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The problem of size/thickness optimization of a distal femoral-fracture fixation-plate is addressed com-
putationally using a combined finite-element/design-optimization procedure. To obtain realistic physio-
logical loading conditions associated with normal living activities (cycling, in the present case), a
musculoskeletal multi-body inverse-dynamics analysis is carried out of a human riding the bicycle. While
optimizing the design of the femoral-fracture locking-plate, realistic functional requirements pertaining
to attain the required level of fracture-femur fixation and longevity/lifecycle were used. It is argued that
these types of analysis should be used to complement pre-clinical implant-evaluation tests, the tests
which normally include a limited number of physiological loading conditions and single pass/fail out-

comes/decisions with respect to a set of lower-bound implant-performance criteria.
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1. Introduction

Significant advantages are associated with the use of internal
fracture fixation devices to repair broken long bones such as the fe-
mur, humerus, and tibia. Beside decreasing the bone healing time
and allowing for a more accurate anatomical axial alignment, the pa-
tient can return to activities of daily leaving more rapidly [1]. The
failure of fracture fixation devices is attributed to biological factors
such as extensive soft-tissue traumatic injury, atrophic fracture site,
and dead space among others [1]. From a mechanical perspective,
the strength of the device and its ability to sustain dynamic loading
associated with activities of daily living have been identified as crit-
ical factors to predict performance [2]. Pre-clinical implant evalua-
tion studies performed to estimate their mechanical performance
suffer from at least two major shortcomings: (a) they rely on a lim-
ited number of physiological loading conditions; and (b) the results
of these studies are used only to determine if the implant has passed
or failed a set of minimum-level performance criteria [3-5].

Consequently, redesign of new implants is carried out only
when the design has failed to meet these criteria. What is left
unanswered is if the accepted new implant can meet the perfor-
mance and longevity requirements under other physiological load-
ing conditions associated with normal daily living and if the design
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(including the material selected for the implant) are optimal (with
respect to their size, weight, cost, etc.).

The main objective of the present work is to demonstrate how
musculoskeletal modeling can be used to determine physiological
loading conditions not normally covered by pre-clinical implant-
evaluation tests although they may refer to fairly normal daily
activities (e.g. cycling). Within the present work, the recently-
developed novel technology for computer modeling of the hu-
man-body mechanics and dynamics, namely the AnyBody Model-
ing System [6] and its associated public domain library of body
models are being fully utilized and further developed. In its most
recent rendition [7], the AnyBody Modeling System enables crea-
tion of a detailed computer model for the human body (including
all important components of the musculo-skeletal system) as well
as examination of the influence of different postures and the envi-
ronment on the internal joint forces and muscle activity.

The second main objective of the present paper is to demon-
strate how the loading conditions derived using musculoskeletal
modeling can be utilized within a combined finite-element/de-
sign-optimization procedure to carry out optimization of the de-
sign of an implanted device. Specifically, optimal thickness of a
distal femoral-fracture fixation-plate under pedaling (cycling)
exertion loading conditions is investigated. Optimization of the im-
plant design/thickness is carried out with respect to its ability to
meet several functional requirements pertaining to both the neces-
sary level of fractured-femur fixation and to meeting the longevity/
lifespan constraints. Details regarding these functional require-
ments are presented in the next section.
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The organization of the paper is as follows. A brief overview of
the AnyBody Modeling System is provided in Section 2.1. The mus-
culoskeletal human-body model, the concepts of muscle recruit-
ment and muscle-activity envelope, the bicycle model and the
issues related to human/bicycle kinematics and contact interac-
tions are discussed in Sections 2.2-2.5. The definition of the mus-
culoskeletal problem of a human riding the bicycle analyzed in the
present work is discussed in Section 2.6. The finite-element/de-
sign-optimization problem and analysis for the distal femoral-frac-
ture fixed-plate implant are presented in Section 3. The results
obtained in the present work are presented and discussed in Sec-
tion 4. The main conclusions resulting from the present work are
summarized in Section 5.

2. Musculoskeletal modeling and simulation

As mentioned earlier, two distinct computational analyses are
carried out in the present work. Within the first analysis (discussed
in this section), a musculoskeletal investigation of a person riding a
bicycle is carried out. The resulting forces and moments, as a func-
tion of time, acting on the fractured right femur of the person riding
the bicycle are next used in a finite-element/design-optimization
analysis of the distal femoral-fracture fixation-plate implant.

2.1. The AnyBody Modeling System [6]

The AnyBody Modeling System [6] developed at Aalborg Uni-
versity and used in the present work is a general-purpose muscu-
loskeletal modeling and simulation program. The essential features
of this computer program can be summarized as follows:

(a) The musculoskeletal model is typically constructed as a
standard multi-body dynamics model consisting of rigid
bodies, kinematic joints, kinematic drivers and force/
moment actuators (i.e. muscles). The kinematic and dynamic
behavior of this model can be determined using standard
multi-body dynamics simulation methods;

(b) Complex geometries of the muscles and their spatial
arrangement/interactions (e.g. muscles wrapping around
other muscles, bones, ligaments, etc.) can be readily mod-
eled within AnyBody Modeling System [6];

() It is well-established that a typical musculo-skeletal system
suffers from the so-called “muscle redundancy problem”: i.e.
the number of muscles available is generally larger than
those needed to drive various body joints. Within the living
humans and animals, this problem is handled by their Cen-
tral Nervous System (CNS) which controls muscles activa-
tion/recruitment. To mimic this role of the CNS, the
AnyBody Modeling System [6] offers the choice of several
optimization-based muscle-recruitment criteria;

(d) A typical musculoskeletal multi-body dynamics problem is
solved using computationally-efficient inverse dynamics
methods within which the desired motion is prescribed
while the muscle activity required to produce this motion
is computed,;

(e) Within the AnyBody Modeling System [6], the muscle
recruitment problem is solved using an optimization-based
approach in the form:

Minimize the objective function:

G(™) (1)

Subjected to the following constraints:

f=d )

M=o ief{l,.,n™y} (3)

where the objective function G (a scalar function of the vector
of n™ unknown muscle forces, ™), defines the minimiza-
tion object of the selected muscle-recruitment criterion (as-
sumed to mimic the one used by the CNS). Eq. (2) defines
the condition for dynamic mechanical equilibrium where C
is the coefficient matrix for the “unknown” forces/moments
in the system while d is a vector of the “known” (applied or
inertia) forces. The forces appearing in vector fin Eq. (2) in-
clude the unknown muscle forces, f™, and the joint-reaction
forces, f®. Eq. (3) simply states that muscles can only pull
(not push) and that the upper bound for the force in each
muscle fi(M’i is the corresponding muscle strength, N;;

(f) While there are a number of functional forms for the objec-
tive function, G, the one used in the present work is the so-
called “min/max” form within which the objective function
(to be minimized) is defined as the maximum muscle activ-
ity defined for each muscle i as f™/N;, i.e.:

G(F™) = max (™ /N;) (4)

This formulation offers several numerical advantages over
other popular forms of G and, in addition, it appears to be
physiologically sound. That is, under the assumption that
muscle fatigue is directly proportional to its activity, Eqgs.
(1) and (4) essentially state that muscle recruitment is based
on a minimum muscle-fatigue criterion. Also, this expression
for G, has been found to asymptotically approach other for-
mulations of G (e.g. the so-called “Polynomial” form [8]).

(g) The problem defined by Eqgs. ((1)-(4)) can be linearized using
the so-called “bound formulation” [9] resulting in a linear
programming problem with muscle forces and joint-reaction
forces as free variables. Relations between these two types of
forces are next used to eliminate the joint-reaction forces
yielding a linear programming problem with the number
of unknowns equal to the number of muscles in the system;
and

(h) While for a fairly detailed full-body model containing
around one thousand muscles, this constitutes a med-
ium-to-large size problem which can be readily solved by
a variety of design-optimization methods (e.g. Simplex,
Interior-point methods, etc.), the min/max problem is
inherently indeterminate and must be solved iteratively.
This can be rationalized as follows: The min/max criterion
only deals with the maximally-activated muscles and with
muscles which help support the maximally-activated mus-
cles. Since the system, in general, may contain muscles
that have no influence on the maximum muscle activity
in the system, the forces in these muscles are left undeter-
mined by the min/max formulation presented above. To
overcome this shortcoming, the muscle-recruitment opti-
mization problem is solved iteratively, so that each itera-
tion eliminates the muscles with uniquely determined
forces and the procedure is repeated until all muscle forces
are determined.

2.2. Musculoskeletal human-body model

The musculoskeletal model of the human body used in the pres-
ent work was downloaded from the public domain AnyScript Mod-
el Repository [10]. The model was originally constructed by
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AnyBody Technology using the AnyBody Modeling System [6] fol-
lowing the procedure described in details by Damsgaard et al. [7].
Model Taxonomy: The musculoskeletal human-body model in-
cludes: (a) an arm/shoulder assembly containing 114 muscle units
on each side of the body and having a morphology defined by Van
der Helm [11], (b) a spine model developed by de Zee et al. [12]
comprising sacrum, all lumbar vertebrae, a rigid thoracic-spine
section, and a total of 158 muscles, and (c) a pelvis and lower
extremity model with a total of 70 muscles. In total, the model con-
tains more than 500 individual muscle units and, hence, can be
considered as a fairly detailed description of the human muscu-
lo-skeletal system. The anthropometrical dimensions of the model
are selected in such a way that they correspond to the female
cyclist participated in the motion-capture tests, Section 2.7.

2.2.1. Segments and joints

Within the model, the bodies (referred to as the “segments”
within the AnyBody Modeling System) are treated as rigid with
their mass/inertia properties derived from mass and shape of the
associated bone and the soft tissue that is allotted to the bone.
Joints in the human body are treated as idealized frictionless kine-
matic constraints between the adjoining segments. Both standard
kinematic joints (e.g. spherical joints for the hips, hinge joints for
the knees, etc.) as well as specially-developed joints (e.g. those
used to represent kinematic constraints associated with floating
of the scapula on the thorax) are employed.

2.2.2. Muscles

Muscles are treated as string contractile force-activation ele-
ments which span the distance between the origin and the inser-
tion points through either the via points or by wrapping over the
surfaces which stand on their way. Muscle wrapping problem is
treated using a shortest-path contact-mechanics algorithm. Due
to the fact that the problem considered in the present work is dy-
namic, muscles are modeled as being non-isometric (i.e. muscle
strength is considered to be a function of the body posture and
the rate of contraction). Also, passive elasticity of muscles (i.e.
the resistance of the muscles to stretching) was considered.

2.2.3. Model validations

The mechanics of the model is implemented as a full three-
dimensional Cartesian formulation and includes inertial and grav-
ity body forces. Integral validation of whole-body musculoskeletal
models is very difficult to conduct. To the best knowledge of the
present authors, validation of the whole-body musculoskeletal
model is still lacking (due to major challenges which would be
associated with such validation). However, various subsystems of
the whole-body model were validated separately. For e.g.: (a)
The lumbar spine model was validated by de Zee et al. [12] by com-
paring the model prediction with in vivo L4-5 intradiscal pressure
measurements of Wilke et al. [13]; (b) de Jong et al. [14] validated
the lower extremity model by comparing model-predicted muscle
activations and pedal forces with their experimental counterparts
obtained in pedaling experiments; and (c) The shoulder model
was validated in the early work of Van der Helm [11].

2.3. The muscle-activity envelope

As originally recognized by An et al. [15], the min/max muscle-
recruitment formulation, discussed in Section 2.1, defines effec-
tively a minimum fatigue criterion as the basis for muscle recruit-
ment, i.e. the aim of the proposed muscle-recruitment strategy is
to postpone fatigue of the “hardest-working” muscle(s) as far as
possible. The physiological consequence of this strategy is that
muscles tend to form groups with muscles within the same group
having comparable activity levels. In particular, in the muscle

group associated with the maximum muscle activity there will
be usually many muscles which, in a coordinated manner, carry
a portion of the load comparable with their individual strengths.
Consequently, in this group, many muscles will have the same
activity level, which will be referred to as “the muscle-activity
envelope”. The linearity of the reformulated min/max criterion dis-
cussed earlier guarantees that the optimization problem defined
by Egs. ((1)-(3)), is convex and, hence, that the solution to the
problem is unique and corresponds to the global optimum. In other
words, there is no other muscle-recruitment strategy which can re-
duce the muscle-activity envelope further. Moreover, since the
muscle-activity envelope represents the maximum muscle activa-
tion in the model, it can be interpreted as the fraction of maximum
voluntary contraction necessary to support the imposed load
(gravity and inertia forces, in the present case) while maintaining
the prescribed posture. Thus, the muscle-activity envelope appears
to be an important parameter/measure for ergonomic-design opti-
mization, in the sense that designs which are associated with lower
envelope levels may be perceived as less fatigue-inducing.

2.4. Bicycle model

The raised-frame-bicycle used in the present musculoskeletal
cycling analysis was comprised of four segments: a frame, a crank
and two wheels. Three revolute joints are used to connect the
crank and the two wheels to the frame.

The effort that the human body must exert in order to drive the
bicycle was modeled by prescribing a time-dependent resistance
crank torque. The mean value of this torque was computed using
an average value of the cycling power of 170 W. The torque ampli-
tude was defined by subtracting from the mean torque the so-
called “dead-center crank torque” (a value of the torque the cyclist
must provide when the pedal arms are close to the vertical position
and when the tangential pedal-force direction is nearly perpendic-
ular to the preferred force direction of the legs). To comply with
the fact that the two pedals function equally the crank-torque fre-
quency is set to twice the cadence value.

2.5. Human-body/bicycle kinematics and interactions

The interactions between the cyclist and the bicycle were han-
dled as follows: (a) two spherical joints were used to connect the
human hands to the bicycle-frame/handle-bar. These connections
were attained through the use of gloves (one per each hand).
Gloves are special elements in AnyBody which enable the defini-
tion of the joints with a finite strength and, thus, can be used to
emulate the grip strength of a normal hand. This typically elimi-
nates numerical problems (i.e. unreasonable results) associated
with the use of infinitely-strong human-body/environment joints;
(b) the feet are connected to the peddle/crank using a pair of rev-
olute joints; and (c) a general purpose joint based on linear and
rotational measures was defined between the pelvis and the bicy-
cle saddle/seat.

To quantify the extent of and to account for the distributed nat-
ure of the human-body/bicycle-seat contact interactions, a number
of support points are introduced over the bicycle-saddle surface.
These support points allow the transfer of reaction forces to the
bicycle-seat via the so-called “support elements”. These elements
enable quantification of the human-body/bicycle-seat contact
(compressive and tangential/friction) reaction forces at the support
points. It should be noted that the compressive reaction forces are
perpendicular to the support surfaces while tangential force can be
in any direction perpendicular to the corresponding compressive
force.

Due to the presence of the aforementioned human-body/bicycle
kinematic links, the human body acquires the appropriate posture
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for each angular position of the bicycle-crank. In the process of
acquiring the appropriate posture, kinematics of the spine is ad-
justed in accordance with the so-called “spinal rhythm” algorithm.
Within this algorithm, a single input, the pelvis-thorax angle, is
used to determine the three rotational-joint angles of adjacent ver-
tebrae (under a condition that the passive-elastic elements of the
spine are able to force the spine to act kinematically as an elastic
beam). The physical soundness of the spinal-rhythm algorithm
for the seating posture has been validated by Rasmussen and de
Zee using motion capture experiments [16].

In acquiring the sought posture for the human, an additional
algorithm was employed. This algorithm controls the relative mag-
nitudes of hip flexion and pelvis/thorax flexion. Following the
experiments of Bell and Stigant [17], the ratio of the two angles
was set to 2. That is, for a given value of the angle between the tho-
rax and the thigh, the hip-joint flexion angle is twice that of the
spine flexion angle.

2.6. Musculoskeletal definition of the cycling problem

To position the human body (overviewed in Section 2.3) onto
the bicycle and have it drive the bicycle, laboratory experiments
were conducted. Within these experiments, an experienced cyclist
was instrumented with reflective markers on the outside of her
thighs, knees, and ankles, Fig. 1. After a bicycle specialist adjusted
a raised-frame bicycle to match the anthropometry of the bicycle
rider, the cyclist was asked to cycle at a comfortable speed (corre-
sponding to the average cadence of 62 rpm). Meanwhile, motion
capture measurements were carried out in order to locate and
track the position of the reflective markers. The marker-position
data recorded as a function of time were then used as input to
the AnyBody Modeling System to drive the human-body model
during cycling, Fig. 2.

3. Finite-element and design-optimization procedures

As mentioned earlier, the results of the musculoskeletal cycling
analysis in the form of muscle forces and femur/hip and femur/
knee joint-reaction forces and moments, along with the spatial
coordinates of the muscle attachment/via points and the two joints
(as a function of time), are exported from the AnyBody Modeling
System and used, as input, in a finite-element/design-optimization
analysis of the distal femoral-fracture fixation-plate implant, Some

Fig. 1. Participant in the raised-frame-bicycle motion-capture experiments.

Fig. 2. Scaled musculoskeletal model of a person riding a bicycle (not scaled to
size).

details pertaining to the finite-element/design-optimization analy-
sis are presented in the remainder of this section. In Fig. 3, the
names and the spatial locations of the muscle-attachment/via
points and the hip and knee joints are provided for the right femur.
In this figure, there are 27 muscle attachment/via points and two
joint points. Moments are transferred to the femur only at the
two joint points since muscles, being contractile linear elements,
can each provide only a force.

In Fig. 4, a close-up is provided of the right femur along with the
adjoining bones. As can be seen, the femur contains a distal (next
to the knee) fracture and it is fixed with a lateral fracture fixa-
tion-plate implant. The implant is attached to the two segments
of the fractured femur using seven screws.

3.1. Finite-element model and analysis

3.1.1. The model

The finite-element model analyzed consisted of a fractured
right femur, a fixation-plate implant and seven locking screws.
Typical finite-element meshes used are displayed in Fig. 5. The fe-
mur, the plate and each of the screws were discretized using ca.
24,000 tetrahedral solid elements, ca. 9000 tetrahedral solid ele-
ments and ca. 7000 hexahedral solid elements, respectively.

To apply the muscle forces and joint-reaction forces and mo-
ments to the femur, each muscle-attachment/joint point is com-
bined with a neighboring section of the femur surface to form a
coupling. In this way, forces/moments acting at a muscle-attach-
ment/joint point are transferred to the femur over a larger surface
area preventing (unrealistic) stress-concentration artifacts.

To fasten the screws to the fixation plate and to the two bone
segments, the outer surfaces of the screws are tied to the mating
surfaces of the plate/femur. In other words, perfect fastening is as-
sumed to have been achieved using the screws.

To prevent sections of the bottom surface of the fixation-plate
implant between the screws from penetrating the femur, a “pen-
alty-type” contact algorithm was employed. Within this algorithm,
penetration of the contacting surfaces is opposed by a set of con-
tact springs. Any level of contact pressure can be transmitted
through the contact interface. Shear stresses are transmitted across
the contact-interface in accordance with the Coulomb friction law.

3.1.2. Material models
The fixation-plate implant and the seven screws are assumed to
be made of Ti-6A1-4 V, a Ti-based alloy which is commonly used in
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1 - Knee Joint Reference Node

2 - Hip Joint Reference Node

3 - Gluteus Minimus Node

4 - Gluteus Medius Node

5 - Gluteus Maximus1 via Node 2
6 - Gluteus Maximus2 via Node3
7 - Gluteus Maximus3 Node

8 - Tensor Fasciae Latae via Node2
9 - Adductor Longus Node

10 - Adductor Magnus1 Node

11 - Adductor Magnus2 Node

12 - Adductor Magnus3 Node

13 - lliopsoas Node

14 - Vastus Lateralis Node

15 - Vastus Medialis Node

16 - Vastus Intermedius Node
17 - Quadriceps via Node1

18 - Quadriceps via Node2

19 - Biceps Femoris Caput Breve Node
20 - Gastrocnemius Node

21 - Sartorius via Node1

22 - Quadratus Femoris Node
23 - Abductor Brevis Node

24 - Obturatorius Externus Node
25 - Obturatorius Internus Node
26 - Pectineus Node

27 - Gemellus Superior Node

28 - Gemellus Inferior Node

29 - Piriformis Node

Fig. 3. Spatial location of various muscle attachment points to the right femur.

Pelvis

Fixation-plate

Fixation-plate Implant

Fracture
Screw

Left Femur

Fig. 4. A close-up view of the fractured right femur (with a lateral fixation-plate implant and locking screws) and the adjoining bones at one time instant during a cycling-

simulation run.

fractured-bone fixation applications. Ti-6Al-4 V is modeled as a
linear-elastic/ideal-plastic material.

To provide a higher level of realism to the analysis, it is recog-
nized that femur is built of two types of bone tissues (cortical
and trabecular) and that density (and hence mechanical properties)
of the two types of bone tissues are spatially non-uniform. To ob-
tain the necessary data for defining the cortical-bone/trabecular-
bone dividing surfaces and the spatial distribution of the density
within each of the two bone tissues, computed tomography (CT)
scans of the femur bone were analyzed [18]. An example of the

CT scan of the femur bone is shown in Fig. 6. For each bone tissue,
the local gray-scale level is proportional to the local density. CT
images like the one displayed in Fig. 6 are analyzed using the Med-
ical Imaging Software Mimics [19]. Within Mimics, the two bone
tissues are differentiated by assigning two non-overlapping gray-
scale ranges, one for each bone tissue. Then, the gray-scale of each
pixel within the two bone tissues is quantified using the Houns-
field Unit (HU) value. The latter are next converted into the corre-
sponding bone-density values as: p=1.9 HU/1700, where the
bone-density p is given in g/cm?>. Lastly, the relations listed in Ta-
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Fig. 5. Typical finite-element meshes for the femur, fixation-plate implant and seven screws used in the quasi-static analysis of the implant longevity.

Trabecular
Bone

Fig. 6. A typical computed tomography (CT) scan of the femur showing the
presence of two bone tissues (cortical and trabecular bone tissues) and density
variation within each bone-tissue.

ble 1in [18] were used to compute the Young’s modulus as a func-
tion of the local density within the two bone tissues. A constant va-
lue of v=0.3 was used for both bone tissues. No plasticity within
the femur was considered. In other words, it was assumed that
the femur was made of two isotropic heterogeneous linear-elastic
materials.

3.1.3. The analysis

The results of the AnyBody-based multi-body dynamic cycling
analysis over a single revolution of the bicycle crank are exported
at 100 equal time intervals. For each of these intervals, a quasi-sta-
tic finite-element analysis of the femur/fixation-plate/screws
assembly is carried out. At each of these time steps, the following
AnyBody output information was used. (a) Spatial position of the

Table 1

femur/fixation-plate/screw assembly and the associated muscle-
attachment and joint-reaction points; (b) muscle forces and
joint-reaction forces and moments; and (c) the femur/plate/screws
assembly (linear and angular) velocities and accelerations.

The aforementioned AnyBody output data were used within the
finite-element model as follows: (a) the spatial position data were
used to correctly position the finite-element model and the points
for the application of concentrated forces and moments; (b) The
muscle-force and joint-reaction force/moment data were used to
define concentrated-load type of boundary conditions; and (c)
the velocity and acceleration data were used to define distributed
(gravity, inertia and centripetal) loading conditions.

The finite-element analysis results were used to determine: (a)
if the fixation - plate implant has suffered (unacceptable) plastic
deformation; (b) if the two contacting fractured surfaces of the fe-
mur have intruded into each other (also an unacceptable scenario);
and (c) if the stress-state of the most critical elements (elements
which control the fatigue life of the fixation-plate implant).

All the calculations pertaining to the quasi-static response of
the femur/plate/screws assembly are done using ABAQUS/Stan-
dard, a commercially available general-purpose finite-element
program [20].

3.2. Design-optimization analysis

One of the main objectives of the present work was to carry out
optimization of the femoral-fracture fixation-plate implant design.
For simplicity, the overall implant-design was assumed to remain
fixed except for the plate thickness. Since the plate was modeled
as a solid structure, changes in its thickness entailed re-meshing
of this component during optimization. In addition, since the
screws length also changed during optimization to comply with
the plate thickness, the screws had to be remeshed as well. In other
words, while only the fixation-plate thickness was being altered,
the optimization procedure was essentially a shape rather than a
size based optimization.

Functional relations used to compute, from CT-scans, density and the Young’s modulus in the cortical and trabecular bones of the radius.

Bone region

Density (p) vs. hounsfield unit (HU) relationship

Young’s modulus (E) vs. density (p) relationship

Cortical bone p (g/cm?) = 1.9

Trabecular bone p (g/cm?) = 1.9 4%

E (MPa) = —13,430 + 1426p(g/cm?)
E (MPa) = 1310(p(g/cm?))"4°
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3.2.1. Structural optimization

Structural optimization is a class of engineering optimization
problems in which the evaluation of an objective function(s) or
constraints requires the use of structural analyzes (typically a fi-
nite-element analysis, FEA). In compact form, the optimization
problem can be symbolically defined as [21]:

Minimize the objective function f(x).

Subjected to the non-equality constraints g(x) < 0 and
to the equality constraints h(x) = 0.

with the design variables x belonging to the domain D.

where in general, g(x) and h(x) are vector functions. The design
variables x form a vector of parameters describing the geometry
of a part/component. For e.g., x, f{x), g(x) and h(x) can be part
dimensions, part weight, a stress condition defining the onset of
plastic yielding, and constraints on part dimensions, respectively.
Depending on the nature of design variable in question, its domain
D can be continuous, discrete or a mixture of the two. Furthermore,
a structural optimization may have multiple objectives, in which
case the objective function becomes a vector function.

Structural optimizations can be classified in many different
ways. One of these classifications distinguishes between topology,
size and shape optimization methods.

3.2.1.1. Topology optimization. Topology optimization which is typ-
ically applied at the conceptual stage of part design represents the
design domain as the continuum mixture of a solid material and
“voids” and the optimal design is defined with respect to the distri-
butions of the mixture density within the design space [22].

3.2.1.2. Size optimization. Within size optimization approach, the
dimensions that describe part geometry are used as design vari-
ables, x. The application of size optimization is, consequently,
mostly used at the detailed part-design stage where only fine tun-
ing of the part geometry is necessary. Size optimization is typically
quite straightforward and it generally requires no re-meshing of
the finite-element models during optimization iterations.

3.2.1.3. Shape optimization. Shape optimization which is also
mostly used at the detailed part-design stage, allows the changes
in the boundary of part geometry. The boundaries are typically rep-
resented as smooth parametric curves/surfaces, since irregular
boundaries typically deteriorate the accuracy of finite-element
analysis or may even cause the numerical instability of optimiza-
tion algorithms. Because the product geometry can change dramat-
ically during the optimization process, the automatic re-meshing
of finite-element models is usually required. Structural shape opti-
mization methods are generally classified as: (a) direct geometry
manipulation and (b) indirect geometry manipulation approaches.
In the direct geometry manipulation approaches, design variable x
is a vector of parameters representing the geometry of part bound-
ary, e.g., the control points of the boundary surfaces. In the indirect
geometry manipulation approaches, design variable x is a vector of
parameters that indirectly defines the boundary of the product
geometry. A comprehensive review of shape optimization based
on the direct and the indirect geometry manipulation approaches
can be found in Ref. [23].

3.2.2. Fixation-plate shape optimization

The fixation-plate thickness optimization problem was defined
as follows: The plate thickness is to be minimized while ensuring
that during cycling no plastic deformation in the plate takes place,
no interpenetration of the two fractured-femur segments occur
and that no high-cycle fatigue failure will take place after a pre-se-

lected number of bicycle-crank revolutions (two million cycles, in
accordance with a simple analysis presented in Section 4). Due to
the three-dimensional nature of the fixation-plate implant, its
thickness optimization was handled as a shape-optimization prob-
lem. Eight shape variables were used, one for the plate and the
remaining ones for each of the seven screws of the fixation-plate.
Each shape variable enables a proportional change in the geometry
of the associated component while ensuring a high-quality of their
finite-element mesh. This was accomplished by using mesh-morp-
hing algorithm which preserves identity of the nodes and elements
while simply repositioning the nodes. The fixation-plate thickness-
optimization problem was implemented into and solved using
HyperStudy [24], a general purpose multi-disciplinary multi-objec-
tive optimization software. For a defined optimization problem,
this software invokes the pre-selected optimization algorithm
(the Adaptive Response Surface Method [25], in the present case),
morphs the component meshes, prepares an input file for the fi-
nite-element analysis, launches the finite-element solver and reads
and interprets the finite-element results in order to determine the
immediate direction of the design-optimization process.
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Fig. 7. Temporal evolution of the hip and knee joint-reaction forces and moments
over a single revolution of the bicycle crank.
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Fig. 8. Temporal evolution of the human-body kinematics and muscles activity at four equally-spaced times during a single bicycle-crank revolution.

3.2.3. Fatigue-life prediction

As mentioned earlier, one of the fixation-plate design-optimiza-
tion constraints pertains to the attainment of a pre-selected lifecy-
cle. Since this lifecycle is expected to be high-cycle fatigue
controlled, a fatigue-based lifecycle prediction procedure had to
be developed in the present work. The first step in this direction
was to examine the temporal behavior of the muscle forces and
reaction forces and moments during a single revolution of the bicy-
cle crank. An example of the results obtained for the two joint-
reaction force and moment components is displayed in Fig. 7a
and b. Simple examination of the results displayed in these figures
show that the temporal evolution of various forces and moments is
not in-phase and that these forces/moments are not associated
with constant amplitude. These findings have important conse-
quences to the type of fatigue-life prediction analysis which should
be employed. Firstly, the non-constant nature of the load ampli-
tude implies that a cycle-counting procedure (e.g. the so-called
Rainflow cycle-counting analysis [26]) should be employed in order
to represent (highly-irregular) time-dependent loading as a collec-
tion of constant-amplitude (fixed mean-value) loading cycles. Sec-
ondly, since temporal evolution of the various muscle forces and
joint-reaction forces and moments are out of phase, not only the
magnitude of stresses/strains at an arbitrary point in the femur/
plate/screw assembly varies as a function of time, but also the ori-
entation of the associated principal coordinate system is time var-
iant. The latter findings are what makes the loading “non-
proportional” and the fatigue-life prediction more complex. Specif-
ically, the rainflow cycle-counting analysis to be used should dif-
ferentiate the load cycles not only on the basis of their amplitude
and the mean value but also on the basis of the orientation of their
stress/strain principal coordinate system.

3.2.4. High-cycle stress-based fatigue analysis

Due to a relatively simple geometry of the fixation-plate im-
plant and the fact that a pre-defined high-cycle fatigue life is man-
dated for this component, it was deemed reasonable to assume

Fig. 9. Typical results pertaining to the spatial distribution of: (a) von-Mises
equivalent stress (red =30 MPa and blue = 0.1 MPa) and (b) maximum principal
stress (red =20 MPa and blue = —3 MPa). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

that the fatigue-life of this component will be stress controlled.
Furthermore it is assumed that the stress-based function responsi-
ble for the fatigue-induced failure is the maximum principal (ten-
sile) stress. Next, stress-amplitude dependence of the number of
cycles till failure is assumed to be defined by the traditional Bas-
quin relation [27] and the effect of the mean value of the maximum
principal (tensile) stress is accounted for through the use of Good-
man relation [27]. The high-cycle fatigue parameters for Ti-6Al-
4V are obtained from the Ansys fatigue material database [28].
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To compute the number of cycles till failure for the given de-
sign/thickness of the fixation-plate implant, the procedure devel-
oped in our previous work was utilized [29]. Due to space
limitations, only a brief overview of this procedure will be pro-
vided here. The main steps of this procedure applied to each finite
element of the fixation-plate implant include: (a) utilization of the
finite-element calculation results to determine temporal evolution
of the maximum principal (tensile) stress; (b) application of the
rainflow cycle-counting analysis to determine a three dimensional
histogram relating the number of cycles with the maximum prin-
cipal stress amplitude and the associated mean value; (c) calcula-
tion of the fractional damage associated with each load-cycle type
(as characterized by a fixed value of the stress amplitude and the
stress mean value); and (d) computation of the total fractional
damage associated with all load-cycle types and computation of
the corresponding number of cycles till failure as an inverse of this
fractional damage.

The fixation-plate implant life cycle is then set to that of its ele-
ment associated with the smallest number of cycle till failure.

4. Results and discussion
4.1. Musculoskeletal cycling analysis

As mentioned earlier the sole purpose of conducting the muscu-
loskeletal cycling analysis was to obtain physiologically realistic
loading conditions for the femur/fixation-plate/screws assembly.
Specifically, at each of 100 times increment during a single rotation
of the bicycle crank, the muscle forces and the joint-reaction forces
and moments as well as the spatial position of the muscle attach-
ment/via points and the joint-reaction points had to be obtained
from the musculoskeletal analysis. In addition, the spatial position
and the orientation of the femur/plate/screws assembly at each
time increment had to be obtained from the musculoskeletal
analysis.

An example of the temporal evolution of the forces and mo-
ments acting on the femur (at the hip and knee joint points) was
shown earlier, Fig. 7a and b. Similar results were obtained at mus-
cle attachment/via points. As pointed out earlier these forces and
moments are of non-constant amplitude and not in-phase result-
ing in non-proportional type of loading on the femur.

An example of the whole human-body/bicycle kinematics/mus-
cle-activity results at four time intervals during a single revolution
of the bicycle crank is shown in Fig. 8a-d. It should be noted that
the activity of each muscle (i.e. the force produced by the muscle)
is displayed pictorially in these figures by the thickness and the
color shading of the line segments representing the muscles. The
results displayed in Fig. 8a-d then can be used to qualitatively as-
sess how the activity/recruitment of different muscles is changing

Lower-bound
Plate Shape ™

Lower-bound
Screw Shape ™

during a single revolution of the bicycle crank for e.g., variation in
the activity of the Biceps Femoris Caput Longum muscle is marked in
these figures.

4.2. Finite-element results

Since it was assumed throughout this work that the locking
screws can secure well the fixation-plate implant to the two frac-
tured-femur segments, the focus of the finite-element investiga-
tion was placed on the fixation-plate implant. The three primary
functional requirements imposed onto the implant were: (a) suffi-
ciently high strength to prevent any plastic deformation within the
fixation plate; (b) adequate bending stiffness to prevent the two fe-
mur segments from intruding into each other; and (c) a pre-se-
lected fatigue life expressed as a number of bicycle-crank
revolutions. Using an expected implant resident time of 6 years
and an average cycling distance of 1000 km/year the implant fati-
gue life was set to two million cycles.

An example of the typical finite-element results is displayed in
Fig. 9a and b. The results shown in Fig. 9a show that the von-Mises
equivalent stress is substantially lower than the Ti-6Al-4V yield
strength (930 MPa). Thus under all the loading and fixation-plate
design conditions the implant strength requirement was found to
be met. Likewise, the conditions regarding the maximum interpen-
etration of the fracture surfaces of the femur was found to be sat-
isfied (i.e.<0.001 m) for all combinations of loading conditions and
the fixation-plate thickness. As far as the fixation-plate implant fa-
tigue-life requirements is concerned, it is found to be satisfied at
the implant-thickness upper-bound (4.25 mm) and not to be satis-
fied at the implant thickness lower-bound (3.25 mm). As men-
tioned earlier the fatigue-life in the present case is controlled by
the maximum principal stress. Fig. 9b displays an example of the
typical results pertaining to spatial distribution of this stress com-
ponent. Clearly the elements surrounding some of the screw-holes
are associated with the highest levels of the maximum principal
stress and are likely to control the overall fatigue-life of the
component.

4.3. Design optimization results

As stated earlier, under all the implant-design and muscle/joint-
imposed loading conditions, the functional requirements for the
implant pertaining to its strength and bending stiffness were found
to be satisfied. Hence, they will not be considered any further. The
focus will be placed in this section on the functional requirement
pertaining to the fatigue-life of the implant.

In accordance with the discussion presented in Section 3.2, the
implant-thickness optimization problem was treated as a shape-
design optimization problem. The implant thickness was defined

Upper-bound Plate

Upper-bound
Screw Shape

Fig. 10. Upper-bound (wireframe) and lower-bound (shaded red for the plate and blue for the locking screws) shapes used in the fixation-plate thickness design-optimization
analysis. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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as a single implant-shape variable. Definition of this shape variable
is depicted in Fig. 10. Additionally, the corresponding seven shape
variables were defined (only three shown for brevity), one for each
locking screw, in order to ensure that screws length is consistent
with the implant thickness.

The progress of the implant-thickness optimization is displayed
in Fig. 11a and b. In Fig. 11a, implant thickness is tracked as a func-
tion of the iteration number. In Fig. 11b, on the other hand, the im-
plant fatigue life is monitored as a function of the optimization
iteration number. The results displayed in Fig. 11a and b show that
the optimal thickness of the fractured-femur fixation-plate implant
is around 4.07 mm.

4.4. Material selection

Until this point in the present investigation, the same implant
material, Ti-6Al-4V STA (Solution Treated and Aged) alloy was
used. This is a commonly used fractured-femur fixation-plate im-
plant material which provides a good combination of bio-compat-
ibility, mechanical performance and a low material/manufacturing
cost. The present investigation has established that the key perfor-
mance aspect of the fixation-plate implant under consideration is
fatigue life. While retaining the requirements concerning low
material/manufacturing cost and bio-compatibility (ensured by
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Fig. 12. Material selection chart used in the analysis of potential replacement of Ti-
6Al-4V as the fixation-plate implant material with other Ti-based alloys.

carrying out material selection within the family of Ti-based al-
loys), a material selection procedure was conducted in the present
work in order to identify potential material substitutes for Ti-6Al-
4V,

While examining different Ti-based material alternatives, it was
found that in all cases considered, strength requirement can be
readily attained. Consequently, implant-material selection is car-
ried out with respect to simultaneously, satisfying the implant
stiffness and longevity requirements. In all the cases considered,
it was found that the longevity requirement is more difficult to
meet. Consequently, in defining a single material selection param-
eter, a higher weighting factor (wg, = 0.8) was selected for endur-
ance limit and a lower weighting factor (wyy =0.2) for the
Young’s modulus of the candidate material. For convenience, the
endurance limit and then Young’s modulus of each candidate
material are normalized by their respective counterparts in Ti-
6Al-4 V. Thus, the material selection index for the fixation-plate
implant is defined as:

OFL
M= WEgL
OELTi—6AI-4V

Wym
Eri_sat-av

where og; denotes endurance limit while E is Young’s modulus.

Clearly, M = 1.0 for Ti-6Al1-4 V and for a material to be consid-
ered as a potential substitute for Ti-6Al-4V, its M must be larger
than 1.0.

To assist the implant material-selection process, a normalized
stiffness (E/Eti_sai_4v) VS. normalized endurance limit (¢/01i_sai_av)
plot is constructed in Fig. 12. Few iso-M lines are also drawn in this
figure. The results displayed in Fig. 12 show that, with respect to
the implant performance (as defined by its strength, stiffness,
and longevity), Ti-10 V-2Fe-3Al STA, Ti-3Al-8 V-6Cr-4Zr-4Mo
(Beta C) or Ti-15 V-3Cr-3Sn-3Al STA may be a better alternative
for the implant than Ti-6Al-4V. However, the final decision
regarding the substitution of Ti-6Al-4 V with these material alter-
natives should also account for material/manufacturing cost. Due
to a lack of reliable/stable data pertaining to the cost of the mate-
rials in question, the effect of cost on material selection could not
be taken into account in the present work.
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5. Summary and conclusions

Based on the work conducted and the results obtained in the
present investigation, the following main summary remarks and
conclusions can be drawn:

1. Design (more specifically thickness) optimization of a frac-
tured-femur fixation-plate implant is investigated computation-
ally. To provide the realistic physiological loading conditions
experienced by the implant during normal daily activities of the
patient, a musculoskeletal multi-body dynamics analysis is cou-
pled with implant finite-element/design-optimization methods.

2. The results show that out of the three functional requirements
placed on the implant, (i.e. its strength, bending stiffness and lon-
gevity), it is longevity which typically controls the implant optimal
design/thickness.

3. Under the assumption that bicycle riding provides the most
critical loading conditions experienced by the femur-fixation
implant during normal daily activities of the human with a surgi-
cally implanted femur-fixation plate, the optimal implant thick-
ness was determined.

4. Potential material replacements have been considered for Ti-
6Al-4V, the alloy used in the present finite-element/design-opti-
mization analysis of a femur-fixation implant, in order to further
reduce implant thickness.
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