle forces were applied to the correct muscle
springs and that the correct joint moments were applied at each spinal level in Ansys. Each of these

tests was performed for various scaled models.

3.5. Workflow Validation

Another key step in the development of modeling workflows includes their validation.
According to the ASME definition, validation is “the process of determining the degree to which
a model is an accurate representation of the real world from the perspective of the intended uses
of the model” [87]. Therefore, the co-simulation workflow must be validated to ensure that the
modeling choices and assumptions made in the definition of the FE model and application of

loading conditions accurately reproduce the MSK simulations performed in OpenSim. The FATLS
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model was previously validated for lumbar spine joint loads during static and dynamic lifting tasks,
which are movements that occur mainly in the sagittal plane. Hence, validation studies comparing
the kinematics and joint compressive loads between the FE and MSK models, for static flexion
poses, were conducted for both versions of the co-simulation workflow. Moreover, even though
the MSK model was validated for lumbar joint loads only, both lumbar and thoracic joint
compressive loads will be considered in the validation study, to determine how well the FE model

represents the MSK model at all levels.

3.5.1. Validation of the Co-Simulation Workflow — Version 1

The generic model was scaled to produce six male models, corresponding to the 10, 50%, and
90" percentiles for mass and 50™ and 90™ percentiles for standing height. The models were scaled
for mass based on the values published by Cassola ef al. [88]. The generic FATLS model
corresponds to the 50" percentile height, and previously published marker data of a participant
representing the 90™ percentile height were used to scale the model height [12]. The six models’
heights and masses are listed in Table 3, where each model’s name reflects its percentile in height

(H) and mass (M).

The models were scaled using OpenSim’s Scale Tool for analyses performed in the SO and
SCSO frameworks. To scale the geometry of the model in Ansys SpaceClaim, a function was added
to the automated scripting workflow, which gathers information from the generic and scaled model

.osim files and scales the geometry accordingly (See Appendix F).

Table 3: Height and mass of the models used for validation of the simulation workflow

HS50 M10 H50 M50 HS50 M90 H90 M10 H90 M50 H90 M90
Height (cm) 175 175 175 185 185 185
Mass (kg) 66 79 98 66 79 98

To validate the co-simulation workflow, the six scaled models were used to simulate the flexion
poses listed in Table 1 (Chapter 3.1.2), following the steps of version I of the simulation workflow.
As mentioned in Chapter 3.1.4, trial and error were required to find the smallest stiffnesses that
could be attributed to the muscles for the simulation to converge in Ansys. Reasonable stiffnesses,
ranging between 1 and 30 N/m (and 40 N/m for neck muscles) could be attributed to the models
for the poses ranging between 10 and 40% of the ROM. The stiffnesses attributed to the muscles
of each model for the simulated poses are listed in Table 4. Neutral spine (0% ROM) and large
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flexion poses required significantly larger muscle stiffnesses (stiffness > 100 N/m) for simulations
to converge, which did not produce matching kinematics with the OpenSim model. The same
outcome was observed for the 40% flexion pose with the H90 M90 model (cell indicated with (-

)). Thus, these simulations were not included in the analyses used to validate the simulation

workflow.
Table 4: Muscle stiffnesses attributed to models for each flexion pose in Ansys
Muscle Stiffnesses (N/m)
10% ROM 20% ROM 30% ROM 40% ROM
HS50 M10 1 1 1 22
H50 M5S0 4 4 4 18
HS50 M90 4 4 4 20
H90 M10 1 1 1 22
H90 M50 1 | 1 27
H90 M90 2 2 2 -

3.5.2. Validation of the Co-Simulation Workflow — Version Il

Similarly, the six scaled models of Table 3 were used to simulate the flexion poses listed in
Table 1, but this time following the steps of version II of the co-simulation workflow. To use the
SCSO framework, the user must input a value for ¢, the muscle proportionality constant, that is
used in stability calculations. During the development of the workflow, it was found that setting ¢
to larger values resulted in larger differences between kinematics obtained in the FE and MSK
models. This occurs because the SCSO framework computes muscle forces that will satisfy both
equilibrium and stability constraints for a given static flexion pose. In Ansys, the loading
conditions are applied to the model in the neutral spine position. The application of the loading
conditions perturbs the model which causes the spine to flex forward until equilibrium is met. This
equilibrium state corresponds to the flexion pose that was input into the SCSO framework.
However, when the parameter ¢ increases in value, so do the stiffnesses associated with the muscle
springs in Ansys. Stiff muscles effectively stiffen the model, limiting the flexion of the spine that
is observed. Hence, to reduce the kinematic differences between the FE and MSK models, the
smallest value of ¢ possible was selected for each model and each simulated pose to achieve
convergence in both modeling platforms. The values used for each simulation are listed in Table

5. Cells with (-) are cases where the simulation was not included in the analyses.
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Table 5: Muscle proportionality constants, q, required for each simulation

Percent HS50 M10 HS50 M50 H50 M90 H90 M10 H90 M50 H90 MY90
ROM in

Flexion

(%)

0 1 1 - 2 1 -
10 0.5 0 0.5 0.5 1 2
20 0.5 0 0 0.5 0.5 1
30 0 0 0 0 0 1
40 0 0 0.5 0 0.5 1
50 0 0 0.5 0.5 0.5 1
60 0 0 1 2 2 2
70 0.5 0.5 - 2 2 2
80 0.5 - - 2 2 -

It was possible to simulate postures ranging from 0 to 80% ROM in flexion using values of g
between 0 and 2. While it was possible to achieve convergence for the 90 and 100% ROM poses
with higher values of ¢, these were not included in the analyses as values of ¢ larger than 2
produced models in Ansys that were too stiff to reach the desired kinematics. This was also the

case for all cells indicated with (-) in Table 5.

3.5.3. Statistical Analyses

Following all simulations performed for the validation studies, results being tracked by joint
probes, namely rotations in the sagittal plane and axial compressive loads at the IVIJs, were
exported for analysis. The kinematics and joint loads obtained from the simulation in Ansys were
compared to those from the OpenSim motion file and from the JRA results, respectively.
Comparisons between models were achieved by calculating the absolute differences (Eq. 9) and

absolute percent differences (Eq. 10) between corresponding joint kinematics/loads of each model.

Absolute Difference = |AnsysValue — OpenSimValue| Eq.9

|AnsysValue—OpenSimValue)|

* 100% Eq. 10

Absolute Percent Difference = -
OpenSimValue

The maximum and mean =+ standard deviation (SD) differences were calculated over all joints and

all six models. Moreover, correlations were estimated between model kinematics and joint loads
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as the flexion of the spine increased using Spearman’s Rank Order correlation coefficient. This
correlation analysis was used with the assumptions that the data are not normally distributed but
that there is a monotonic relationship between the variables being compared. The strengths of the
correlations were evaluated such that coefficients between 0.70 and 0.89, and between 0.90 and

1.00 indicate strong and very strong correlations, respectively [89].
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4. RESULTS

4.1. Model Sensitivity Analysis
4.1.1. Sensitivity Analysis — Workflow Version I

The joint compressive loads at the L4L5 and L1L2 levels are presented in Figure 14 for static
poses ranging from 0 to 100% of the spine ROM in forward flexion. All model versions, except
for Model3, seem to have similar joint loads in poses from 0 to 70% ROM. In that range, loads
from the modified models appear to be less than those in ModelO in standing, and they surpass
those of ModelO as the flexion angle increases. From 80 to 100% ROM, larger differences are
observed between the joint loads of the different models. In fact, coordinate actuators were
included in each model version to assure simulation convergence when performing a SO analysis
in the event that the muscles were not strong enough to satisfy equilibrium constraints. Activation
of the coordinate actuators in ModelO was near zero for poses in the 0 to 70% ROM range. Their
contribution to joint torques started to increase for the 80% ROM pose and exceeded 10% of total
joint torques in some joints in the 90-100% ROM poses. This is indicative that the model is not
strong enough to satisfy equilibrium constraints in large ROM poses, hence larger discrepancies
in joint loads are observed in that range when modifications or simplifications are brought to the
model. A significant contribution from coordinate actuators was also observed in that range for
Modell and Model2, but not Model4. As for Model3, joint loads from 0 to 60% of the spine ROM
only are presented because, as previously mentioned, SO started to fail in larger flexion poses.
Furthermore, Model3 required significant contributions from coordinate actuators for all flexion
poses simulated, indicating that the model is not strong enough when rib actuators are not included.
Moreover, joint loads increased rapidly as the flexion angle of the spine increased, resulting in
large differences with Model0. It is for these reasons that the rib actuators were re-integrated into

Model4.

52



L4L5 L1L2

5000 4000
o O Model0
=] + Model1
=R 3500 * Model2
O Model3
4000 A Model4
3000
3500
— o a
2500 -
£ 3000 A
S
o A
2500 A 2000
s A ¥ a
= +
‘G 2000 A
] + 1500
= X o o
o © A
1500 s
*
o & ; . ¥ 1000 " " A . #
1000 A
% ? A 2 @ —
g g 500 8 a Q ® 2
* * *

500? ? & 2-
0 )

s . . ‘ : 0 : ‘ ‘
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
% ROM in Flexion

Figure 14: Joint compressive loads for L4L5 and L1L2 — model version 0 to 4

In order to evaluate the linear relationships between each modified model and ModelO,
linear regressions were performed to determine if joint loads increase proportionally between
models as the flexion angle increases. The regression analyses, illustrated in Figure 15 and Figure
16, were performed for the 0 to 70% range of flexion (and 0 to 60% for Model3), only considering
the ROM where the models were strong enough to satisfy equilibrium equations. At the L4L5 joint
(Figure 15), the linear trend lines show that joint loads in models 1, 2, and 4 increase at 1.33, 1.29,
and 1.28 times the rate of Model0O as flexion angle increases, respectively. The relationship
between each of these models to ModelO are very similar, suggesting that the modifications made
to models 2 and 4 did not produce significant additional changes in joint load patterns following
the modifications of Modell. The regression coefficient for Model3 is much larger, indicating that
joint loads in Model3 increase 5.09 times more than ModelO as flexion angles increase. This large
increase in joint loads is also observed in Figure 14. No comment can be made on the significance
of the linear relationships between the joint load patterns of each model as these were evaluated

only for the unscaled model and for select flexion angles, resulting in very few data points.
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Figure 15: Linear regressions between modified models and Model0 for the L4L5 joint

Similar observations are made considering the relationships between models at the L1L2
joint (Figure 16), but the joint loads appear to increase at larger rates in all models compared to
Model0 than at the L4L5 joint. Moreover, the relationships between the models do not appear to
be completely linear at the L1L.2 joint. There are also larger differences between the coefficient a
of models 1, 2, and 4 than at the L4L5 joint, indicating that the modifications made to the models

had greater repercussions at higher levels of the lumbar spine.
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Figure 16: Linear regressions between modified models and Model0 for the L1L2 joint
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To evaluate the strength of the linear relationship between the compressive joint loads of
each model version to ModelO, Pearson’s correlation coefficient was estimated over 0 to 70%
ROM for models 1, 2, and 4, and over 0 to 60% ROM for Model3. Table 6 presents the correlation
coefficients between each model version and Model0. Very strong correlations (r > 0.90) were
found between each model and ModelO for both L4L5 and L1L2 joints. No comment can be made
on the significance of the correlations as the data points were not normally distributed due to a
very small sample size. Furthermore, as previously noted, the relationships between the joint loads
of the different model versions do not appear to be completely linear at the L1L2 joint, therefore

it is expected to find slightly lower correlation coefficients at this spinal level.

Table 6: Correlation coefficients between the joint loads of the modified models and Model(

Modell — Model2 — Model3 — Model4 —
Model0 Model0 Model0 Model0
L4L5 1.00 0.99 0.99 0.99
L1L2 0.97 0.97 0.97 0.94

Quantifying the magnitude of the absolute differences between the joint loads of each
model version can provide additional insight on the effect that each model modification had on
joint loads. Therefore, the MAPD were calculated, over 0 to 70% ROM (and over 0 to 60% ROM
for Model3), between each model version and ModelO (Table 7). The MAPD between Modell and
Model0 was between 10 and 20%, indicating that removing the arms from the model had a
significant impact on joint loads. The MAPD only increased by 2.7% and 3%, at L4L5 and L1L2
respectively, from Modell to Model2, indicating once again that removing the intercostal muscles
caused little change on the joint loads. The MAPD between Model3 and Model0O were greater than
100% and 200% at L4L5 and L1L2, respectively. These differences were visually observed in
Figure 14, where it was noted that the action of rib actuators significantly contributed to the
strength of the model and to joint loads. Lastly, the MAPD between Model4 and Model0 were
comparable to those of Modell and Model2.

Table 7: Mean absolute percent differences between joint loads of each model version and Model0

IV Joint Modell — Model2 — Model3 — Model4 —
Model0 Model0 Model0 Model0
L4L5 13.3 16.0 113.6 12.5
L1L2 18.3 21.4 214.0 22.9
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4.1.2. Sensitivity Analysis — Workflow Version 11

In version II of the co-simulation workflow, it was required to remove the rib actuators from
the model and reintegrate the intercostal muscles for simulation convergence using the SCSO
framework. The joint loads calculated with this version of the model (Model5) are compared with
the original model (Model0) in Figure 17. Model4 joint loads are illustrated as well to visualize
joint loads in comparison to those obtained in version I of the workflow. Similar to observations
made in Chapter 4.1.1, the joint loads in Model5 are lower than those in Model0 in low flexion
angles, but they increase to larger values than those in Model0 and Model4 as the flexion angle
increases. In model 5, no coordinate actuators were included in the model because these could not
be considered in the SCSO framework. As a result, the SO tool failed for the 100% ROM flexion
pose, indicating once again that the model is not strong enough to satisfy equilibrium constraints
in large flexion poses. However, Model5 did not exhibit large increases in joint loads with flexion
angle as was observed with Model3, even though the rib actuators were not included in the model.
Moreover, larger contributions of the intercostal muscles were observed in Model5 than in Model0
and Modell, which included them as well, indicating that these muscles are more active in the

model when rib actuators are not present.
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Figure 17: Joint compressive loads for L4L5 and L1L2 — model version 0, 4 and 5
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A linear regression, illustrated in Figure 18, was performed between the joint loads of
Model5 and Model0, and only for the 0 to 70% range of flexion. At both L4L5 and L1L2 joints,
the joint loads in Model5 increased at higher rates than ModelO as the flexion angle increased. The
coefficients a are larger than those for models 1, 2, and 4, but smaller than those of Model3, even
though the rib actuators were not included in the model. Furthermore, like observations made for
the other models, the relationship between the joint loads of Model5 and Model0O does not appear
to be linear at the L1L2 joint, indicating that modifications made to the model had a greater impact

at higher spinal levels.
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Figure 18: Linear regressions between Model5 and Model0

To evaluate the strength of the linear relationship between the compressive joint loads of
Model5 and Model0, Pearson’s correlation coefficient was estimated over 0 to 70% ROM. Very
strong correlations were observed between the joint loads of the two models at both L4L5 and
L1L2 levels, with r = 0.98 and r = 0.90, respectively. Once again, no comment can be made on
the significance of the correlations, and lower correlations are observed at the L1L2 level due to

the nonlinearity of the relationship between the two models at this joint.

The MAPD between Model5 and Model0 were computed to evaluate the effect of the
modifications made to the model for the SCSO framework. Focusing on 0-70% ROM poses, the
MAPD were 32.3% and 46.4% for the L4L5 and L1L2 joints, respectively. The differences in joint

57



loads between Model5 and ModelO are larger than those observed with models 1, 2, and 4, but

substantially smaller than those observed with Model3.

4.2. Workflow Validation
4.2.1. Validation of the Co-Simulation Workflow — Version 1

To validate the co-simulation workflow, the outputs, namely the IVJ kinematics and
compressive loads, of simulations performed using the six scaled models were compared between
the modeling platforms. Table 8§ presents the maximum and mean absolute differences between the
kinematics and compressive joint loads of the FE and MSK models using version I of the co-
simulation workflow. Both kinematic and joint load differences increase with the spine flexion.
The mean kinematic differences are all less than 1° and the maximum differences smaller than 2°.
The mean joint load differences are all smaller than 30 N and the maximum differences smaller

than 70 N.

Table 8: Maximum and mean absolute differences in kinematics and joint loads between modeling platforms,
categorized by flexion pose — version [

Percent ROM in Flexion Kinematic Absolute Joint Load Absolute
(%) Differences (°) Differences (N)
Max Mean + SD Max Mean + SD
10 1.13 0.19+0.28 41.00 732+ 891
20 1.44 0.23 £0.32 4141 9.30+£9.52
30 1.70 0.32+£0.36 52.79 13.69 £ 12.55
40 1.72 0.71 £0.46 65.88 2348 £16.47

To better quantify the significance of these differences, Table 9 presents them as percent
differences. Although the kinematic differences in Table § are always less than 2°, these differences
often represent a large proportion of the rotation angles at each joint, which vary between 0° and
6° over all spinal levels and the 10 to 40% ROM simulated. This is observed in the maximum
percent differences which are all greater than 100%. The percent differences in joint loads however
are much smaller, where the maximum percent differences are less than 40% and the mean percent
differences less than 15%. This is because the joint loads throughout the spine and through the
ROM simulated reach values up to 1400 N. It is interesting to note that the absolute kinematic

differences in Table 8 increase as the spine flexion increases, but the opposite is observed when
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looking at the percent differences. This occurs because, although the absolute differences increase
with flexion angle, the individual intervertebral angles also increase. Thus, the proportion of
absolute differences to observed intervertebral angles become smaller as the spine flexion

Increases.

Table 9: Maximum and mean absolute percent differences in kinematics and joint loads between modeling platforms,
categorized by flexion pose — version |

Percent ROM in Flexion Kinematic Absolute Percent Joint Load Absolute Percent

(%) Differences (%) Differences (%)
Max Mean + SD Max Mean + SD
10 416 54.4+79.9 26.8 4.82+6.13
20 180 32.9+427 27.4 5.94+6.72
30 150 293+ 344 28.5 7.71 +£8.42
40 163 41.5+31.2 37.3 11.3+10.5

The data shown in the previous tables often presents maximum differences which are
largely outside the bounds of the SD, indicating potential outliers in the data. To identify whether
peaks in differences occur at specific levels of the spine, the kinematic and joint load absolute
percent differences were plotted for each intervertebral level in Figure 19 and Figure 20,
respectively. The differences plotted represent the mean = SD over all models, where each subplot
is a different flexion pose. In Figure 19, differences between Ansys and OpenSim kinematics are
near zero in the lumbar and lower thoracic spine, except for the 40% ROM pose, where differences
are more significant throughout the spine. On the other hand, for all poses simulated, there are
obvious peaks in kinematic differences at the T8T9, T9T10, and T1T2 levels which often surpass
100% differences. Peaks are also observed at the TST6 and T6T7 levels in the 10% ROM poses.
In Figure 20, joint load differences are negligible in the lumbar and low thoracic levels. In the
upper thoracic spine, joint load differences are more significant, although less than 40% in all
cases. No obvious peaks are observed in joint load differences in the thoracic spine. It should be
noted that large ranges are presented for the SD, as these simulations were generated with six
models varying in height in weight, resulting in a large variability of joint loads and differences

observed between Ansys and OpenSim.
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Finally, to evaluate the strength of the relationship between kinematics and joint loads

simulated in Ansys and OpenSim, a correlation analysis was performed for both types of variables.

The correlation analyses were performed over all scaled models, all IVJs, and all flexion poses
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between 10% and 40% ROM, and are illustrated in Figure 21 and Figure 22. The intervertebral
angles increase at each level as we move inferiorly within the spine and also increase as the total
spine flexion increases. This results in a set of data points that is not normally distributed with a
negative skew, as observed in the histogram of Figure 21. Note that the kinematics of Figure 21
are listed as negative values because of the definition of the axis systems in the model, where
negative angles about the z-axis represent a rotation in the forward flexion direction. Since the data
are non-normally distributed, Spearman’s Rank Order Correlation Coefficient was estimated to
perform this analysis. Strong significant correlations (r > 0.7,p < 0.001) were observed between

the kinematics of both types of models.

Osim

-2
Ansys Osim

-3

Figure 21: Spearman's Rank Correlation Coefficients between Ansys and OpenSim kinematics — version I

Similarly, the joint loads increase at each level as we move inferiorly throughout the spine
and also increase as the total spine flexion increases. This also results in a non-normal distribution
of data points, which can be seen in the histogram of Figure 22, with a positively skewed
distribution. Since the data is non-normally distributed, Spearman’s Rank Order Correlation
Coefficient was estimated to perform this analysis. Very strong significant correlations (r >

0.9,p < 0.001) were observed between both types of models.
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Figure 22: Spearman's Rank Correlation Coefficients between Ansys and OpenSim joint loads — version I

4.2.2. Validation of the Co-Simulation Workflow — Version 11

As previously mentioned, all simulations were conducted by first selecting the smallest muscle
proportionality constant (g) possible to reach simulation convergence in both the SCSO framework
and in Ansys. Table 10 details the absolute differences in kinematics and joint loads between the
FE and MSK modeling platforms, based on the minimum value of ¢ required to simulate each
static pose. The differences were calculated over all six model versions, IVJs, and flexion poses
simulated, categorized by the value of ¢. In general, both the maximum and mean differences
increase as the value of ¢ increases, with the exception of the joint load differences when g = 1,

which has larger differences than for g = 2.

Table 10: Maximum and mean absolute differences in kinematics and joint loads between modeling platforms,

categorized by value of q
Muscle Kinematic Absolute Differences Joint Load Absolute Differences
Proportionality () N)
Constant, g Max Mean + SD Max Mean £+ SD

0 1.71 0.27£0.26 103.80 24.41 £20.93
0.5 3.33 0.52 £0.59 212.03 37.69 + 38.33

1 4.63 0.70 £0.92 951.81 135.34+179.22
7.33 1.20+£1.53 453.58 74.22 £91.60
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To better quantify the significance of these differences, Table 11 details the absolute percent
differences in kinematics and joint loads between the FE and MSK modeling platforms, based on
the minimum value of ¢ required to simulate each static pose. Although the kinematic differences
in Table 10 are on average less than 2°, and maximum errors are less than 8°, these errors often
represent a large proportion of the rotation angles at each joint, which vary between 0° and 11°
over the 0 to 80% ROM range simulated. This is observed in the kinematic differences which are
greater than 100% of the joint kinematics in many cases and greater than 1000% when q = 1 or
q = 2. The percent differences in joint loads on the other hand are much smaller, because although
differences reach up to several hundred Newtons, the joint loads in the spine are often upwards of

1000 N and can reach upwards of 3000 N in large flexion poses.

Table 11: Maximum and mean absolute percent differences in kinematics and joint loads between modeling
platforms, categorized by value of q

Muscle Kinematic Percent Differences  Joint Load Percent Differences (%)
Proportionality (%)
Constant, g Max Mean = SD Max Mean = SD
0 218 15.6+21.8 30.4 473 £5.26
0.5 279 31.9+42.5 50.0 5.28 £6.60
1 104 000 10 600 +21 300 60.9 8.05+8.23
75 500 2 580+ 10 700 114 11.4 +£18.7

It is clear that the differences in both kinematics and joint loads increase as the value of ¢
increases, hence model and simulation parameters of the MSK model are better reproduced in
Ansys when g = 0. To evaluate these differences as the simulated pose increases in flexion, Table
12 details the absolute differences in kinematics and joint loads between the FE and MSK
modeling platforms, for each flexion pose and when g = 0. Cells containing (-) are present when
simulations could not be conducted with any scaled model with a g of zero for that flexion pose.
Here, mean kinematic differences are greater at the 10% flexion pose, but otherwise range between
0.2° and 0.3°. Kinematic differences seem to decrease as the spine flexion increases towards the
mid ROM but then increase as the flexion increases further. No obvious trend is observed in the

joint load differences.
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Table 12: Maximum and mean absolute differences in kinematics and joint loads between modeling platforms, when
q is zero

Percent ROM Kinematic Absolute Differences Joint Load Absolute Differences

(%) () ™)
Max Mean = SD Max Mean + SD
0 R R - R
10 1.36 0.41+0.38 70.61 33.83+22.12
20 1.16 0.29 £0.26 34.16 13.36 £ 10.72
30 1.71 0.28 +£0.29 103.80 24.09+21.82
40 0.61 0.20+0.16 66.37 2249+ 17.20
50 0.80 0.24 +0.29 77.01 2791 £22.02
60 1.29 0.28 +£0.29 86.11 30.90 +25.30
70 - - - -
80 - - - -

Table 13 details the same information as Table 12, but the percent differences are presented.
Here, the kinematic percent differences decrease as the flexion angle increases. This is in
accordance with the observations made in Table 12, where the differences decreased from 10% to
40% of the ROM. Although differences increased slightly in the 50% and 60% ROM poses, these
differences represent a smaller proportion of the actual kinematics, which translates in smaller
percent differences. The opposite observation is made for the joint load differences, where the
percent differences seem to increase as the flexion angle increases. However, this increase in
percent differences is very small, as mean differences are always less than 10% of joint loads, and

less than 5% for many flexion poses.

Table 13: Maximum and mean absolute percent differences in kinematics and joint loads between modeling
platforms, when q is zero

Percent ROM Kinematic Absolute Percent Joint Load Absolute Percent
(%) Differences (%) Differences (%)
Max Mean + SD Max Mean + SD
0 - - - R
10 218 64.0 + 54.5 4.90 247 +£1.40
20 60.2 229+17.6 13.1 2.77 +£3.61
30 46.3 14.1 +£10.9 17.3 410+ 3.64
40 18.3 8.18 +5.81 30.4 5.98 +£6.82
50 15.4 7.59 £5.04 30.2 6.48+7.18
60 18.2 6.68 +4.76 23.8 5.79 £ 5.38
70 - - - -
80 - - - -
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Similarly to observations made during the validation of version I of the workflow, the data
shown in the previous tables often presents maximum differences which are largely outside the
bounds of the mean and SD differences, indicating potential outliers in the data. To identify
whether these peaks in differences occur at specific levels of the spine, the kinematic and joint
load percent differences were plotted for each intervertebral level in Figure 23 and Figure 24,
respectively. The percent differences plotted represent the mean = SD over all models, where each
subplot is a different flexion pose simulated with ¢ = 0. In Figure 23, we can see peaks in
kinematic percent differences at L2L3 in the lumbar spine, and at T9T10, T8T9, T6T7, and T5T6
in the thoracic spine, although these peaks do not necessarily occur in all flexion poses. In Figure
24, the percent joint load differences are generally below 10%, and in some cases below 5%. We
can see clear peaks in percent differences that surpass these thresholds at the TST6 and T6T7 levels
in the larger flexion poses. The peaks observed at T5T6, T6T7, T8T9, and T9T10 are consistent
with those observed in the validation of version I of the workflow. Once again, it should be noted
that large ranges are presented for the SD, as these simulations were generated with six models
varying in height in weight, resulting in a large variability of muscle stiffnesses between models,

joint loads and also large differences observed between Ansys and OpenSim.
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Figure 23: Mean kinematic percent differences categorized by IVJ when q=0 — version II
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Figure 24: Mean joint load percent differences categorized by IVJ when g=0 — version 1l

Finally, to evaluate the strength of the relationship between kinematics and joint loads
simulated in Ansys and those from the MSK model, a correlation analysis was performed for both
types of variables. The correlation analysis was focused on simulations performed successfully
with g = 0, and was evaluated over all scaled models, all IVJs, and all flexion poses. More
simulations were successful for the 30% ROM flexion than the other flexion poses, which causes
an uneven spread of data points representing the kinematics and joint loads. The kinematics and
joint loads also vary throughout the spine. As a result, the data are not normally distributed, thus
Spearman’s Rank Order Correlation was performed for the analysis. Figure 25 illustrates the
correlation between the kinematics obtained in Ansys and those from OpenSim. From the
histograms, it is clear that the data are not normally distributed and are negatively skewed. Very

strong significant correlations (r > 0.9,p < 0.001) were found between the kinematics of the two

modeling platforms.
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Figure 25: Spearman's Rank Correlation Coefficients between Ansys and OpenSim kinematics — version 11

Figure 26 illustrates the correlation between the joint compressive loads in Ansys and those
from OpenSim. Once again, the histograms show that the data are not normally distributed with a
positive skew. Perfect correlations with a high level of significance (r = 1,p < 0.001) were found
between the joint loads of the modeling platforms, which is a reflection of the negligible

differences presented in Table 13.
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Figure 26: Spearman's Rank Correlation Coefficients between Ansys and OpenSim joint loads — version Il

4.3. Simulation Performance

All simulations and analyses carried out for this project were done on a 2.30 GHz 12" Gen
Intel Core 17-12700H laptop. The time required to perform any analyses within the OpenSim
GUI or the API, including SO and JRA, took less than one minute. The time required to
estimate muscle forces using the SCSO framework generally took between 5 and 10 minutes.
It should be noted that the SCSO framework performs multiple analyses using the OpenSim
API, such as several point kinematics analyses and a muscle analysis, followed by an
optimization algorithm for computing muscle forces. That said, the computing time required
to perform analyses using the SCSO framework is comparable to the time it would take to

perform the same analyses directly in OpenSim.

All work done using the Ansys software was done through a virtual private network (VPN)
to access the licenses provided by Numalogics Inc. This should be taken into account upon the
consideration of computing times, as the VPN lowered the performance of the software. That

said, the computing time required to generate the MSK model in Ansys using the automated
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scripting workflow took up to several hours, depending on the number of muscles included in
the model. For instance, the models used in version I of the co-simulation workflow included
306 musculotendon actuators. The time required to build an equivalent model in Ansys took
between 2 and 3 hours. Loading different forces files to simulate a new static pose on an

existing model took less than 2 minutes.

In version II of the co-simulation workflow, the models had 458 musculotendon actuators.
Moreover, functions were added to the script for calculating the stiffness of each muscle spring.
Generating a model in Ansys using version II of the workflow took between 3 and 4 hours.
Loading different forces files and recalculating the muscle stiffnesses on an existing model
took between 10 and 15 minutes. It should be noted that trial and error was required from the
user to find the minimum value of ¢, the muscle proportionality constant, that would produce
converging simulations in both the SCSO framework and in Ansys, and this time is not

included in the computing time listed above.

Performing the scaling function of the scripting workflow in Ansys, to scale the generic

model, took about 5 minutes.

Once the model was built and forces were applied to the model in Ansys, running the
simulation itself and generating results took less than 1 minute for all models and for both

versions of the simulation workflow.
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S. DISCUSSION

The overarching objective of this project was to create a hybrid, or co-simulation, workflow to
determine in-vivo loading conditions, namely muscle forces, that can be used to simulate functional
ROM poses in a FE model of the whole spine. This workflow was created for the OpenSim and
Ansys platforms and requires a combination of manual user manipulations and automated steps
for the generation of matching MSK and FE models and for the execution of both types of

simulations.

5.1. Sensitivity Analysis

The base model used to develop, test, verify, and validate the workflow was the MSK FATLS
model. The original model had to be modified to simplify its representation in Ansys, to avoid
convergence issues, and to make it compatible for use with the SCSO framework. Therefore, a
sensitivity analysis was carried out to evaluate the sensitivity of the axial compressive loads at the
IVJs to each model modification. This was necessary to determine whether the modifications
brought to the model had significant impacts on model outputs that were of interest for the co-

simulation workflow.

In performing SO analyses for the full ROM of the spine in flexion in the original model
(Model0), it was noticed that the contribution of coordinate actuators started to increase at the 80%
ROM pose and surpassed 10% of the total joint moments in the 90 and 100% poses. This is
indicative that the musculotendon actuators in the model are not strong enough to satisfy model
equilibrium constraints for those poses. In fact, in the validation studies performed by Bruno et al.,
they performed multiple static tasks ranging between neutral spine and 30° of flexion, but did not
perform simulations for high trunk flexions [35]. In the validation study performed by Akhavanfar
et al., dynamic lifting tasks were simulated with high trunk flexion, but the exact range of spine
flexion reached and contribution of coordinate actuators were not discussed [12]. Moreover, in
both validation studies, the joint loads were investigated in the lumbar spine, but validation of the
thoracic joint loads was very limited. Therefore, it is possible that the model would require

adjustments so that it can be used to successfully perform full ROM tasks without the need for

70



coordinate actuators. In assuming that the model is not strong enough to satisfy equilibrium
constraints in large ROM poses, it is reasonable to observe a large divergence in joint load

predictions when modifications and simplifications were brought to the model.

The modifications brought to Modell consisted of the removal of the upper limbs and of
muscle groups attaching to the upper limbs. The linear regression analyses indicated that the joint
loads predicted by this model increased with flexion angle 1.33 and 1.75 times faster than Model0
at the L4L5 and L1L2 joints, respectively. Moreover, the MAPD between the joint loads of the
two models were 13.3 and 18.3%, at L4L5 and L1L2 respectively, where joint loads were smaller
in Modell at low flexion angles and greater at larger flexion angles. This can be explained by the
added compression of the joints in low-flexion poses by the weight of the upper limbs. In the larger
flexion poses, with the arms always vertically pointing towards the ground in Model0, the weight
and muscle activity in the arms reduced the total compressive load on the lumbar spine. The arms
were removed from the model as their modeling in Ansys was not necessary and would have
produced a large computational burden. However, a simplified method for considering their weight

on the trunk would be beneficial for more accuracy in joint load estimations.

In Model2, the intercostal muscles were removed. It was assumed that they would produce
very little activity as the ribs were fixed with respect to the vertebrae, and so no intercostal
movements could be produced. This hypothesis was confirmed by the small changes in linear

regression coefficients and MAPD from those calculated with Modell.

Similarly, in Model3, the rib actuators were removed. Once again, because the ribs and sternum
were fixed with respect to the vertebrae, it was hypothesized that the activity of the rib actuators
would have little effect on the joint loads of the model. However, a significant increase in the joint
loads was observed as the flexion angle increased in Model3, where joint loads increased more
than five times faster than in Model0. This resulted in MAPD with ModelO that were greater than
100 and 200% at the L4L5 and L1L2 joints, respectively. Moreover, the SO analysis could not find
converging solutions for poses greater than 60% of the ROM in flexion. For the simulated poses
that did converge, high recruitment of the coordinate actuators was observed. The rib actuators
were originally included in the model to mimic loads transmitted by costal cartilage through the

ribcage, and their optimal forces were set to high values of 1000 N so that the SO algorithm would

71



favour their activation over the activation of muscles to support the ribcage [35]. In this version of
the model, their role is unclear as the ribs have no DOF with respect to the vertebrae and the
stiffening effect of the ribcage on the thoracic spine has been implicitly included in the bushing
properties of the thoracic IVJs. It is possible that the forces produced by the rib actuators, between
adjacent ribs, and between ribs and the sternum, were high enough to produce moments about the
IVIJs, contributing to the equilibrium of the model. In light of these results, the rib actuators were

kept in the model for all future analyses.

In Model4, the motion of the abdomen was removed by fixing it with respect to the sacrum
and all musculotendon actuator paths were reduced to origin and insertion points only. These
modifications were required to reduce the computational burden of the model in Ansys and to
avoid convergence issues. The linear regression coefficients and MAPD with ModelO are
comparable to those of Modell and Model2, indicating that these modifications had little effect on
the joint loads.

Model5 was created so that the model would be compatible for use with the SCSO framework.
Here, all coordinate and rib actuators had to be removed, which, as previously mentioned, caused
the simulations to fail. To remedy this, the intercostal muscles were reintroduced into the model,
which was successful in being able to produce converging simulations. Although the intercostal
muscles were minimally activated and their removal produced very minimal change in the joint
loads of Model2, it was hypothesized that their recruitment would increase when the rib actuators
were not considered. Similarly, as these muscles attach to adjacent ribs which are fixed to the
vertebrae, their activation is thought to produce moments about the IVJs which contribute to the
model equilibrium. It is suspected that these muscles were not being recruited when the rib
actuators were considered because the latter were assigned high optimal forces, making their
recruitment more favourable than the recruitment of the intercostal muscles. The linear regression
coefficient and MAPD with Model0 were significantly larger than for the other model versions,

indicating that the modifications made to Model5 greatly influenced joint load predictions.

In sum, the correlation analyses showed very strong relationships between the joint loads of
each modified model and Model0, although linear regressions and MAPDs indicated that some of

the model modifications had significant impacts on the absolute values of the compressive joint
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loads. The linear regression coefficients and the MAPD with Model0 were greater at the L1L.2
joint for all models than at the L4L5 joint. This means that the modifications brought to the model
produced greater changes in joint loads and joint load patterns in higher lumbar levels. The joint
loads in the thoracic levels were not evaluated for this sensitivity analysis because those did not
undergo as much validation, and so we have little information on their accuracy. The MAPD
between Modell and Model0O were greater than 10%, which has been recommended as the upper
limit of acceptability [90]. Therefore, including the weight of the upper limbs in future
developments of this project would be recommended for better joint load predictions. While the
MAPD were higher than 10% in Model2 and Model4, which both also had upper limbs removed,
the increase (or decrease) of MAPD from the values of Modell are of less than 10%, indicating
that the removal of intercostal muscles, fixing the abdomen, and simplifying the muscle lines of
action did not significantly alter the joint load predictions. On the other hand, the increase in
MAPD for Model5 was greater than 10%, meaning that this version of the model is not well suited
for the evaluation of joint loads. Future developments of version II of the workflow should consider

updating the SCSO framework to be able to consider actuators other than muscles in the model.

5.2. Workflow Version I

Using Model4 from the sensitivity analysis, version I of the co-simulation workflow was
developed. Overall, the workflow consisted of recreating the FATLS model with the exact same
structure and components in Ansys, and transferring loads calculated from OpenSim as loading
conditions in Ansys. A few modeling choices were made to simplify this process. Firstly, the
muscle fascicles were represented as uniaxial linear springs, with minimal stiffness, connecting
the origin and insertion points of the muscles. In using springs to apply the muscle forces to the
model, rather than simply applying them as force vectors [84, 91], regardless of potential
differences in kinematics between the Ansys and OpenSim models, we are ensuring that the line
of action of muscles is always directed along the path between origin and insertion points.
Secondly, a decision was made to omit the action of the rib actuators in the Ansys model. From
the sensitivity study of the joint loads, although it was hypothesized that the rib actuators produced
moments about the IVJs, their role was not fully understood. Thus, their contributions to model

kinematics were neglected in Ansys in hopes of simplifying the modeling process, getting a better
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understanding of their role, and that simulation convergence could still be achieved without them.
Note that the muscle forces transmitted to Ansys were those that were computed in OpenSim with
the contribution of rib actuators. Thirdly, the gravity loads were separated into axial compressive
force and joint moment components. Many co-simulation studies have reported that the BCs in the
FE simulation included the kinematics of the spine in the deformed or flexed position in addition
to the loading conditions extracted from MSK modeling methods [17, 81-82, 84]. Numalogics
wanted a way to apply only loading conditions to the FE model in its undeformed state, namely in
the neutral spine position. This was accomplished by decomposing the gravity loads into force and
moment components. The moments produced by body masses in the neutral spine do not
correspond to those in the flexed spine. Therefore, in applying moments, at each IVJ, that occur
from gravity loads in the flexed configuration, these moments could perturb the model and cause
it to flex forward until static equilibrium was reached with the applied muscle forces. The
compressive components of the gravity loads were applied as FLs, using the current
methodological approach used by Numalogics for the application of FLs. In general, the shear
loads in the spine are much smaller than the compressive loads, and these were not of concern for
Numalogics. Therefore, for the development and testing of the simulation workflow, at this time,

the shear component of gravity loads was not modeled in Ansys.

5.3. Validation of Workflow — Version I

To validate version I of the co-simulation workflow, simulations of various flexion poses were
produced for six scaled models. Flexion poses ranging between 10 and 40% of the ROM in flexion
were successfully simulated. The 0% ROM, namely the neutral spine position, and flexion poses

of 50% ROM and greater could not be simulated due to convergence issues in Ansys.

One of the limitations of the SO algorithm used in OpenSim is that it penalizes co-contraction,
limiting the activation of antagonist and synergist muscles [13, 46]. In comparing model
predictions with EMG measurements, it has been found that SO significantly underpredicts
activation of the abdominal muscles [48, 59-60, 63, 92]. Moreover, the SO algorithm used in
OpenSim does not consider stability constraints, which affects the prediction of co-activation. For

instance, studies have found that small intersegmental muscles, such as the multifidus, are essential
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for maintaining stability of the spine [57], along with activation of antagonistic abdominal muscles
[55, 58-61]. These limitations of SO are thought to be large contributors to the convergence issues

that were being encountered in Ansys.

More specifically, convergence issues were occurring at the neutral spine position, which has
been shown to be a naturally unstable position, due to smaller muscle force demands and smaller
stiffness of the joint structures [55]. Convergence issues were also occurring at large flexion poses,
which contradicts the literature, where large flexion poses have been shown to be most stable [55,
57, 81]. This increase in stability is due to increased stiffness from the passive spinal structures in
these poses and increased stiffness from the recruitment of muscles [55, 57]. Higher muscle
recruitment in high flexion poses increases the compressive loads on the spine, which can be
detrimental to spinal stability. However, experimental studies have shown that the functional spinal
unit stiffness increases under increased compressive loads [93], inherently stabilizing the spine.
The relationship between functional spinal unit stiffness and the magnitude of compressive loads
havs not been incorporated into the passive stiffness definitions of the FATLS model, which could

be part of the cause for these discrepancies with the literature.

Although many convergence issues were encountered while using this version of the co-
simulation workflow, the latter could still be validated in the 10 to 40% ROM in flexion. For each
simulation, the kinematics and axial compressive loads in the Ansys spine were compared to those
in OpenSim. The magnitude of the compressive loads increased as the flexion angle increased,
which resulted in larger differences occurring between models as the flexion angle increases as
well. The mean percent differences were less than 10%, which is within the range of acceptability
[90], except for the 40% ROM pose. Larger differences were observed in the 40% ROM pose as
higher stiffnesses needed to be attributed to the muscle springs in Ansys for simulations to

converge, which resulted in modeling discrepancies with OpenSim.

Upon observation of the kinematic differences, the absolute differences were, on average, less
than 1° and always less than 2°. While these may seem like small differences, because each joint
angle only varied between 0° and 6° in the range simulated, these sometimes resulted in percent

differences that were greater than 100%. The percent differences, all being significantly greater
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than 10%, indicate that the current modeling setup or simulation workflow is not adequate for

accurately reproducing MSK simulations in OpenSim, with the FATLS model.

Since the maximum differences, for both joint loads and kinematics, were largely outside the
bounds of the mean and SD ranges, the differences were observed at each independent spinal level
to determine if specific areas of the spine were problematic. In doing so, it was found that the
kinematic differences were minimal in the lumbar spine, and that large differences were observed
in the thoracic spine specifically. The source of these differences may come in part from
discrepancies in the modeling of the muscles between Ansys and OpenSim. Larger percent
differences in the thoracic spine were also expected as the intervertebral angles during flexion are
lower in the thoracic spine than in the lumbar spine, thus absolute differences translate into larger
percent differences at these levels. However, it is most likely that these differences came from the
lack of the action of rib actuators in Ansys. In performing SO analyses in OpenSim, convergence
could not be reached when these were not considered along with coordinate actuators, but their
true effect on the model was not fully understood. In Ansys however, simulation convergence could
be obtained when these were omitted. In addition, no exponential increase in joint loads was
observed in Ansys when omitting them, but a perfect match of model kinematics with OpenSim
was not possible. It is likely that the muscles in the model are not strong enough to satisfy
equilibrium constraints without the rib actuators. Therefore, in performing SO in OpenSim,
without rib actuators, the algorithm would assign very high muscle activations, which resulted in
large increases in joint loads as the spine flexion increased. It is now clear that, with the current
configuration of the model, the rib actuators do in fact produce moments about the thoracic IVJs,
and that the latter are necessary to equilibrate the spine in flexion, regardless of whether the rib

cage has DOF or not.

The intervertebral rotations were smaller in Ansys than OpenSim at most levels, likely due to
the attribution of stiffnesses to the muscles in Ansys, limiting the flexibility of the model. However,
exceptions occurred at the T5T6, T6T7, T8T9, and TI9T10 levels. At these levels, the Ansys model
reached greater flexion angles than those in OpenSim. These levels also happen to be where some
of the large peaks in kinematic differences were observed. The high flexion angles at these specific
levels suggest that they are most dependent on the action of the rib actuators, and that the muscles

surrounding these joints specifically may not be strong enough to satisfy equilibrium constraints.
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Larger differences were also observed in the thoracic spine comparatively to the lumbar spine
concerning the joint loads, however no specific joints were identified as being more problematic.
Once again, these discrepancies could be due to the combined effects of missing rib actuators and
stiffnesses attributed to muscle springs in Ansys. Further developments of version I should
consider the modeling of the rib actuators in Ansys or should investigate ways to strengthen the
model so that rib actuators may be omitted. For example, this could include the modification of
joint stiffness properties at the thoracic levels to account for the additional stiffness otherwise

provided by the rib actuators.

Lastly, to evaluate the strength of the relationship between the OpenSim and Ansys kinematics
and joint loads, correlation analyses were performed over all IVJs, all flexion poses, and all scaled
models. Strong significant correlations were found between both variables of the two modeling
platforms. Indeed, some modeling choices, such as the exclusion of the rib actuators and the
attribution of stiffnesses to the muscle springs in Ansys, created differences in joint loads and
kinematics between the models. However, regardless of these sources of error, the workflow
allowed us to produce simulations of static flexion tasks in a FE modeling platform, using in-vivo
loading conditions, which predicted kinematics and joint loads with a strong relationship to those

in the MSK model.

5.4. Workflow Version 11

A big drawback from version I of the co-simulation workflow was the inability to simulate a
wide ROM of poses, such as the neutral spine position and large flexion poses. SO penalizes co-
contraction, limiting the activation of antagonist and synergist muscle groups which are essential
for spinal stability. Therefore, although the SO algorithm computes muscle forces which satisfy
equilibrium constraints, it does not ensure that the system is stable in the equilibrium position. This
was hypothesized to be the cause of the convergence issues encountered in Ansys. To remedy this,
a second version of the co-simulation workflow was developed so that we could compute muscle
forces that satisfy both equilibrium and stability constraints. The SCSO framework developed by
Akhavanfar et al. [63], which employs the simplified equation for stability derived by Potvin and

Brown [62], was used in this version of the workflow. Model5 was used in this workflow, as
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coordinate and rib actuators could not be accounted for when using the SCSO framework. Overall,
the simulation workflow consisted of similar steps as version I of the workflow, in recreating the
FATLS model with the exact same structure and components in Ansys, and transferring loads
calculated from the SCSO framework and OpenSim as loading conditions in Ansys. In version II,
muscle stiffnesses and their contribution to stability were calculated, and these same stiffnesses

were assigned to the muscle springs in Ansys.

5.5. Validation of Workflow — Version 11

To validate version II of the co-simulation workflow, simulations of various poses were
performed for the six scaled models. While version I was limited to simulating poses ranging
between 10 and 40% of the ROM in flexion, version II was able to produce simulations ranging

between 0 and 80% of the ROM.

It was found that setting ¢ to larger values increased the differences in kinematics and joint
loads observed between the OpenSim and Ansys models. As previously mentioned, these increases
in differences occurred because the muscle stiffnesses were computed for the flexed position in
the SCSO framework, but they, along with muscle forces, were applied to the Ansys model in the
neutral spine position. Therefore, in choosing larger values of ¢, the muscle stiffnesses increased,
which inherently stiffened the spine so that it was not able to flex to the desired position. Because
of this, trial and error was necessary to determine the smallest value of ¢ that would produce

converging simulations.

The smallest value of ¢ for maintaining stability has been referred to as the critical ¢ in the
literature. Although the value of ¢ for skeletal muscles has not yet been completely determined,
with values ranging between 0.5 and 42 and a mean of 10 in the literature [56], many studies have
examined the critical ¢ for spine models. Gardner-Morse ef al. used a model of the lumbar spine
with 50 pairs of muscle fascicles and found a critical g of 6.92 for flexion and lateral bending tasks
[58]. Arjmand and Shirazi-Adl used a kinematics-driven FE model of the lumbar spine with 56
muscle fascicles and found a critical ¢ of 17 in standing when intra-abdominal pressure and
abdominal co-activation were neglected and found a critical g of 8 when they were considered. In

both cases, a critical g of 0 was found in flexion poses between 40 and 60° [94]. Lastly, in the
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development of the SCSO framework, Akhavanfar et al. tested the workflow using a ¢ of 3 and 5
and compared muscle activations with EMG measurements [63]. They found that assigning
smaller values of g produced better agreement between model muscle activation patterns and EMG
measurements for the co-activation of abdominal muscles. They determined that smaller values of
q forced the algorithm to assign higher muscle activations to maintain stability, which triggered
abdominal co-activation. In comparison to these studies, we found a critical g ranging between 0
and 2 for flexion poses of 0 to 80% ROM in forward flexion, depending on the scaled model used.
Larger critical ¢ values (values of 1 and 2) were necessary in all neutral standing poses and in some
poses in the higher ROM in flexion, whereas most flexion poses in the mid ROM (10 to 50%
ROM) were associated with smaller critical ¢ values (values of 0 and 0.5). Hence, like these
previous works, we found higher critical ¢ values in standing comparatively to the critical g values
for flexion poses. Poses that have a higher critical g represent poses that are less stable than poses
with a critical ¢ of zero, as this indicates that muscles are required to have more stiffness to
maintain stability in these poses, based on the potential energy definition of stability. Overall, our
values of critical ¢ were smaller than those predicted by these other studies, which could be due to
the very high number of muscle fascicles included in the model, naturally stiffening the spine and

increasing its stability.

Contrarily, our results showed that the critical ¢ slightly increased in large flexion poses (60 to
80% ROM), indicating less stability. Previous works have shown that the stability of the spine
increases in large flexion because of increased stiffness from the passive joint properties at large
flexion angles and because of the compression-dependent increase in stiffness [55]. The
compression-dependent stiffness of the spinal units is not considered in the FATLS model, which
could be a reason for these discrepancies with the literature. It is also possible that the tuning of
the stiffness properties of the bushings in the model would be required to better replicate the
increase in stiffness at high flexion angles. Moreover, we found that the critical g increased in the
heavier and taller scaled models. Heavier models are subjected to larger compressive loads from
gravity and taller models may be less stable due to higher external work applied on vertebral joints
from the increased height of the bodies. The stiffness properties of the joint bushings are based on
generic parameters and are not being scaled with model mass and height, which could explain why

these models required larger values of g.
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It should be noted that the poses in which higher values of g were required correspond to the
same poses, namely neutral standing and large flexion poses, in which convergence issues were
encountered in version I of the simulation workflow. This supports the hypothesis that convergence
issues were occurring because the model was inherently unstable with the muscle stiffnesses and

forces that were being applied to the model.

In producing simulations of flexion poses with values of ¢ varying between 0 and 2, the
differences between the kinematics and joint loads in the Ansys and OpenSim models were
evaluated. Even in this low range of ¢ values, it was evident that increasing its value caused large
differences in kinematics and joint loads between the models. Overall, mean kinematic differences
were less than 2°, however maximum differences reached over 7°. While the range of flexion poses
was much larger in version II of the simulation workflow, these errors are larger than those
observed in version I of the workflow. This is also evident in the percent differences, where these
were over several thousand percent when g was 1 and 2. The percent differences in joint loads did

increase with increasing g, however these differences were almost always less than 100%.

Since increasing the value of ¢ produced large discrepancies in the Ansys model outputs
compared to OpenSim, further data analysis was carried out by focusing on the simulations
performed with a g of zero. In this case, the muscle stiffnesses were always zero, and so the model
stability and equilibrium constraints were satisfied by the activation of muscles only, and it was
possible to achieve matching simulation outputs between modeling platforms. In observing
kinematic differences with a g of 0, we see that the differences were highest at 10% ROM,
decreased as the flexion angle increased, and started to increase again at 50 and 60% ROM. An
association can be made here between model instability and kinematic differences, where positions
that have been shown to be less stable result in larger discrepancies between models. A possible
explanation for these increases in differences is that at low values of ¢, when the model is less
stable, the SCSO framework assigns higher muscle activations to the model [63]. The pairing of
the OpenSim/SCSO framework and Ansys software can introduce sources of error from
differences in tolerances attributed to model parameters and the order of operations performed.
For example, in the SCSO framework, muscle forces are estimated such that model equilibrium is
maintained for an input static flexion pose. In Ansys, those muscle forces are applied to the model

and the flexion pose observed is a result of the application of the loading conditions to the model.
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Therefore, number rounding, differences in tolerances, and small errors in the muscle forces output
by the SCSO framework can reasonably produce slightly different kinematics in Ansys. Another
source of error comes from slight differences in the definition of the Ansys and OpenSim models.
For instance, in Ansys, muscle springs cannot have stiffnesses of zero, and in those cases, near
zero stiffnesses are rather attributed to the muscles in Ansys. Therefore, with the prediction of high
muscle forces from the SCSO framework, it is reasonable to also expect larger differences between

the kinematics of the Ansys and OpenSim models.

Although the kinematic differences observed vary with flexion angle, the mean kinematic
differences all remain within a small range of 0.2 to 0.3°, except for the 10% ROM pose. This
reinforces the thought that with the high number of muscles included in the model, and with high
muscle force values being transferred between the SCSO framework and Ansys, small
discrepancies will always occur between model outputs. Moreover, because the absolute kinematic
differences remain within this small range, this results in percent differences decreasing with
increasing spine flexion angle. The 30 to 60% ROM poses presented MAPD less than 10%, which
is within the range of acceptable differences [90], indicating that the workflow produces reliable

model outputs in these poses.

In terms of the joint load differences, the MAPD are always less than 10%, and in some cases,
less than 5%, which signifies that this workflow, with a g value of 0, produces highly accurate joint

loads in Ansys in comparison to those in OpenSim.

Similarly to observations made in version I of the simulation workflow, the maximum
differences, for both kinematics and joint loads, were often largely outside the bounds of the mean
and SD ranges. In plotting the differences for each IVJ, peaks in kinematic differences occurred at
multiple joints, namely L2L3, T9T10, T8T9, T6T7, and T5T6, whereas differences in the upper
thoracic levels were negligible. Joint load differences presented peaks at the T6T7 and T5T6 joints
as well. The peaks observed in the thoracic levels were at the same levels as the peak differences
observed in version I of the simulation workflow. This reinforces the hypothesis that these specific
joints may be less stable due to the lack of stiffness around these joints or that the muscles

surrounding these joints are not strong enough.
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To further validate the kinematic outputs of the simulation workflow, our kinematic differences
were compared to those published by Khoddam-Khorasani et al. [17]. They developed a co-
simulation workflow, where they simulated static poses up to the full ROM in flexion, using a
model of the lumbar spine with 56 muscles. Their kinematic differences at each IVJ] were less than
0.6°. They did not indicate the significance of these values in percent differences. The mean
absolute differences in this workflow were mostly between 0.2 and 0.3°, with mean and SD ranges
remaining below 0.6°. However, our maximum differences recorded were larger, but remained
below 2°, which seems reasonable considering that our model features more DOF. We can
conclude that this simulation workflow produces similar kinematic differences to those presented
by Khoddam-Khorasani et al., with the advantage that we are considering the kinematics of the

entire thoracolumbar spine, a much larger number of muscles, and stability constraints.

Lastly, to evaluate the strength of the relationship between the OpenSim and Ansys kinematics
and joint loads, correlation analyses were performed over all IVJs, all flexion poses, and all scaled
models. Very strong significant correlations were found between the kinematics of the two
modeling platforms, showing a stronger relationship with version II than version I of the workflow.
Perfect significant correlations were found between the joint loads of the two modeling platforms,
indicating that version II of the workflow, with a g of 0, is highly reliable for producing simulations

of static poses using in-vivo loading conditions where the evaluation of joint loads is of interest.

5.6. Comparison of the Simulation Workflows

Both versions of the simulation workflow presented strengths and weaknesses. For instance,
version Il was more computationally expensive, with longer computation times required for
performing the SCSO framework, for trial and error to find the critical ¢, and for the longer
computation time required to build the model in Ansys because of the stiffness calculations and
the higher number of muscles included. On the other hand, version I was very limited in the range
of flexion poses that could be successfully simulated and generally presented larger kinematic and
joint load differences between the Ansys and OpenSim models. On that note, correlations between
the kinematics and joint loads of the Ansys and OpenSim models were much higher in version II

of the workflow.
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More specifically, in developing both versions of the workflow, it became clear that the
consideration of stability constraints is essential for producing co-simulations of the full
thoracolumbar spine with in-vivo loading conditions. The fact that stiffnesses had to be attributed
to the muscle springs for simulations to converge in version I of the workflow indicates that the
muscle forces predicted by the SO algorithm in OpenSim do not correspond to physiological
muscle forces that would be required to maintain stability. Moreover, Akhavanfar et al. showed
that the SCSO framework produced muscle activation patterns that better correlated to EMG
measurements than the traditional SO algorithm at small values of ¢ [63]. Lastly, the kinematic
differences obtained using version II of the simulation workflow with a g of 0 were comparable to
those found in the literature [17]. Therefore, it is my recommendation that version II of the
simulation framework should be chosen when performing co-simulations of the thoracolumbar

spine, using the FATLS model.

5.7. Strengths of the Simulation Workflow

The co-simulation workflow developed, along with the MSK model chosen for its development
and validation, have many strengths. The FATLS model is currently one of the most detailed and
biofidelic models of the thoracolumbar spine that has been published and validated. In using this
model, this was the first study, according to this author’s knowledge, that was able to successfully
produce co-simulations using in-vivo loading conditions with a fully articulated thoracolumbar
spine. All previous works modeled the lumbar spine only, or the lumbar spine with a lumped rigid
thorax. In modeling the entirety of the thoracolumbar spine, we were able to account for the
stiffening properties of the ribcage on the thoracic spine, to consider the motions of the thoracic
spine, and to provide attachment points for all trunk muscle groups in physiological locations.
Moreover, this model included the greatest number of musculotendon actuators of all published

models used for co-simulation.

The workflow itself has many advantages as well. We found that, in producing co-simulations
of the full thoracolumbar spine with in-vivo loading conditions, it was essential to consider stability
constraints. This has not been consistently considered in the literature, with many groups still

neglecting its importance in muscle force estimations [17, 83-84]. In considering stability
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requirements, the workflow overcame the limitation of traditional SO algorithms which cannot
account for co-activation, and this allowed us to simulate a large ROM of static poses without

convergence issues.

In addition, the literature has shown that the application of in vitro loading conditions does not
accurately reproduce physiological loading distributions in the spine when comparing IDP,
compression, and shear loads throughout the spine with those resulting from muscle forces [7, 17].
In simulating functional ROM poses of the spine with muscle forces, we can better predict soft

tissue stresses and deformations under physiological conditions.

Some groups have reported the need for iteratively modifying MSK stiffness properties to
obtain matching kinematics between FE and MSK models due to differences in the modeling of
soft tissue structures such as IVDs and ligaments [17]. The iteration procedure can be time
consuming and doesn’t necessarily always produce good results. To avoid this issue, the [VJs were
modeled as bushings with identical stiffness properties in both the MSK and FE models. While
this is not useful for simulating stresses and deformations in the IVDs, this setup will be very
useful for Numalogics in their design optimization of medical devices. They currently have a
model of the lumbar spine where the vertebrae are modeled as rigid bodies and the IVJs as
bushings. Only instrumented vertebral bodies have elastic material properties for the simulation of
contact stress between implant and bone and for the evaluation of stress distributions in the
implants during functional spine movements [18]. With this workflow, Numalogics will be able to
advance these analyses by modifying the material properties of vertebral bodies of interest and
performing simulations with in-vivo loading conditions; something that could potentially influence

the results of their analyses.

Another advantage of this workflow is that kinematics do not need to be considered as BCs in
the FE model. Only the in-vivo loading conditions are applied to the model, which was a specified

requisite for Numalogics and their analyses.

Lastly, the FATLS model was developed for OpenSim, an open-source software with in-depth
documentation and resources. The OpenSim tools and resources are easily available to
Numalogics. This software will allow them to perform various types of static simulations and will

give them the potential to perform simulations with person-specific models, by scaling the generic
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FATLS model and using experimental motion capture as input kinematics, in the event that this is
needed. Similarly, through the creation of the automated scripting workflow for automating the
model creation and scaling, and transfer of loading conditions from OpenSim to Ansys, this

workflow will remain easy and efficient for them to use in their analyses.

5.8. Limitations

The model used also had many limitations. For instance, only the rotational DOFs were
considered in the model and the stiffening effect of compressive loads were not considered. Wang
et al. had modeled these in their definition of the IVJ stiffness properties [41], but they were not
included in the validation study performed by Akhavanfar ef al. because of difficulties in
measuring translational kinematics of the spine using motion capture methods [12]. Also, the
original FATLS model defined the muscles with curved lines of action or via points, which were
modified to straight lines of action for the development of this workflow. Although the sensitivity
analyses indicated that this modification had little impact on the joint loads in flexion poses, other
studies have highlighted that the wrapping of the trunk extensor muscles influences joint loads,
muscle force estimations, and stability levels [95]. Furthermore, the curved lines of action of the
abdominal muscles and the activation of these muscles has been linked to intra-abdominal
pressure, a mechanism shown to unload the spine and contribute to stability [96]. Another
limitation includes the bushing stiffness properties, which were not currently scalable for
taller/heavier models, and resulted in lower stability margins for these models. Moreover, the
scaling of the model parameters assumed that bodies scale linearly, which may not be the most

physiological representation of the varying total body height and mass in the population.

An important limitation of the model was that it was not strong enough to satisfy equilibrium
constraints without the action of rib actuators in OpenSim. Because the stiffening effect of the
ribcage has been included in the bushing definitions of the thoracic IVJs, the rib actuators should
not have to be necessary to equilibrate the model. In addition, the original model was not strong
enough to meet equilibrium constraints in the 90-100% ROM poses without contribution from the
coordinate actuators. Therefore, care should be taken in the future to revise the properties of the

model, such as muscle parameters and bushing stiffnesses at large flexion angles. The
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identification of weaknesses at specific thoracic joints indicates that model weaknesses may occur

around those levels specifically.

The SCSO framework had limitations of its own. Actuators other than muscles could not be
considered in stability calculations. As a result, Model5 was used in version II of the workflow,
and through the sensitivity analysis, it was found that this model predicted significantly different
joint loads from ModelO. In addition, the contribution of passive joint stiffness was not considered
in the stability calculations. This did not prevent us from performing successful simulations in
Ansys, as the consideration of passive joint stiffnesses would only increase the stability of the
model. Future developments of the SCSO framework should focus on the implementation of
passive joint stiffnesses in stability calculations and the consideration of various types of actuators.
In addition, the SCSO framework was developed in MATLAB, which is not a tool that Numalogics
has access to. For them to be able to use the framework in house, it would have to be converted to

Python.

Although the SCSO framework was used to validate muscle activation patterns with EMG
measurements using a simplified spine model [63], the muscle forces and joint loads computed

with the FATLS model and the SCSO framework were not validated.

The co-simulation workflow developed also had limitations, the main one being that
simulations cannot be performed with high values of g. Because the loading conditions are applied
to the spine in its neutral state, high values of ¢ stiffen the model to the point that it cannot flex to
the desired positions. The simulation workflow is also limited in that it was validated by comparing
kinematics and compressive joint loads at each level, between Ansys and OpenSim/SCSO, but the
shear loads were not evaluated. Numalogics was not concerned about the shear loads in the model,
as their current simulation methods do not account for shear loads at all. Therefore, to simplify the
modeling process, shear from gravity loads were not considered, and so the comparison of shear
loads in Ansys with those in OpenSim would have yielded significant differences. Lastly, the
workflow was validated for flexion poses only. Future work should investigate the performance of

the workflow in the other planes of motion.
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6. CONCLUSION

6.1. Summary

This work was done in collaboration with Numalogics Inc., a Montreal-based company
specializing in the use of FE models for computer modeling and simulation consulting services. In
their current work with FE models of the spine, they commonly perform functional ROM
movements to evaluate stress distributions in spinal instrumentation devices and to perform design
optimization of these devices. Their current simulation methods consist of driving the model with
in vitro loading conditions. Studies have shown that these in vitro loading conditions do not
accurately represent the spinal load distributions produced by muscle forces. Therefore, they desire
to assess whether these loading conditions are representative of in-vivo loading conditions in the
evaluation of load distributions in spinal instrumentation devices, and whether this modeling
choice has a significant impact on the conclusions drawn from their FE simulations. To be able to
answer these questions, this work focused on the development of a co-simulation workflow, using
matching MSK and FE models of the fully articulated thoracolumbar spine. With this workflow,
in-vivo loading conditions could be applied to the FE model to simulate functional ROM static

poses. More specifically, the overarching goal of this work was subdivided into three objectives.

The first objective was to replicate a validated MSK model of a fully articulated thoracolumbar
spine in Ansys, the FE modeling software used by Numalogics. The FATLS model, selected for its
high level of detail and the many validation studies carried out upon it, was modified to simplify
its modeling in Ansys and to avoid convergence issues. The sensitivity of the simulation outputs,
namely the compressive joint loads and kinematics, were evaluated for the modifications brought
to the model. The model geometry was then imported into Ansys, and the structure of the FATLS
model was replicated exactly. This included the definition of mass properties; joint positions,
orientations, stiffnesses; joint types and DOF; and muscle stiffnesses and attachment point

locations.

The second objective was to determine muscle forces and other BCs required to produce static

simulations of spinal flexion in Ansys. To complete this objective, two versions of the simulation
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workflow were developed. Version I consisted of performing a SO analysis in OpenSim using the
MSK model to calculate muscle forces required to satisfy equilibrium constraints. Version II
consisted of performing a SCSO analysis using a published MATLAB script to calculate muscle
forces and stiffnesses required to satisfy equilibrium and stability constraints. In both versions of
the simulation workflow, the forces and moments calculated from the MSK model were transferred
to the FE model as loading conditions. These included muscle forces, FLs due to gravity loads,
and joint torques representing moments produced by gravity loads and coordinate actuators in the
simulated pose. In version II of the workflow, muscle stiffnesses were also assigned to the FE
model based on a user-defined muscle proportionality constant, g, muscle forces, and muscle

lengths.

The third objective was to validate the co-simulation workflows by comparing simulation
outputs between the FE and MSK models, such as joint kinematics and compressive loads. This
was essential to evaluate how well a MSK simulation can be reproduced in a FE model of the
whole spine. This was accomplished by simulating static poses throughout the ROM of the spine
in flexion with six scaled versions of the FATLS model. These simulations were performed for
both versions of the co-simulation workflow, and the outputs between MSK and FE models were
compared using absolute differences, absolute percent differences, and correlation analyses.
Version I of the co-simulation workflow was not found to be adequate for producing FE
simulations with in-vivo loading conditions, as many convergence issues were encountered, only
a small ROM was successfully simulated, and large kinematic differences were observed. On the
other hand, version II of the co-simulation framework was successfully validated for simulating
flexion poses under in-vivo loading conditions. Negligible kinematic differences were observed in
the 30-60% range of flexion, and negligible joint load differences were observed over the full
ROM simulated. Very strong and perfect significant correlations were evaluated for both variables,

respectively.

In sum, it was found that the consideration of stability constraints is essential to successfully
perform simulations of the full thoracolumbar spine over a physiological ROM. Furthermore,
through the sensitivity analysis and validation studies, it was found that the FATLS model is not
adequate for simulating large flexion poses, as high contribution of coordinate actuators became

necessary. Convergence issues were observed in OpenSim when the rib actuators were not
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included in the model, even though the stiffening properties of the rib cage were implicitly included
in the bushing properties of the thoracic vertebrac. More specifically, weaknesses were observed
at specific thoracic IVJs, namely T9TO, T8T9, T6T7, and T5T6, where a revision of the model

parameters was recommended for future developments.

In conclusion, this project focused on the development of a co-simulation workflow using a
highly detailed and validated thoracolumbar spine model. This is the first study to perform a co-
simulation workflow with a fully articulated thoracolumbar spine and with a comprehensive set of
muscle groups and muscle fascicles. In developing this workflow, we have provided Numalogics
with a framework for answering their research questions, like for example comparing joint loads

or spinal implant stress distributions when using in vitro versus in-vivo loading conditions.

6.2. Future Work

The co-simulation workflow developed consisted of just the first step in the advancement of
the simulation methodologies used by Numalogics. As highlighted in the text, there were many
limitations to both the chosen model and the developed workflow that could be addressed in future
work. For the FATLS model, it could be beneficial to model the six-DOF joints that were developed
by Wang et al., or simply include the compression-dependent stiffness properties in the joint
bushings [41]. Identifying a way to define person-specific stiffness properties for the joint bushings
could also be helpful in overcoming the decrease in stability that was observed in taller and heavier
models. The curved lines of action of the muscles could be modeled in Ansys by using several
springs connecting to each via point or attachment point. Furthermore, although explicitly
modeling the upper limbs in Ansys would be computationally cumbersome, incorporating their
weight on the trunk in a simplified manner would produce better joint loads in comparison to the
original model. This could be done by applying the weight of the upper limbs at a single point with
respect to the thorax. Lastly, as it was identified that the model has weaknesses in large flexion
poses, specific thoracic joints, and when neglecting the contribution of the rib actuators, further
investigation would be required to determine the source of these weaknesses, and to reinforce the

model in these areas.
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The SCSO framework was limited in that passive joint stiffnesses, coordinate actuators, and
rib actuators could not be considered in the stability calculations. These should be implemented
into the script in future developments. In addition, the framework was written for the OpenSim 3.3
API and in MATLAB. It would be beneficial to update the script to the most recent version of
OpenSim and to convert it to Python so that it may be more easily accessible to Numalogics. While
this framework was originally validated with a simple spine model and muscle activation patterns
predicted were compared to EMG measurements, additional validation is warranted for its use with

the FATLS model against both muscle activation patterns and joint loads.

Version II of the co-simulation framework was successful in performing simulations when ¢
was set to 0, while increasing the value of g resulted in significant differences in model outputs.
Although Numalogics specifically requested that the loading conditions be applied to the model in
a neutral position, including model kinematics as BCs in addition to the loading conditions would
help solve this problem. In applying kinematic BCs, all loading conditions would be applied to the
model in the flexed position, and stiff muscles from large ¢ values would only help to stabilize the
model in this position, rather than creating discrepancies with the MSK model. Applying kinematic
BCs would also allow us to consider the motion of the abdomen rather than fixing it with respect
to the sacrum. Furthermore, in all simulations performed, the pelvis was fixed with respect to the
ground. However, pelvis rotations contribute to the overall spine flexion during physiological

movements and should be considered in future developments of this work.

Alternatively, to simulate flexion motions from the neutral spine position, Numalogics could
employ a methodology similar to the one described by Honegger et al. [84], where both kinematics
and loading conditions are applied at each instant in time to simulate a quasi-static movement from
neutral to flexed positions. In this case, muscle stiffnesses would also have to be updated at each

instant in time based on muscle forces and lengths.

Future work should also extend the validation of the workflow by modeling the shear
components of the gravity loads and evaluating the total resulting shear loads with respect to those

in the MSK model. Simulations should also be performed in the other planes of motion.

Lastly, Numalogics will be able to use this workflow to answer their research questions, by

modifying the material properties of instrumented vertebrae, including instrumentation devices in
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these vertebrae, and simulating functional ROM poses to evaluate the stress and load distributions

throughout these medical devices in comparison to in vitro loading conditions.
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Appendix A — FATLS Model Properties — Version I

The model used for version I of the simulation workflow had a total of 56 bodies, 51 rotational
DOF, and 306 musculotendon actuators (Figure A.1). The bodies included consisted of the pelvis,
sacrum, 5 lumbar vertebrae, 12 thoracic vertebrae, a lumped body for the head and neck, the
sternum, the 12 pairs of ribs, and 11 bodies representing the abdomen. The rotational DOF of the
model consisted of 3 rotational DOF for each of the 17 IVJs. The musculotendon actuators
consisted of several fascicles representing all of the major muscle groups surrounding the spine.
These included the psoas major, the erector spinae (iliocostalis, longissimus thoracis pars thoracis,
and longissimus thoracis pars laborum), the abdominals (rectus abdominus, internal obliques, and
external obliques), the multifidus, the quadratus laborum, and neck muscles (cervical erector
spinae, cervical multifidus, splenius, scalenus, longus colli, semispinalis, and
sternocleidomastoid). Lastly, the model included force actuators called rib actuators, which apply
forces between adjacent ribs and between the ribs and the sternum to replicate the forces

transmitted by costal cartilage.

Figure A.1: Illustrations of the FATLS model used in version I of the workflow, featuring the bodies (left), the
anterior muscles (middle), and the posterior muscles (right).
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Appendix B — Motion Files

Table B.1: Intervertebral rotations for each static flexion pose between 0 and 100% ROM, where negative angles

represent a forward flexion angle

Intervertebral Rotation Angle (°)
0% 10% 20% 30% 40% 50%

ROM ROM ROM ROM ROM ROM

L5S1 0 -0.347 -0.687 -1.027 -1.353 -1.673
L4L5 0 -0.74952 | -1.48392 | -2.21832 | -2.92248 | -3.61368
L3L4 0 -1.0757 -2.1297 -3.1837 -4.1943 -5.1863
L2L3 0 -1.2492 -2.4732 -3.6972 -4.8708 -6.0228
L1L2 0 -1.5268 -3.0228 -4.5188 -5.9532 -7.3612
T12L1 0 -0.7981 -1.5801 -2.3621 -3.1119 -3.8479
T11T12 0 -0.7981 -1.5801 -2.3621 -3.1119 -3.8479
T10T11 0 -0.5899 -1.1679 -1.7459 -2.3001 -2.8441
Vi TIT10 0 -0.40252 | -0.79692 | -1.19132 | -1.56948 | -1.94068
T8T9 0 -0.40252 | -0.79692 | -1.19132 | -1.56948 | -1.94068
T7T8 0 -0.40252 | -0.79692 | -1.19132 | -1.56948 | -1.94068
T6T7 0 -0.33659 | -0.66639 | -0.99619 | -1.31241 | -1.62281
T5T6 0 -0.27066 | -0.53586 | -0.80106 | -1.05534 | -1.30494
T4TS 0 -0.27066 | -0.53586 | -0.80106 | -1.05534 | -1.30494
T3T4 0 -0.27066 | -0.53586 | -0.80106 | -1.05534 | -1.30494
T2T3 0 -0.27066 | -0.53586 | -0.80106 | -1.05534 | -1.30494
T1T2 0 -0.27066 | -0.53586 | -0.80106 | -1.05534 | -1.30494
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Intervertebral Rotation An

le (°)

60% 70% 80% 90% 100%

ROM ROM ROM ROM ROM

L5S1 -1.972 -2.251 -2.496 -2.686 -2.808
L4LS -4.25952 | -4.86216 | -5.39136 | -5.80176 | -6.06528
L3L4 -6.1132 -6.9781 -7.7376 -8.3266 -8.7048
L2L3 -7.0992 | -8.1036 -8.9856 -9.6696 | -10.1088
L1L2 -8.6768 | -9.9044 | -10.9824 | -11.8184 | -12.3552
T12LL1 -4.5356 | -5.1773 -5.7408 -6.1778 -6.4584
T11T12 -4.5356 | -5.1773 -5.7408 -6.1778 -6.4584
T10T11 -3.3524 | -3.8267 -4.2432 -4.5662 -4.7736
V3 T9T10 | -2.28752 | -2.61116 | -2.89536 | -3.11576 | -3.25728
T8T9 -2.28752 | -2.61116 | -2.89536 | -3.11576 | -3.25728
T7T8 -2.28752 | -2.61116 | -2.89536 | -3.11576 | -3.25728
T6T7 -1.91284 | -2.18347 | -2.42112 | -2.60542 | -2.72376
T5T6 -1.53816 | -1.75578 | -1.94688 | -2.09508 | -2.19024
T4TS -1.53816 | -1.75578 | -1.94688 | -2.09508 | -2.19024
T3T4 -1.53816 | -1.75578 | -1.94688 | -2.09508 | -2.19024
T2T3 -1.53816 | -1.75578 | -1.94688 | -2.09508 | -2.19024
T1T2 -1.53816 | -1.75578 | -1.94688 | -2.09508 | -2.19024
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Appendix C — Derivation of the Equation for Joint Moments in

Ansys

In the co-simulation workflow, pure moment loads are applied at each IVJ, about the z-axis,
representing the combined action of torques created by the mass properties of the bodies located

above each joint, and coordinate actuators, when applicable.

To obtain the joint torques produced by mass properties, the script requires the ID results that
are output from the SO or SCSO frameworks. The ID Tool in OpenSim estimates the net
generalized forces (forces or torques) that produce the movement described in the motion file.
With the FATLS model, the IVJs only have DOF in rotation, and only simulations of forward
flexion, which are movements occurring in the sagittal plane, were simulated for this project.
Therefore, only the ID results in rotation about the z-axis were of interest. Furthermore, all poses
simulated were static, hence the equation of motion about the z-axis of a joint in rotation is of the

following form:

ZM =0 (Eq. C.1)

where ). M is the sum of moments about a given joint. The moments acting on each joint are
moments from passive stiffnesses, namely the joint bushings (Mj,n;), moments from gravity
(Mgravity) and external moments (Myternar), such as those produced by muscle forces and reserve

actuators (Eq. C.2). The ID Tool explicitly calculates the external moments from muscle forces
and reserve actuators, as the other moments are already known from information in the model file

(Eq. C.3).

Eq.C.2
Z M=0= Mgravity + IVIjoint + Mexternal ( q )

M yternai = ID (inverse dynamics result) (Eq. C.3)

The moments produced by gravity at a given joint can therefore be determined from the ID results
and the moments produced by the joint bushings, which are obtained from the forces file output

by the SO solver in OpenSim:
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Mgravity = —ID — Mjoint (Eq.C4)

Lastly, the moments produced by gravity can be combined with the torques produced by
coordinate actuators (obtained from the forces file output by the SO solver in OpenSim) as a single
resulting moment that is applied to each joint in the Ansys model (Mgppiieq):

Mapplied = Mgravity + MreserveAct (Eq- C~5)

Mapplied =—ID — Mjoint + MreserveAct (Eq- C~6)

In Ansys, M, is explicitly modeled through the definition of joint stiffnesses, and muscle

forces are directly applied to the model as well. Thus, the torques acting at each joint are applied

to the Ansys model to match those of the OpenSim model.
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Appendix D — Detailed Schematic of Simulation Steps

Figure D.1 presents a schematic of the simulation steps performed in version I. In step 1, a
SO framework is employed to estimate muscle forces required to satisfy equilibrium equations for
a static flexion pose in a MSK model, using OpenSim. Gravity loads from body masses are also
computed for the given static pose. In steps 2 and 3, the geometry of the model is defined in Ansys,
followed by the definition of an identical model structure to the OpenSim model. This implies that
the two models have identical geometry, joint definitions, stiffness properties, and muscle
representations. In Ansys, the muscles are modeled as linear springs connecting the origin and
insertion points. In step 4, outputs from the SO framework are used to define the loading conditions
applied to the Ansys model. The loading conditions consist of the muscle forces, joint moments
(from gravity loads and from coordinate actuators), and FLs, which are the axial compressive load
components of the gravity loads. These loading conditions are applied to the model in a neutral
position. In step 5, the FE simulation is performed. In applying the loading conditions
simultaneously, the joint moments corresponding to the gravity loads in the flexed configuration
are what drive the model displacement until static equilibrium is reached. Because the Ansys and
OpenSim models are identical, the static equilibrium pose simulated in Ansys should correspond

to the static flexion pose simulated in OpenSim in the SO framework.
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Step 1. MSK model —  Steps 2-3. Creating the  Step 4. Application of  Step 5. Simulation
OpenSim FE model loading conditions

4 )

A
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Calculating Geometry, joints, Muscle forces, gravity =~ Matching kinematics
muscle forces and gravity ~ stiffnesses, muscles loads (joint moments +  and joint loads to those
loads follower loads), and in the MSK model
coordinate actuator
moments

Figure D.1: Detailed schematic of the simulation steps for version I. Step 1: Calculation of muscle forces and
gravity loads. Steps 2-3: Definition of an identical model geometry and structure in Ansys. Step 4: Application of the

loading conditions to the Ansys model. Step 5: Performing the simulation.
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Appendix E — FATLS Model Properties — Version II

The model used for version II of the simulation workflow had a total of 56 bodies, 51 rotational
DOF, and 458 musculotendon actuators (Figure E.1). The bodies and rotational DOF included in
the model are identical to those presented in Appendix A. The musculotendon actuators included
those listed in Appendix A, in addition to the internal and external intercostal muscles. For version

IT of the simulation workflow, the rib actuators mentioned in Appendix A were removed from the

model.

s‘::.‘

"]
-

Figure E.1: lllustrations of the FATLS model used in version Il of the workflow, featuring the bodies (left), the

anterior muscles (middle), and the posterior muscles (right).
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Appendix F — Automated Scaling of the Model Geometry in Ansys

In OpenSim, the Scale Tool can be used to scale a generic model to fit a specific individual,
based on manual scaling factors or on marker data from laboratory experiments. The geometry that
was imported in Ansys SpaceClaim is the geometry of the generic FATLS model. To produce co-
simulations using a scaled model, it is necessary to scale the geometry in SpaceClaim as well. A
function was added to the automated scripting workflow used in the FE modeling framework to
scale the model when it is required to do so. The following paragraphs will elaborate on the steps

that are taken to scale the model geometry in SpaceClaim using the scripting workflow.

When a model is scaled in OpenSim, the model file will contain information on its scaling.
First, the model file states the scaling factors that were used to scale the geometry of each body in
the x, y, and z directions. Second, the positions of the joints and of the COM of each body are
adjusted from those in the generic model file. Third, the geometry representing each body is
repositioned to reflect changes in joint centers and body COM positions. It should be noted that
the COMs of the bodies defined in the model file do not necessarily correspond to the centroids of
the geometries representing said bodies. For instance, in the FATLS model, the mass properties of
the ribcage were partitioned between the vertebral bodies and sacrum, hence the COM of each
vertebra is situated anterior to its geometrical body. This means that the positions of the body
COMs in the scaled model file cannot be used to reposition the geometry in SpaceClaim. Instead,
we must consider that the centroid of the geometry representing a body, expressed in the CS of the
parent joint, is proportional to the scaling factors for that body. For example, the position of the
centroid of the geometry used to illustrate T11, expressed in the CS of the joint T11T12, will be

proportional to the scaling factors of T11 in X, y, and z.

When building a scaled version of the FATLS model in Ansys, information from the generic
model is required, such as the definitions of the joint CSs. In Workbench, the user must set up two
Static Structural Analysis Systems. The first one is used to perform the Read Geometry and Joints
functions of the script (see Chapter 3.1.4), so that all joint CSs are defined for the generic model.
In the second analysis system, the user must load the generic model geometry from SpaceClaim
and run the model building script, as described in Chapter 3.1.4, with the scaled model file as an

input. The Read Geometry and Joints functions are run, where the CSs of the joints for the scaled
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model are defined. Then, a Geometry Update function is performed, which scales the SpaceClaim
geometry according to information from both the generic model and the scaled model file, through
a series of steps. The steps followed by the Geometry Update function will be explained with the

scaling of the T11 geometry as an example.

From the generic model that was defined in the first Static Structural Analysis System, the

script extracts the global transformations of each joint CS.

Generic IV Joint, = (Eq. E.1)

I
X Y Z P
I
0 0 O
where columns 1 to 3 are the direction vectors of the x, y, and z axes of the joint CS, and column
4 (rows 1 to 3) is the (x, y, z) coordinates of the origin of the joint CS. The fourth row of the
transformation matrix is set to (0, 0, 0, 1). The subscript g indicates that the CS is expressed in the

global space. Taking the T11T12 joint as an example, its transformation matrix is defined, in the

global reference system, and in metres, as

0.96126 —0.27563 —0.041897

0

0.27563 096126 0 0.30846
1
0

Generic T11T12, = (Eq. F.2)

0 0 0
0 0 1

From the generic model geometry defined in SpaceClaim, the script extracts the global position of

the geometry centroid for T11 as

—0.05526
0.31872
0
1

GenericT11, = (Eq. F.3)

where the first 3 rows are the x, y, and z coordinates of the centroid. To find the position of the T11
centroid expressed in the CS of the T11T12 joint, the script multiplies the inverse of
Generic T11T12, with Generic T11,:
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0.96126 —0.27563 0 —0.041897] '[-0.05526 —0.01
Generic T11, = 0.27563 096126 0  0.30846 0.31872 | _10.0135
1= =
0 0 1 0 0 0
0 0 0 1 1 1
(Eq. F4)

where the subscript / is for “local” definition of the centroid coordinates, and the position of the

T11 centroid in the T11T12 CS is (—0.01,0.0135, 0).

From the scaled model file, the script extracts the scaling factors for each body. For T11,

the scaling factors in X, y, and z are
SFrq1 = (1.022054,1.076546,1.19907)

The position of the T11 centroid, expressed in the T11T12 joint CS, is proportional to the scaling
factors of T11. Therefore, by performing a dot product of the position of the T11 centroid in the
T11T12 frame with the T11 scaling factors, we obtain

—0.01 1.022054 —0.01
Scaled T11, = 0. 0135 1.076546 0. 0146 (Eq. F.5)

1. 19907

where Scaled T11, is the position of the T11 centroid, expressed in the T11T12 joint of the scaled

model.

Finally, the position of the scaled T11 centroid must be expressed in the global space so
that the geometry of the vertebra may be repositioned correctly in space. Because, at this point,
the script has already performed the Joints function for the scaled model, the joint CSs have already

been defined. The transformation matrix for the T11T12 joint of the scaled model is defined as

0.96126 —0.27563 —0.066454

0
_[0.27563 096126 0  0.33447

1

0

Scaled T11T12, (Eq. F.6)

0 0 0
0 0 1
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To find the global position of the T11 centroid, the script multiplies Scaled T11T12, with

Scaled T11;:
096126 —0.27563 0 —0.066454]1[]—0.01 —0.0801
_10.27563 096126 O 0.33447 0.0146| _ | 0.3457
Scaled T11, = 0 0 1 0 0 = 0
0 0 0 1 1 1
(Eq. E.7)

Therefore, the centroid of the T11 geometry must be repositioned to (—0.0801, 0.3457,0) m.

The script performs these transformations for all the geometries included in the model,
namely the pelvis, sacrum, vertebrae, ribs, and sternum. The updated SpaceClaim geometry is
reloaded in Ansys Mechanical, replacing the generic model geometry. From this point on, the script
execution is performed as was explained in Chapter 3.1.4, for the rest of the model definition and

for performing simulations.
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