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Abstract

Through much of the anatomical and clinical literature bone is studied with
a focus on its structural architecture, while it is rare for bone to be modelled
using a structural mechanics as opposed to a continuum mechanics approach in the
engineering literature. A novel mesoscale structural model of the femur is presented
in which truss and shell elements are used to represent trabecular and cortical
bone respectively. Structural optimisation using a strain based bone adaptation
algorithm is incorporated within a musculoskeletal and finite element modelling
framework to predict the structure of the femur subjected to two loading scenarios;
a single load case corresponding to the frame of maximum hip joint contact force
during walking and a full loading regime consisting of multiple load cases from
five activities of daily living. The use of the full loading regime compared to the
single load case has a profound influence on the predicted trabecular and cortical
structure throughout the femur, with dramatic volume increases in the femoral
shaft and the distal femur, and regional increases at the femoral neck and greater
trochanter in the proximal femur. The mesoscale structural model subjected to the
full loading regime shows agreement with the observed structural architecture of
the femur while the structural approach has potential application in bone fracture
prediction, prevention and treatment. The mesoscale structural approach achieves
the synergistic goals of computational efficiency similar to a macroscale continuum

approach and a resolution nearing that of a microscale continuum approach.



1 Introduction

Bone structure and mechanics have been studied extensively, from as early as the
17" century, when Galilei [1] proposed the dimensional scaling laws. The primary
function of the skeletal system is the structural support of the body, while bone
may adapt its geometry and structure to fulfil this function and resist the loads
placed upon it [2]. Knowledge of skeletal structure is fundamental for assessment
of the mechanical environment within the musculoskeletal system [3], which in turn
may inform prediction, prevention and treatment of orthopaedic disorders as well as
design of protective devices and prosthetics. Historically anatomists and engineers
have observed the structure of trabecular bone in the proximal femur, hypothesising
that it follows trajectories of compressive and tensile stress [4-7]. Comparisons have
been made between the internal structure of a frontally sectioned proximal femur
and the sketched stress trajectories of a curved (Fairbairn) crane [8]. It is generally
accepted that bone adapts to its mechanical environment [4,9, 10|, leading to a
structure optimised to withstand the forces acting on it (including muscle forces,
joint contact forces and inertial loading) using a minimum volume of material.
This study presents a predictive mesoscale structural model of the femur in which
trabecular and cortical bone structure is optimised based on the strain environment

present due to daily living activities.

1.1 Continuum modelling approaches

Finite element (FE) modelling using geometries and material properties extract-
ed from medical imaging (typically computed tomography (CT) data) is a pre-
ferred tool for investigating the behaviour of bone at both macroscale [11] and
microscale [12]. It is common at both the macroscopic and microscopic scales to
model bone using solid continuum elements. A continuum model is considered to
be either macroscale or microscale when the solid element size is larger or smaller
respectively than the size of an individual structural component of bone such as a
trabeculae [13,14].

1.1.1 Macroscale continuum FE modelling

At the macroscale bone is considered as a continuum without voids, with material
properties assigned across elements based on empirical relationships between CT
attenuation values, density and Young’s modulus [15, 16]. Macroscale continuum
models can run in a matter of minutes on a standard workstation but present a
limited resolution and typically overlook anisotropic material properties.

The macroscale continuum approach has been used in a number of studies in-



vestigating modelling [17, 18] and remodelling [19-21] of bone, using a variety of
stress and strain stimuli to guide the bone apposition and resorption algorithm.
Predictive studies have successfully extended the material constitutive relationship
to include orthotropy and anisotropy in two-dimensional planar [22,23] and three-

dimensional spacial models of the femur [24].

1.1.2 Microscale continuum FE modelling

At the microscale bone is generally treated as a binary system with bone either be-
ing present or not. Homogeneous material properties are generally used although
different values of Young’s modulus may be adopted for cortical and trabecular
bone [25]. The geometry of the model is typically derived from pCT or pMRI
scans through thresholding on the attenuation values [26]. Although microscale
models allow for fine resolution of bone structure, they are extremely computa-
tionally demanding, requiring multiple processors, and run times of several days.
In addition, the significant radiation dose associated with current pCT acquisition
technologies limits its application in-vivo [27].

The microscale continuum approach has been used in a small number of studies
investigating modelling of the proximal femur [28-30], which found good agree-
ment between predicted and observed trabecular bone trajectories. These studies
generally used a limited number of simplified load cases to represent the varying
mechanical environment present in the proximal femur due to a wide range of ac-
tivities. As with microscale continuum models derived from pCT imaging, the
predictive models provide a higher degree of resolution than macroscale continuum
models at the cost of being extremely computationally demanding.

In addition to macroscale and microscale FE modelling approaches a small num-
ber of studies have investigated multiscale modelling approaches, where displace-
ment distributions at the macroscale are used to drive modelling algorithms at the
microscale [31,32]. This approach has the advantage of increasing computational
efficiency, although it does not result in a complete microscale model of the bone

being investigated.

1.2 Structural modelling approaches

An alternative to both macroscale and microscale continuum FE modelling of bone
is to adopt a structural FE modelling approach where a combination of idealized
elements such as trusses, beams and shells are used to represent structural compo-
nents of bone. At the microscale van Lenthe et al., [33] skeletonised a voxel-based
uCT to produce corresponding structural and continuum models, the structural

model being composed of individual or small groups of beams representing trabec-



ular bone. The structural model had a reduced CPU time by over a thousand fold
compared to the continuum model, while results from both models were in excellent
correlation (R? = 0.97).

Representing bone as a structure allows FE modelling to take place at the
mesoscale, where individual structural elements may be larger than those found
in-vivo, while being capable of capturing the overall structural behaviour of bone.
The aim of this study was to develop a mesoscale structural model of the femur
based on a physiological loading regime. With the exception of a small number of
previous studies [34-37] FE models of the femur have utilised simplified boundary
conditions and loading, resulting in non-physiological strain and stress distributions.
In addition the majority of studies have utilised a single load case or a combined
load case [17,18,22] to drive the bone adaptation algorithm. This approach fails to
address the role of bone as a structure, required to resist the variety of load cases
placed on it during daily living activities.

Hence two principal development stages are involved in the presented novel
approach to predicting bone structural architecture in the femur. Firstly, an equili-
brated set of loads (including muscle forces, joint contact forces (JCFs), and inertial
loading) sampling five daily living activities was derived from an updated version
of a validated musculoskeletal model [38]. Tt is believed that these simulations cap-
tured a fair representation of the physiological daily loading conditions experienced
by the femur. Secondly, a strain-driven bone adaptation algorithm was used to
optimise the bone structure subject to the derived loading regime. The resulting
model was expected to be biofidelic, presenting a computational efficiency similar
to macroscale continuum FE models and a spacial refinement approaching that of

microscale continuum FE models.

2 Methods

The mesoscale structural model of the femur is obtained through iterative adapta-
tion of a base FE model subject to a loading regime derived from musculoskeletal
simulations of the following daily activities: walking, stair ascent and descent, sit-

to-stand and stand-to-sit. The modelling framework is illustrated in Figure 1.

[Figure 1 about here.]

2.1 Musculoskeletal modelling

The load cases applied to the structural FE model were derived from musculoskele-
tal simulations of five daily living activities. Experimental data was collected on a

volunteer (Male, age: 26 years, weight: 74 kg, height: 175 c¢cm) for the purpose of



this study. The chosen activities: walking, stair ascent, stair descent, sit-to-stand
and stand-to-sit are consistent with the frequent daily living activities identified by
Morlock et al. [39] through the use of a portable monitoring system. Aspects of the
musculoskeletal model that should be highlighted are the use of identical femoral
geometry in both the musculoskeletal model and in the FE model in order to en-
sure that the load cases derived using the musculoskeletal model could be applied
in the FE analysis as described in Section 2.2.1, and the use of an OpenSim plugin
developed by the authors to extract muscle forces derived using the musculoskele-
tal model as vectors to be applied in the FE model [40] (available to download at
https://simtk.org/home/force_direction).

The musculoskeletal model of the lower limb is based on the anatomical dataset
published by Klein Horsman and colleagues [41] and implemented in OpenSim [42].
The ipsilateral model includes six segments (pelvis, femur, patella, tibia, hindfoot
and midfoot plus phalanxes) connected by five joints (pelvis-ground connection,
acetabulofemoral (hip) joint, tibiofemoral (knee) joint, patellofemoral joint and
ankle joint). The pelvis is connected to ground with a free joint (6 degrees of
freedom (DOF)), the hip is represented as a ball and socket joint (3 rotational DOF),
the knee and ankle joints are modelled as hinges (1 DOF each) while the patella
rotates around a patellofemoral axis as a function of the knee flexion angle. The
patella ligament force was included in the model to allow force transmission between
the patella and the tibia. 38 muscles of the lower extremity are represented through
163 actuators, whose path is enhanced by frictionless via points and wrapping
surfaces. The local reference systems of the body segments were defined according
to the recommendations of the International Society of Biomechanics [43]. The
muscle attachment coordinates were the same as in Modenese et al. [38] for all
segments except the femur, for which they were mapped directly onto a femoral
mesh identical to the one used for the FE simulations. This operation was performed
using NMSBuilder [44] and the visual guidance of anatomical atlases [45,46] and
the muscle standardized femur [47]. Additional wrapping surfaces were included to
represent the hip joint capsule as in Brand et al. [48] and to prevent the quadriceps
from penetrating the femur and to improve the gluteal muscle paths [49] as reported
in van Arkel et al. [40]. The musculoskeletal model is shown during sit-to-stand in

Figure 2.
[Figure 2 about here.]

Full body gait data was collected for a healthy volunteer with no history of joint
pain or articular diseases, performing five daily living activities. The trajectories
of 59 reflective markers positioned on bony landmarks and technical clusters were
tracked using a Vicon system (Oxford Metrics, Oxford, UK) equipped with 10 infra-

red cameras. External forces (ground reaction forces (GRFs)) were measured using
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three Kistler force plates (Type 9286BA, sampling rate 1000 Hz). An instrumented
walkway was used for recording GRFs during walking (speed: 1.22 m/s, stride
length: 1.29 m, cadence: 113.4 steps/minute). An instrumented staircase consisting
of 3 steps (step height 15 cm and step depth 25 cm, resulting in an inclination of
36.8 degrees) was used for recording GRF's going upstairs and downstairs, with the
three force plates placed on subsequent steps. A stool with a seat height of 50.7 cm
from the floor was used for recording GRF's during sit-to-stand and stand-to-sit,
with force plates placed at both feet and at the seat. All gait data was collected
in the Biodynamics Lab in the Imperial College Research Labs at Charing Cross
Hospital and processed using Vicon Nezus (Version 1.7.1) and the Biomechanical
ToolKit [50].

The body segments of the musculoskeletal model were scaled to the anatomical
dimensions of the volunteer by calculating ratios from lengths between sets of vir-
tual and experimental markers; the inertial properties of the body segments were
updated according to the regression equations of Dumas et al. [51]. Joint angles
describing the motion for each of the investigated daily living activities were cal-
culated from the experimental markers using an inverse kinematics approach [52].
Muscle forces were estimated by minimizing the sum of muscle activations squared
for each frame of the kinematics under the constraints of joint moment equilibrium
and physiological limits for the muscle forces [38,53]. Finally JCFs were calculat-
ed at the hip, knee and patellofemoral joint. All musculoskeletal simulations were
performed in OpenSim (Version 3.0.1) [42].

For each of the investigated activities, all loads acting on the femur were de-
termined with respect to the segment reference system in order to be applied to
the FE model. The inertial load and the gravitational force were calculated at the
thigh centre of mass based on the segment kinetics, the joint contact forces were
calculated at the joint centres using the JointReaction analysis tool available in
OpenSim [54], while the femoral attachment point coordinates of each muscle actu-
ator, together with the direction and magnitude of the muscle force, were extracted

using the plugin developed by the authors [40)].

2.2 Finite element base model

The base structural model of the femur was created using a similar methodology to
Phillips [13]. A CT scan of a Sawbones fourth generation medium composite femur
(#3403) was processed in Mimics to create a volumetric mesh composed of 113103
four-noded tetrahedral elements with an average edge length of 3.9 mm. The mesh
was uniformly scaled to the femoral segment length required for the volunteer spe-
cific musculoskeletal model. The subsequent volumetric mesh was adapted using

Matlab to create an initial structural mesh. The nodes and element faces of the



external surface of the volumetric mesh were used to define three-noded linear tri-
angular shell elements, taken to be representative of cortical bone, with the external
surface of the shell elements corresponding to the external geometry of the femur.
These were arbitrarily assigned an initial thickness of 0.1 mm. Each of the internal
nodes was considered in turn and used to define two-noded truss elements connect-
ing between the node under consideration and the nearest sixteen neighbouring
nodes, with the resulting network taken to be representative of trabecular bone.
These were arbitrarily assigned a circular cross-section with an initial radius of 0.1
mm. With a minimum connectivity of sixteen at each node, it is believed that
a sufficient range of element directionalities were available to allow region specific
trabecular directionalities to develop during the bone adaptation process. It should
be noted that while the minimum connectivity was sixteen the maximum was 42,
mean 21.30 (SD 5.51). Figure 3 shows a 2.5mm thick slice of the proximal femur for
the base model, composed of 10410 cortical shell elements and 218703 trabecular
truss elements. Linear isotropic material properties were assigned for all elements,
E=18000 MPa, v=0.3 based on reported values for bone at the tissue level [55].

[Figure 3 about here.]

2.2.1 Loading

The muscle tensions estimated by the musculoskeletal model were applied as point
loads at the nodes corresponding to the muscle insertion points in the FE model.
JCFs and the inertial load, calculated at the joint centres and body segment centre
of mass, were applied through specific constructs (‘load applicators’ and the ‘inertia
applicator’) designed to spread the loads over the joint contact surfaces and the
whole bone surface, respectively. The use of load applicators provides a significant
reduction in CPU time in comparison with the inclusion of contact at the joint

surfaces. The load applicators are shown in Figure 4.
[Figure 4 about here.]

The load applicators were composed of constructs made of four layers of six-
noded linear continuum wedge elements superposed to the external surface of the
appropriate regions of the base model. The load applicators, in combination with
the surface elements of the base model, were taken to represent the bone-cartilage-
cartilage-bone interfaces at the joints. They were generated through the projection
of the nodes of the regions of interest along the direction defined by the considered
nodes and the centre of the joint, directed outwards. The thickness of each of the
layers was 1 mm. The bottom two layers, taken to represent cartilage, were assigned

E=10 MPa, v = 0.49. The top two layers were assigned stiffer material properties;



bone for the acetabulofemoral (hip) and tibiofemoral (knee) joints and a one order
of magnitude softer material (E=1800 MPa, v=0.3) for the patellofemoral joint
(the patella as a sesamoid bone embedded in ligament is considered to be less stiff
than the acetabular and tibial joint surfaces).

The hip joint presents three rotational DOF', hence it will transfer forces but
not moments. The acetabulofemoral load applicator was hence completed by con-
necting each of the external nodes of the applicator to the centre of the joint (as
defined in the musculoskeletal model) using truss elements. The JCFs derived from
the musculoskeletal simulations were applied at the centre of the joint. The knee
and patellofemoral joints each present a single rotational DOF, hence moments may
be transferred at both joints about the directions perpendicular to their rotation
axes. In order to facilitate the transfer of moments at the knee and patellofemoral
joints without introducing local moment transfer between the load applicators and
the underlying bone, moments were applied via force couples on two points locat-
ed on the joint axes either side of the respective joint centres (as defined in the
musculoskeletal model). The definition of the hip and knee joint load applicators
corresponds to the respective joint contact surfaces, over the range of motion for all
activities. To allow for patella movement across the surface of the femur during knee
flexion, the patellofemoral load applicator was defined as a band passing between
the two condyles prolongated over the distal portion of the frontal shaft. The tib-
iofemoral and patellofemoral load applicators were completed in a similar manner
to the acetabulofemoral load applicator, by connecting each of the external nodes
of the applicator to each of the points on the respective joint axes. Truss elements
for all of the load applicators were given a circular cross section with a radius of
2.5mm (similar to the edge length of the surface elements). The hip and knee joint
trusses were assigned the material properties of bone (E=18000 MPa, v=0.3). For
consistency with the top two layers of the load applicator, the patellofemoral trusses
were assigned a one order of magnitude softer material (E=1800 MPa, v=0.3).

An ‘inertia applicator’ was designed based on the same concept as the load
applicators. It is composed of soft truss elements (radius: 2.5 mm, E=5 MPa,
v=0.3) linking every node of the femoral surface with the centre of mass of the leg,
where the inertial load is applied. Young’s modulus was set to a low value to ensure
that stiffening of the model was negligible. The use of a higher value could result
in reduced deformation along the length of the femur. Spreading the inertial load
over the whole volume rather than the surface was considered, but ruled out at this
stage due to the severe increase in CPU time (up to a five times higher) involved.

Loading conditions from a subset of frames, derived from the musculoskeletal
model, representative of each activity were selected to increase the computational
efficiency of the FE model. Frame selection was done using an ‘integration limit

error’ approach based on the hip JCF. The evolution of the hip JCF was inte-



grated using the trapezoidal method on the full set of frames. Frames were then
successively removed from the sample and the corresponding integration between
remaining frames compared to that obtained from the full frame set. The process
was repeated until no further frames could be removed without generating a differ-
ence in integration between two adjacent sampled frames of more than 1% of the
integration of the full frame set. Figure 5 shows the selected frames as well as the
hip JCF derived from the musculoskeletal model, alongside the average hip JCF
as reported by Bergmann et al. [56] for the same activities, for comparison. The
magnitudes of the predicted hip JCF's for all activities were found to be within the
ranges recorded by Bergmann et al. [56], with the exception of the second peak
during walking, which was higher for the musculoskeletal model. A direct compar-
ison is difficult as the hip JCFs derived from the musculoskeletal model are for a
young healthy subject (26 years), while those recorded by Bergmann et al. [56] are

for four older patients (51-76 years) who had undergone hip replacement surgery.
[Figure 5 about here.]

The load cases (including muscles forces, JCFs and inertia forces) corresponding
to the selected time frames of the different activities were applied in consecutive

analysis steps of the FE simulation.

2.2.2 Boundary conditions

Specific ‘fixator’ constructs were designed at the acetabulofemoral and the tibio-
femoral joints to allow boundary conditions compatible with the DOF present in
the musculoskeletal model to be applied, based on the same concept as load appli-
cators. The acetabulofemoral fixator consists of truss elements linking the nodes
of the external surface of the acetabulofemoral load applicator back to a point su-
perposed with the centre of the hip joint. The tibiofemoral fixator consists of truss
elements linking the nodes of the external surface of the tibiofemoral load applica-
tor back to two points superposed with the force couple points on the knee joint
axis described previously. From consideration of the musculoskeletal model, it is
clear that no moment can develop at the centre of the hip joint, nor about the knee
joint axis. Hence the centre of the acetabulofemoral joint was restrained against
displacement along any of the three femoral axes [43]. At the tibiofemoral joint the
medial of the two points on the joint axis was restrained against displacement in
the plane perpendicular to the joint axis, while the lateral of the two points was re-
strained against displacement in the direction corresponding to the cross-product of
the vectors defining the joint axis and the femoral X-axis (anterior-posterior) [43].
Thus the FE model was restrained against translation in the minimum number of
DOF (six) required to define a stable structure. It should be noted that although

10



the points of load application and points of restraint application were coincident
in space for the undeformed model, they were defined as separate points, which
displaced with respect to each other when the model was subjected to load. Truss
elements for both of the fixators were given a circular cross section with a radius of
2.5mm and material properties, E=1000 MPa, v=0.3. The modulus of the fixator
trusses was set one order of magnitude lower than than the modulus of the load
applicator trusses in order to prevent artificial stiffening of the model close to the

joint surfaces.

2.3 Bone adaptation algorithm

Adopting the Mechanostat hypothesis [10] successive iterations of the base model
were subjected to the loading regime derived from the musculoskeletal model, with
the cross-sectional area of each truss element and the thickness of each shell ele-
ment adjusted with each iteration according to the resulting strain environment.
The iterative process was controlled using a combination of Matlab and Python
scripts, while successive FE models were run using the Abaqus/Standard solver,
until convergence was achieved.

For the i*" iteration the maximum absolute strain for the j* truss and the j™
shell element over A = 1,...,n load cases was defined using Equations 1 and 2

respectively:

|€i,j/max = max (|e11,5,]) (1)

where €17 ;) is the axial strain in the 7 truss element for the load case .

€1 ma = M2 (b ol [€hin gl [l lebuin il (2)

t

where Emax,j ) €

t b . o . . .
min, j,\ and € min,j,) Are the maximum and minimum principal

?nax,j,A’ €
strains in the top and bottom surfaces respectively of the j* shell element for the
load case A.

The adopted strain ranges associated with the dead zone, bone resorption, the

lazy zone and bone apposition [10,13] are given in Equation 3.

for 0 < [€; j|max < 250ue

for 250 < |€; j|max < 1000p€
for 1000 < |€; j|max < 1500ue
. for |€; jlmax > 1500ue

Dead zone)

Bone resorption)

bij = (3)

Lazy zone)

—_ O = O

(
(
(
(Bone apposition)

For the (i+1)'" iteration the cross-sectional area, A of the j' truss element and
the thickness, T' of the j™ shell element were adjusted according to Equations 4

and 5 respectively, adopting a target strain, e; of 1250u€, at the centre of the lazy
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zone. The target strain and range of the lazy zone were considered reasonable
based on in-vivo surface strain measurements on the human femur, taken below the
greater trochanter by Aamodt et al. [57] for two subjects during single leg stance,
walking and stair climbing, finding peak values in the range of 1000 to 1500 ue

across all activities.

1 6 . x
if iy =1, A1y = Aiy % (4)
t

else AiJrl,j = Ai,j

e
if 1y =1, Topng = 5 (1 i %)
t

(5)
else Tip1; =T

Equation 5 compared to Equation 4 preferences adaptation of trabecular bone
compared to cortical bone over each individual iteration. This was done to avoid os-
cillation of the predicted thickness values of the shell elements representing cortical
bone during the initial iterations of the FE simulation.

With the aim of reducing the complexity of the model, hence increasing its com-
putational efficiency, the trabecular cross-sectional area and shell cortical thickness
domains were linearly discretised into 255 and 256 categories respectively. The
trabecular cross-sectional area was discretised between lower and upper limits cor-
responding to circular cross-sections of radii 0.1 mm and 2 mm (cross sectional

2 mm?). This range was considered to correlate on

areas of 7(0.1)2 mm? and 7 (2)
the mesoscale with bone volume fraction measurements (the ratio of bone volume
to total volume (BV/TV)) recorded for trabecular bone samples using uCT [14].
The cortical thickness was discretised between lower and upper limits of 0.1mm
and 8mm [58,59]. Based on A;yq; or Tj41,; each element was assigned the cross-
sectional area or thickness value corresponding to the closest discrete value of the
respective truss and shell domains.

6th

For the trabecular truss elements a 25 discrete circular cross-section was

added with a radius of 1um, allowing for effective removal of elements from the
model, making their stiffness contribution to the model negligible while maintaining
numerical stability, subject to Equation 6.

if A;;=m(0.1)* & |€i j|max < 250pe, Air1; = m(0.001) (6)

These elements were allowed to regenerate subject to Equation 7.

if A;;=m(0.001)% & |€; j|max > 2500000¢, A;i1; = 7(0.1)* (7)

where the value of 2500000u¢ was decided based on the ratio of cross-sectional areas

for radii of 0.1lmm and 1pm
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3 Results

Figures 6 and 7 show a selection of 5 mm thick slices through the converged
mesoscale femoral structural architecture for the model subjected to a single load
case taken at the maximum hip JCF during walking and the model subjected to
the full loading regime described in section 2.2.1 respectively. It can be seen that
the structure is more substantial in the full loading regime model, compared to the

single load case model, in particular in the distal region of the femur.
[Figure 6 about here.]
[Figure 7 about here.]

The resulting bone architectures for the single load case and the full loading
regime models were compared to literature and pCT imaging available to the au-
thors. Figure 6 shows that in the proximal femur a substantial proportion of the
clinically observed architecture can be predicted based on a single load case. Fig-
ure 8 highlights the five normal groups of trabeculae identified by Singh et al. [60]
for the frontal proximal slice shown in Fig. 6a). Ward’s triangle [60,61] can also be
seen. The cortex at the hip joint and at the greater trochanter is thin, thickening in
the shaft and the inferior femoral neck as expected from clinical observations. The
arched arrangement of trabeculae in the proximal metaphysis is clear, consistent
with Garden [62]. Truss elements with a radius of 0.1 mm are clustered at the hip
joint surface allowing force transfer perpendicular to the cortex. In the femoral shaft
it is observed that the single load case (Fig. 6¢-g) provides a reasonable prediction
of cortical thickness in the medial and lateral aspects, but a poor prediction in the
anterior and posterior aspects compared to clinical observations [58,59]. A num-
ber of large trabecular elements running parallel to the femoral shaft are observed
within the thickness of the cortex on the medial and lateral aspects, while a number
of smaller trabecular elements are observed running perpendicular to the femoral
shaft in the anterior and posterior aspects. These results are consistent with the
femur bending about the anterior-posterior axis during walking. In the distal femur
for the model subjected to the single load case (Fig. 6h-i) the trabecular structure
is sparse in comparison to clinical observations [63]. However the structural archi-
tecture that is observed in the transverse plane in particular (Fig. 6i) is consistent
with the principal trabeculae group reported by Takechi [63] with trabeculae orig-
inating from the posterior condyle and patella articular surfaces, arranged close to

parallel to the medial and lateral perimeter surfaces of the condyles.

[Figure 8 about here.]
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Comparing the structural architecture of the proximal femur obtained with a
single load case (Fig. 6a-b) to that obtained with the full loading regime (Fig 7a-b)
it is observed that the full loading regime results in increased trabecular architecture
in the femoral neck and greater trochanter in particular. Figure 9 shows for the same
selection of slices which of the daily loading activities is most influential over the
structural architecture in different regions of the model subjected to the complete

loading regime.
[Figure 9 about here.]

The activity mapping (Fig. 9a-b) indicates that walking and stair ascent are
primary responsible for the thickness of the cortex in the femoral neck, while stair
ascent and stand-to-sit are responsible for the increase in the trabecular structure
in the femoral neck compared to the frame of maximum hip JCF during walking
alone. The additional structure in the greater trochanter region is influenced by
stair descent and stand-to-sit activities. Of particular note is the increased cortical
thickness in the anterior aspect of the greater trochanter region due to stand-to-sit
and to a lesser extent sit-to-stand. Comparing the predicted structural architec-
ture in the femoral shaft for the single load case (Fig. 6¢-g) and the full loading
regime (Fig. 7c-g) it is observed that the inclusion of additional load cases causes a
thickening of the cortex as well as the development of an increased number of large
trabecular elements running perpendicular to the femoral shaft in the anterior and
posterior aspects. The activity mapping (Fig. 9c-g) indicates that walking influ-
ences the thickness of the medial cortex throughout the majority of the femoral
shaft, stair ascent influences the cortex thickness in the anterior, posterior and lat-
eral aspects through various regions of the femoral shaft, while stair descent and
sit-to-stand have increasing influence in the distal region of the femoral shaft. The
results are consistent with the addition of activities which place the knee in flexion
causing bending about the medial-lateral axis. In the distal femur the full loading
regime (Fig. 7h-i) is seen to produce a considerable increase in the trabecular ar-
chitecture in comparison to the single load case (Fig. 6h-i). The activity mapping
(Fig. 9h-i) indicates that sit-to-stand and stand-to-sit have a significant influence
over the trabecular architecture of the distal femur, with sit-to-stand causing the
development of trabeculae in the lateral condyle in particular. It is observed that
many of the trabeculae associated with stand-to-sit run perpendicular to the main
trabecular structure providing additional stiffness to the structure as a whole. For
the full loading regime in particular, a large number of trabecular elements with
r = 0.1mm are observed in the femoral shaft (Fig. 6c-g). It is thought that this
is due to the dead zone limit being set at 250ue. Although not shown here there
was a significant reduction in the occurrence of these elements when the limit was

raised to reduce the range between the dead zone and the lazy zone.
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4 Discussion

There are a preponderance of studies, several of which are referenced in this work,
which focus on adaptation of the proximal femur under a single or combined load
case. As discussed by Skedros and Baucom [8] it may be suggested that there has
been ‘an unfortunate historical emphasis on the human proximal femur’ with the
role of multiple load cases in influencing the structural architecture of the femur
obfuscated. The results of this work indicate that the inclusion of a range of daily
living activities has a profound influence on the predicted architectural structure
not only of the distal femur but also of the femoral shaft and regions of the proximal
femur.

It is observed in Figs. 7 and 9 that in certain regions of the converged structural
model trabecular truss elements are enclosed within the volume of cortical shell
elements. In order to compare the converged full loading regime model with pCT
images the visual thickness of the cortex in these regions was altered in order to
incorporate the volume of material contained in the enclosed trabecular elements.
Figure 10 shows proximal and distal slices of the altered cortical thickness model

alongside equivalent puCT slices for an adult male.
[Figure 10 about here.]

Examining the coronal slices of the proximal (Fig. 10a-b) and distal femur
(Fig. 10c-d) it can be seen that the predicted structure compares favourably to the
observed structure in the proximal region, while the comparison is not as favourable
for the distal femur. There is a sparse trabecular structure beneath the trochlear
grove in the pCT slice, while the same region in the predicted model has a quite a
dense trabecular architecture. This may be due to the specific implementation of
the patellofemoral load applicator. In future work the design of the patellofemoral
load applicator will be altered to better represent separate areas of patella contact
on the two sides of the articular surface. The absence of knee ligaments in the mus-
culoskeletal and FE models is also highlighted, potentially resulting in the scant
trabecular structure at the medial and lateral perimeters of the condyles seen in the
predicted model compared to the uCT slice. The superior part of the femoral head
has a denser structure in the uCT slice than the predicted model. This may be due
to large area for force transfer provided by the hip load applicator which surrounds
the femoral head in the FE model, while the contact area between the femoral head
and the acetabulum during each activity will be smaller in practice. In the slices
running parallel to the femoral neck (Fig. 10e-f) there is remarkable agreement in
the cortical thickness distribution between the predicted model and the pCT obser-

vations, while the trabecular architectural arrangement is similar between the two
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slices. In the distal transverse plane slices (Fig. 10g-h) the trabecular arrangement
shows similarities between the predicted model and the uCT slice, although the tra-
jectories are more pronounced in running parallel to the perimeter of the condyles
in the pCT slice. This may also be related to the design of the patellofemoral
load applicator with the trabeculae focusing towards the trochlear groove in the
predicted model. Quantitative comparison between the predicted model and the
uCT observations is impractical due to the difference in geometries between the
two femurs and the difficult in selecting equivalent corresponding slices. However,
with the exceptions described, it can be seen that there is reasonable agreement
between the predicted and observed trabecular and cortical structural architecture.

The converged mesoscale structural model was found to have a low computa-
tional cost (229113 elements, 77229 design variables (nodal DOF), with a run time
of 52 seconds on a workstation PC with two Intel Xeon E5-2603 1.80GHz processors
and 16GB of RAM). The adaptation run times for the model subjected to a single
load case and the full loading regime, were around 1 hour and 10 hours, respectively.
Although run times are not reported, Tsubota et al. [29] developed microscale mod-
els of the proximal femur with around 12 million elements at a 175um resolution,
and around 93 million elements at a 87.5um resolution, reporting converged struc-
tures visually similar to those found using the mesoscale structural model. Boyle
and Kim [30] developed a similar microscale model of the proximal femur, utilis-
ing around 23.3 million elements at a 175um resolution, equivalent to around 15.7
million design variables. Subjecting the model to a single combined load case they
reported an adaptation run time of around 343 hours on a computing cluster. Al-
though the presented structural model has not been implemented at the microscale
it seems reasonable to conclude that it is efficient, with a low computational cost
in comparison to microscale continuum models, while providing an improved struc-
tural representation in comparison to a macroscale continuum model with a similar
number of design variables. In future work potential efficiency gains may be realised
by generating an initial structural model, with fewer elements, based on stress and
strain tensors found using a macroscale continuum model, aligning structural ele-
ments with principal stress directions, and basing initial sizing on principal strain
values [24].

A number of limitations must be acknowledged in the study. While some of these
are associated with the use of the structural modelling approach many are generic to
the utilisation of musculoskeletal and finite element modelling methodologies [64,
65] in the combined modelling approach. While the approach is considered to
provide a more physiological mechanical environment, compared to models in which
simplified boundary conditions and loading are utilised, deficiencies are exposed
in both modelling methodologies through the process of developing corresponding

models in both. The development of load applicators, fixators and application
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of corresponding boundary conditions in the finite element model highlight the
assumptions made in the development of the musculoskeletal model, treating the
tibiofemoral and patellofemoral joints as hinges, with the position of the patella
depending on the knee flexion angle, omitting the possibility of displacements in
other degrees of freedom.

It has been demonstrated in previous studies of the femur that inclusion of phys-
iological loading [19,35] and boundary conditions [37] is crucial for bone adaptation
simulations as they have a significant influence on the resulting mechanical fields.
Deriving the load cases for the FE simulation from a musculoskeletal model with
an identical femoral geometry is therefore seen as essential and appropriate in the
context that the estimated JCFs (Fig. 5) are of comparable magnitude to those
measured using instrumented hip prostheses [56] while the activation profiles found
using the original musculoskeletal model [38] are similar to measured electromyo-
graphic profiles. However, a limitation of the combined modelling approach is the
use of an equilibrated load set, derived from a rigid multibody system, applied to a
deformable FE model, with displacement compromising the equilibrium condition.

While wrapping surfaces and via points in the musculoskeletal model allow for a
more physiological representation of muscles paths, compared to a straight line ap-
proach, they are not replicated as constructs in the finite element model, resulting
in a further compromise of the equilibrium condition. When a muscle force is ap-
plied in the FE simulations a choice must be made between using the ‘anatomical’
line of action (originating from the muscle attachment on the bone surface) or the
‘effective’ line of action (originating off the bone surface, which determines its me-
chanical effect on the joints and its contribution to the equilibrium equations [66]).
This choice of muscle lines of action is illustrated for the gastrocnemius medialis
muscle in Figure 11. In this work the anatomical lines of action were used. In
future work the authors plan to incorporate wrapping surface constructs within the
finite element model in order to facilitate the transfer of compressive and traction
muscle loading to the bone [67,68]. It is hypothesised that this will provide an
improved strain environment with which to drive the bone adaptation algorithm
and allow the use of the use of the effective line of action avoiding violation of
the equilibrium condition. Although other studies have for a range of anatomical
constructs used similar methodologies to that described here [35, 64,69, 70], this
limitation was either inapplicable due to the absence of wrapping surfaces or not

explicitly discussed.
[Figure 11 about here.]

The principal limitation of the structural modelling approach as applied in this
study is the use of truss elements to represent trabecular bone, in preference to beam

elements, or a combination of beam and shell elements. The decision to use truss
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elements was considered reasonable as under loading an optimised structure can
be expected to maximise axial forces while minimising bending moments and shear
forces, as these are less efficiently resisted through the cross-section of a structural
element, while truss elements are computationally efficient in comparison to beam
elements. In order to assess the effect of using truss rather than beam elements
the converged model was adapted by replacing the truss elements in turn with
two-noded hermite-cubic Euler-Bernoulli beam elements and three-noded quadratic
Timoshenko elements, with the third node placed at the midpoint of the element.
The original and adapted versions of the converged model were then subjected
to a simplified load case, with a distributed vertical load applied at the femoral
head, and fixed boundary conditions applied at the knee joint. The displacement
in both the beam models was found to be 1.4% greater than the displacement
in the truss model, while all three models deformed in a similar manner. The
Timoshenko and Euler-Bernoulli beam models had run times of 214 and 189 seconds
respectively, on the workstation PC. A limitation of the structural model, albeit one
that is inherent to the majority of phenomenological bone adaptation studies, is the
adoption of particular values for the target strain, the lazy zone and the dead zone.
It is possible that these values should be varied for different regions of the skeletal
system, while they may also be influenced by a multitude of factors including age,
sex, ethnicity, and disease conditions such as osteoarthritis and osteoporosis. An
additional limitation of the structural model is the adoption of particular ranges
for the trabecular cross-sectional area and the cortical thickness. While the range
of cortical thickness may be justified by comparison to clinical observations [58,59]
the range of trabecular cross-sectional area was considered reasonable given the
mesoscale nature of the model. Future work will assess the application of the
approach at the microscale. The development of a microscale structural model
with physiological length and thickness ranges [14,71] for individual trabeculae will
allow for direct comparison with pCT data.

A robust structural approach to bone adaptation has been presented as part of
a combined musculoskeletal and finite element modelling framework. Future work
will extend the approach to the other skeletal structures of the lower limb including
the pelvis [72]. The work has highlighted the importance of including multiple load
cases in bone adaptation studies, with a range of daily loading activities influencing
the structural architecture of different regions of the femur. It is believed that the
work has relevance to the study and potential treatment of diseases of the muscu-
loskeletal system including osteoporosis and osteoarthritis. As an example the risk
of femoral neck fracture in osteoporosis may be reduced by introducing additional
activities, other than walking, promoting bone structure formation in the femoral
neck, into a protective exercise regime [73]. Preliminary work by the authors has

also indicated that the structural approach has application in the computationally
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efficient modelling of fracture initiation and progression due to traumatic loading
such as that experienced during falls or jumps from height, vehicular collision, and
blast injury.

The development of a mesoscale structural model, rather than a continuum
model, allows for additive manufacturing of the resulting structure. With suitable
manipulation of the bone adaptation algorithm, 3D printing in materials including
a wide range of polymers and metals, permits the manufacture of frangible bone
simulants for use in experimental testing, as well as the potential design and man-
ufacture of bioresorbable scaffolds and orthopaedic implants, sympathetic to the

remaining skeletal structural architecture.
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Figure 2: The developed musculoskeletal model, a) during sit-to-stand, b) close up of the
femoral mesh identical to that used in the FE simulations. Forces from those muscles
highlighted in red are applied in the FE simulations. Ground reaction forces beneath
each foot are shown. Wrapping surfaces are omitted for clarity.
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Figure 3: 2.5mm slice of the proximal femur for the base model. Shell elements repre-
senting cortical bone are shown in grey, truss elements representing trabecular bone are
shown in red.
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(b)

Figure 4: Load applicators at the, a) hip, b) knee, c¢) patellofemoral joints. Shell elements
representing cortical bone and the wedge elements of the applicators are shown as semi-
transparent to highlight the truss elements linking the applicator constructs to the hip
joint centre, the knee and patellofemoral joint axes respectively. Dashed lines show the
joint axes for the knee and patellofemoral joints.
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Figure 5: Hip JCFs derived from the musculoskeletal model for single cycles of (a) walking, (b) stair ascent, (c) stair descent, (d)
sit-to-stand, (e) stand-to-sit, are shown as black solid lines. Selected frames from each activity, used in the FE simulations, are
indicated using solid circles. Average hip JCFs across all subjects for all trials, as recorded and reported by Bergmann et al. [56]
for the same activities, are shown as red dash-dot lines (full details of the customised averaging process are available on the HIP98
dataset accompanying [56]). Due to differences in the selection of the start and finish points of some activity cycles, the average hip
JCF's reported by Bergmann et al. [56] for these activities are shifted (stair descent) or plotted over approximately corresponding
periods (sit-to-stand and stand-to-sit) for easier visual comparison.
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Figure 6: Selected 5mm slices for the converged mesoscale structural model subjected to a single load case taken at maximum hip
JCF during walking. Shell elements representing cortical bone are shown in grey, truss elements representing trabecular bone with

a radius r > 0.1mm are shown in red, truss elements with a radius » = 0.1mm are shown in the background in blue. Truss elements
with a radius » = 1um are omitted for clarity.
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Figure 7: Selected 5mm slices for the converged mesoscale structural model subjected to the full loading regime. Shell elements
representing cortical bone are shown in grey, truss elements representing trabecular bone with a radius 7 > 0.1mm are shown in red,
truss elements with a radius r = 0.1mm are shown in the background in blue. Truss elements with a radius r = 1pum are omitted

for clarity.
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Figure 8: 5mm slice for the converged mesoscale structural model subjected to a single
load case taken at maximum hip JCF during walking (as shown in Fig. 6a), highlighting
the five normal groups of trabeculae identified by Singh et al. [60] and Ward’s triangle.
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Figure 9: Selected bmm slices for the converged mesoscale structural model subjected to the full loading regime. Shell and truss
elements are colour-mapped according to the activity most influential in determining their geometry. Truss elements with a radius

r < 0.lmm are omitted for clarity.
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Figure 10: Selected 5mm slices for the altered thickness converged mesoscale structural model subjected to the full loading regime
(a, c, e, g), shown alongside corresponding puCT slices (b, d, f, h). Shell and truss elements with a radius » > 0.1mm are coloured
light grey. Truss elements with a radius » = 0.1mm are coloured dark grey. Truss elements with a radius r = 1um are omitted for
clarity. All slices are shown as semi-transparent to highlight the structure through the depth of the slice.



Figure 11: Anatomical and effective lines of action, force vectors Fp and Fg, and insertions
A and E respectively, for the gastrocnemius medialis muscle.
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