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Abstract

Artificial or human test bones are used for the biomechanical testing of implants. Human test bones are rare and not always
available. These must, therefore, be substituted with artificial test bones. However, current artificial test bones are only avail-
able with specific characteristics (e.g., age groups or disease characteristics). Additionally, their mechanical properties are
only comparable to a limited extent to those of a human bone. This paper presents a methodology for designing additively
manufactured artificial test bones for biomechanical testing that replicate the mechanical behavior of a human bone. Topol-
ogy optimization methods are used to generate the artificial test bone's internal structure. The geometric model is based
on a computed tomography dataset of a human bone. The input data can be manipulated in advance to reproduce defects
or disease patterns. The bone was fixed at the distal diaphysis and loaded with different biomechanical forces for topology
optimization. Boundary conditions due to possible additive manufacturing processes were incorporated into the optimization
to ensure manufacturability. The optimization result is compared with experimental data from a human bone. A bone-like
internal structure and increased compliance of the topology-optimized test bone model compared to the commercial model
were observed.
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Abbreviations 1 Introduction

AM Additive manufacturing

BW Body weight The examination of bone plates, also called osteosynthe-
CT Computed tomography sis plates, is performed with biomechanical tests using test
RBE  Rigid body element bones. The availability of suitable human bones is limited,
SGFR  Short-glass-fiber-reinforced especially for bones from young- to medium-aged donors
SIMP  Solid isotropic material with penalization or particular disease types. In addition, the use of human

test bones is associated with high costs and complex pres-
ervations along with high fluctuations of their mechanical
properties. Due to the disadvantages of natural test bones,
artificial test bones are increasingly being used in the ortho-
pedic biomechanics research and surgical training. These
artificial bones, mostly composite bones, are undergoing
steady improvement. They are less expensive than cadaveric
femora, are sufficiently available, and are ethically justifiable
[1, 2]. However, their availability is currently limited to a
few sizes and geometries.
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1.1 Conventional approach

The market leader in supplying artificial test bones is the
Institute for Machine Tools and Industrial Management, company Sawbones, a division of Pacific Research Laborato-

School of Engineering and Design, Technical University ries, Inc. (Pacific Research Laboratories, Inc., Vashon, USA)
of Munich, Boltzmannstrasse 15, 85748 Garching, Germany
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[3]. The so-called Sawbones, named as the company itself,
consist of a polyurethane foam, intended to represent a can-
cellous bone, which is encased in epoxy resin to replicate the
cortical bone. Short-glass-fiber-reinforced (SGFR) epoxy,
used since the third generation of Sawbones, is intended to
have similar mechanical properties as the cortical bone. The
epoxy component has been optimized for the current fourth
generation of Sawbones [1]. Former studies concluded that
artificial bones represent the femora of healthy adult men
below 80 years of age [4]. They are primarily available in
three sizes: large, medium and small [3].

Previous studies compared artificial bones with natural
human bones in terms of their mechanical properties [5-8].
Heiner [6] investigated the mechanical properties of the
fourth-generation artificial femora and tibiae. An overview
of her findings, including the Young's modulus, the tensile
strength, and the compressive strength, as well as similar
values for the natural femur, is given in Table 1. However,
the comparison was not investigated in a biomechanical test.
Gardner et al. [4] provided comparable measurement data
for fourth-generation Sawbones of size large. The results of
the mechanical tests of the artificial bones are in the range
of their natural counterparts, which themselves show a wide
range. Basso et al. [9] observed a high stability in synthetic
bones of the fourth-generation, which was not in accordance
with human bones. They also observed differences in the
fracture behavior.

Despite the availability of synthetic bones with mechani-
cal properties comparable to those of natural bones, these
bone replicas cannot reproduce the anisotropy of the can-
cellous bone of their natural counterparts. This is due to
the polyurethane foam with isotropic properties [3, 10].
As a result, the polyurethane foam can only reproduce the
mechanical properties of the natural cancellous bone to a
limited extent. Such structures, which replicate the aniso-
tropic behavior, can be created by additive manufacturing
(AM) combined with topology optimization.

1.2 Topology optimization of bone-like structures
According to “Wolff’s law’, the bone is able to adapt to new

boundary conditions and remodel itself to an optimal inter-
nal structure relative to its mechanical requirements [11].

Table1 Tensile and compressive properties of fourth-generation
Sawbones and natural femora according to Heiner [5]

Characteristics Fourth-generation Human bone
composite femurs

Young's modulus in GPa 16 17

Tensile strength in MPa 107 130

Compressive strength in MPa 154 170
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Using topology optimization, optimal structures can also
be found with respect to a defined objective function. When
combined with AM, complex components and even individu-
alized geometries can be produced cost-effectively.

An approach based on the strain energy density function
is one method of topology optimization. Huiskes et al. [11]
used this approach to simulate bone-remodeling. Accord-
ing to their theory, the bone density is increased in regions
where a certain threshold of the strain energy is reached and
is decreased when it is below a certain threshold. Jang et al.
[12] compared this approach with the compliance-based
topology optimization. In two case studies, they obtained
similar results for both algorithms. They concluded, that a
bone is capable of self-optimization and that topology opti-
mization also has the potential for the generation of artificial
bone structures. Park et al. [13] used a topology approach
with a perimeter control to generate the internal bone struc-
tures. The perimeter can be used to constrain the design
space and to enable the generation of complex structures.
One-leg stance, abduction, and adduction were chosen as
load cases on the femur. By randomly selecting suitable
initial conditions, trabecular structures could be generated.

Another algorithm for structural optimization is the
design space optimization. Here, the material is iteratively
distributed into areas of high stresses while simultaneously
varying the design space. Structures are thereby given mini-
mum compliance and thus maximum stiffness. This algo-
rithm was used by Boyle and Kim [14] to verify Wolff's law
using the femoral head as an example. For loading, they used
the data from Bergmann et al. [15] and Heller et al. [16] of
stair climbing and walking. Their results show trabecular
structures similar to those of the human femur. Wu et al. [17]
introduced a local density upper bound to avoid larger mate-
rial accumulations and to achieve more evenly distributed
structures. The density around each voxel must not exceed
an upper limit. This prevents regions where a large amount
of material accumulates and thus favors the formation of fine
structures, such as those found in bones.

1.3 Approach of this paper

This study aims to develop a methodology for creating arti-
ficial test bones. It utilizes the approach of topology optimi-
zation for the design of additively manufacturable artificial
test bones, which are intended to represent the anisotropic
behavior of human bones. The outer geometry of a bone is
used as the input data. The internal structure of the bone is
generated in a next step with the use of the topology opti-
mization. By defining boundary conditions, the manufac-
turability by additive manufacturing is ensured. With this
approach, it is possible to manipulate bone geometries in
advance and use the results of that as initial geometries for
the topology optimization. This allows the creation of a wide
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variety of individual bone geometries for the respective bio-
mechanical test. Moreover, for the first time, the developed
methodology allows the comparison between results from
different topology optimization approaches and experimen-
tal data of human bone.

2 Methodology

The methodology used in this study for generating the bio-
mechanical test bone through topology optimization is illus-
trated in Fig. 1. The geometry of the bone was derived from
the computed tomography (CT) data of Kluess et al. [18]
using segmentation and reverse engineering. The advantage
of this data is that a round-robin study was already con-
ducted to compare simulated and experimental results [18].
The model was divided into the cortical and the cancellous
bone. Based on this geometry, a simulation model was cre-
ated for topology optimization. A variation of the optimiza-
tion boundary conditions was performed to investigate the
internal structures (Sect. 2.4). All topology optimization
results were simulated in a reanalysis step. The reanalysis
step must be performed because the topology optimization
solution is a density distribution. However, for a realistic
approach, only values of 0 or 1 can be assumed. Finally, the
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printable geometry

—p data flow

Fig. 1 Workflow of the topology optimization

resulting deformations of the femoral head were compared
to the experimental data of Kluess et al. [18].

2.1 CT data and geometry reconstruction

The CT data from the study by Kluess et al. [18] were used
as the basis for generating the geometry of the femur. The
data were processed with ImFusion Suite 2020 (ImFusion
GmbH, Munich, Germany). The segmentation was per-
formed semi-automatically using the interactive watershed
algorithm. Initial regions of the background, the cortical
bone, and the cancellous bone were marked. The algorithm
is used to perform automatic segmentation of areas with the
same gray value within a certain tolerance. The outer sur-
faces can be exported as a stl file. The software Geomagic
Design X 2019 (3D Systems Corporation, Rock Hill, USA)
was used to prepare the surface data for simulation. Since a
stl file is not suitable for meshing, the surface was approxi-
mated by patches using non-uniform rational basic spline
surfaces. Once this step was completed, the volume bodies
of the cortical bone and cancellous bone could be generated.

2.2 Material selection

Because of the good availability and its high design freedom,
laser-based powder bed fusion of polymers was chosen as
a suitable AM technology. Material jetting or vat photopo-
lymerization are two techniques that could also be used but
are not considered further in this paper due to the high pro-
duction costs compared to laser-based powder bed fusion
of polymers.

Due to high deformations with the use of polyamide 12 in
preliminary tests, Alumide® (from EOS GmbH, Krailling,
Germany) material—a mixture of polyamide 12 and alu-
minum granules [19]—was used to create the internal struc-
tures. An overview of the used materials is shown in Table 2.
After the printing process, the internal structure is casted
with an outer shell of epoxy resin. The Young's modulus of
the epoxy resin representing the artificial cortical bone can
be adjusted by adding short glass fibers. The optimizations
were performed with a Young's modulus of 15 GPa. All
materials are considered to be isotropic for the optimiza-
tion step. Nonlinearities of the manufacturing process can
be implemented in the nonlinear reanalysis. Within the scope

Table 2 Material parameters of the different bone parts in the topol-
ogy optimization model

Component Material Young's modu- Poisson's ratio
lus in GPa

Cancellous bone  SGFR epoxy 15.0 0.30

Cortical bone Alumide® 3.8 0.35

@ Springer
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of this work, no predefined building direction was known.
Therefore, the anisotropy of the building process cannot be
considered.

2.3 Modeling

The finite element analyses and the topology optimizations
were performed using the software package from Altair
Engineering 2021 (Altair Engineering Inc., Troy, USA).
This includes the preprocessing in Hypermesh, the utiliza-
tion of Optistruct as a solver, and the post-processing in
Hyperview. The finite element mesh was created with a tar-
get element size of 1 mm. A mesh independence study was
performed, but the average element size was chosen lower to
allow the generation of fine structures in the topology opti-
mization. It includes only tetra-elements of the first order,
because the solution does not change significantly with the
use of second order elements. The minimum element size
was set to 0.8 mm and the growth rate to 1.0 to ensure the
creation of uniform elements throughout the entire bodies.
To validate the model, a test run was created using the mate-
rial properties of the natural bone described by Wirtz et al.
[10]. The validation of the simulation model was performed
by the evaluation of the mean deviations of the deformations
compared to the results of the round-robin study by Kluess
et al. [18]. The comparison of the mean deviations to the
experimental data is shown in Fig. 2. After the validation,
the materials were given properties suitable for AM.

In Fig. 3, the model setup of the topology optimizations is
shown in a simplified way with the points of force applica-
tion (green and orange) and the fixing boundary condition
(red). Five load cases were defined to represent the daily
loading of the bone in the human body. For this purpose, a
combination of the most common loads on the bone through-
out the day was collected from current literature. Two lin-
ear static load cases for the topology optimizations were
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150 |
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50
0
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experimental data

151 244 305

20.7 21.8

mean deviation of the deformation from the

L il | | ==
lab1 lab2 lab3 lab4 lab5 lab6 lab7 own
model

Fig.2 Mean deviation of the deformations compared to the data of
the round-robin study of Kluess et al. [18]
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fixed clamping

Fig.3 Simplified representation of the femur model with the points
of force application PO-P3 of Heller et al. [16] (green), P4-P5 of
Beaupré et al. [22] (orange) and the clamping boundary condition

(red)

implemented according to Heller et al. [16] (see Tables 3 and
4) with a body weight (BW) of 847 N. For further analysis,
the load cases one-legged stance, abduction, and adduction,
that were used in former studies, were implemented as well
(see Tables 5, 6 and 7) [20-22]. In the reanalysis step, an
additional geometric nonlinear quasi-static load case was
used, which was defined according to the test conditions of
Kluess et al. [18]. A geometric nonlinear load case was cal-
culated as large deformations occur. All optimization results
are reanalyzed with a density threshold of 0.5 and compared
to the experimental data of Kluess et al. [18]. This means,
that relative density values below 0.5 are truncated, and den-
sities above 0.5 are considered solid material.

The forces were applied to the nodes by means of rigid
body elements (RBE) of the type RBE3. These types of RBEs
only distribute acting forces. The nodes of the attachment
surface thus remain movable relative to each other. Con-
sequently, the application of the RBE of this type does not
induce artificial stiffness [23]. The femur was constrained
with a fixed boundary condition up to 70 mm above its dis-
tal end analogue to the study of Kluess et al. [18], which
is comparable to a distal diaphyseal fixation in the current
literature [24-27].

2.4 Topology optimization
The topology optimization was performed with the objec-

tive of compliance minimization for the two load cases
and afterward with the additional three load cases. This



Progress in Additive Manufacturing (2023) 8:427-435

431

Table 3 Applied forces of the Force (F) F.in%of BW  F.in%ofBW  F,in%of BW  Pointof
load case walking in percent of X y 8 applica-
body weight from Heller et al. tion
[16] and points of application
(see Fig. 3) Hip contact - 54.0 -32.38 —2292 PO
Intersegmental resultant - 8.1 —12.8 —178.2 PO
Abductor 58.0 4.3 86.5 P1
Tensor fascia latae (proximal part) 7.2 11.6 13.2 P1
Tensor fascia latae (distal part) -0.5 -0.7 —-19.0 P1
Vastus lateralis -09 18.5 -929 P2
Table4 Ap p?ied .forc.es (?f the Force (F) F,in % of BW F,in % of BW F,in % of BW Point of
load case stair climbing in x y * applica-
percent of body weight from tion
Heller et al. [16] and points of
application (see Fig. 3) Hip contact -59.3 - 60.6 - 2363 PO
Intersegmental resultant —13.0 —28.0 —70.1 PO
Abductor 70.1 28.8 84.9 P1
Ilio-tibial tract (proximal 10.5 3.0 12.8 P1
part)
Ilio-tibial tract (distal part) -05 -0.8 —16.8 P1
Tensor fascia latae (proximal 4.9 29 P1
part)
Tensor fascia latae (distal -0.2 -03 —-6.5 P1
part)
Vastus lateralis -22 22.4 -135.1 P2
Vastus medialis - 8.8 39.6 -267.1 P3

Table 5 Applied forces of the load case one-leg stance from Beaupré
et al. [22] and points of application (see Fig. 3)

Table 7 Applied forces of the load case adduction from Beaupré
et al. [22] and points of application (see Fig. 3)

Force (F) F,inN F/inN F,inN Point of Force (F) F,inN F,inN F,inN  Pointof
applica- applica-
tion tion

Joint reaction force ~ —7159 0.0 —-2203.6 PO Joint reaction force ~ —1185.8 0.0 -995.1 P5

Hip abductor force 263.3 0.0 651.8 Pl Hip abductor force -2269 0.0 4093 PI

Table 6 Applied forces of the load case abduction from Beaupré
et al. [22] and points of application (see Fig. 3)

Force (F) F,inN F,inN F,inN Point of
applica-
tion

Joint reaction force 415.0 0.0 —1081.1 P4

Hip abductor force - 849 0.0 3406 Pl

approach has the advantage of not requiring previously
determined experimental data to create internal struc-
tures of the artificial bone. Optistruct uses the Solid Iso-
tropic Material with Penalization (SIMP) method to for-
mulate the optimization problem. As a constraint for the

optimization, the parameters controlling the geometry of
the structures to be generated were defined in a design
variable in Hypermesh. These were incorporated to ensure
the manufacturability of the solution. The parameters min-
dim, maxdim, and mingap control and penalize the mini-
mum and maximum diameters of the structures as well
as the minimum gap between them [28]. A mindim value
of 3 mm was chosen, which is three times the average
mesh size. The maxdim and the mingap parameters were
set to 6 mm. It was found in previous studies, that a dis-
cretization factor of six gives suitable results and was,
therefore, used in this study. To prevent the formation of
checkerboard patterns, the checkerboard control option
was enabled [29].

@ Springer
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To explore further possibilities for improving the topol-
ogy optimizations, variations of the boundary conditions
were conducted. An increase in the penalty parameter for
the SIMP method was performed with values of 8 and 10.
A further optimization was modeled with a limitation of
the maximum displacement of the force application point in
the corresponding load case according to the experimental
study of Kluess et al. [18]. This constraint was also coupled
with a minimization of the volume as the objective function.

2.5 Printable geometry

The geometries of the reanalysis can be used for AM. The
resulting bodies can be exported as stl files and must sub-
sequently go through the steps of building job preparation.

3 Results and discussion

In all optimizations, the medullary canal is mapped in the
design space. The more material the optimization algorithm
can distribute in the design space controlled by the volume
fraction boundary condition, the more material accumulates
at the caput femoris, in the medullary canal (especially dis-
tally), and at the greater trochanter (see Fig. 4 marked in
red). Moreover, no large spaces without material form in
the proximal region of the femur above a volume fraction
of 0.35.

caput femoris —g,

greater /v

trochanter

medullary canal

relative density

volume fraction

: 0.20  0.25 0.30  0.35 0.40
constraint

Fig.4 Results of the topology optimization with a varying volume
fraction with the proximal region marked in red

@ Springer

Figure 5 shows the resulting relative density in the design
space after the optimization for the changed boundary condi-
tions. Increasing the SIMP parameter to a value of 8 shows
approximately the same material distribution as the initial
value of 6. A further increase to a value of 10 leads to a
deterioration of the convergence to discrete 0 and 1 values.
This is evident from higher density values in the medullary
canal. According to the load case of Kluess et al. [18], the
introduced limitation of the displacement does not lead to a
more prominent differentiation of the density distribution.
If this boundary condition is coupled with a minimization
of the volume, a strongly deviating density distribution is
shown (see Fig. 5d). Here, the generated structures were
distributed over the entire design space. In all topology opti-
mizations, a small amount of material accumulated proximal
to the caput femoris at low values of the volume fraction
boundary condition. However, this region has a high density
in the CT data used in this work. According to the analogy
of human bone self-optimization and topology optimization,
the material should also form in this area by the objective
function of compliance minimization.

For further analysis of the internal structures, cross-sec-
tion cuts of the different geometries are shown in Fig. 6. It
can be seen that the internal structures show only minor
adjustments when optimized with a volume boundary

relative density

a  penalization factor of 8

b penalization factor of 10

¢ displacement constraint

d  displacement constraint and minimized volume

e one-legged stance, abduction and adduction

Fig.5 Results of the topology optimization with varying boundary
conditions
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1 0.5 0

relative density “ | 'd *

a  volume fraction constraint < 0.35
b displacement constraint and minimized volume
c one-legged stance, adduction and abduction

d one-legged stance, adduction, abduction, walking and
stair climbing

Fig.6 Cross-sections (x—z-plane) of the femoral heads for different
topology optimization boundary conditions

condition and the minimum compliance objective function
(see Fig. 6a). The optimizations with the modified objective
function or load cases show considerable bone-like orienta-
tions of the internal structures (see Fig. 6b, ¢). Furthermore,
the combination of all load cases leads to a less pronounced
alignment of the internal structures (see Fig. 6d).

The displacement values of the reanalysis at the force
application point of the femoral head under load for differ-
ent volume fraction constraints can be seen in Fig. 7. Even
when solid material is used in the cancellous bone (volume
fraction=1), the horizontal displacement is larger than in
the measurements performed by Kluess et al. [18]. In turn,
the vertical displacement is too small even with a completely
hollow bone compared to the measured values. For classifi-
cation purposes, it should be noted that the deviations of the
laboratories participating in the round-robin procedure are
significantly higher in some cases. Three of the seven labo-
ratories obtained deviations of more than 120% on average

Kluess et al. [18] | 1900 550 |
volume fraction = 1.00 138 780 |

[ -154 82 |
ST ) —
[ 163 841 |

volume fraction < 0.40
volume fraction < 0.35
volume fraction < 0.30
volume fraction < 0.25
volume fraction < 0.20

volume fraction = 0.00

= displacement in z-direction = displacement in x-y-direction

Fig.7 Results of the topology optimization with varying volume
fraction in comparison to Kluess et al. [18]

[18]. The results of this study can be assigned to the more
accurate simulations with average deviations of less than
40% [18]. With increasing volume fractions, the displace-
ments decrease in both directions. The resulting displace-
ment values for the study of different optimization boundary
conditions are shown in Fig. 8. For a better comparability,
the result of the volume fraction condition of 0.35 is also dis-
played. The lowest displacement values were achieved with
a combination of the displacement constraint, the objective
of volume minimization, and the adjustment of the load
case. A higher penalization factor increases the displace-
ments, leading to higher deviations from the experimental

Kluess et al. [18] 190 5.50

volume fraction < 0.35 8.24

penalization factor 8 8.28

penalization factor 10 8.38

displacement constraint 8.16

di.sp'lac'ement constraint and 1.41 7.89

minimized volume

load case combination 1 -1500 814 |
load case combination 2

»
>

5] 0 2 4 mm 8

= displacement in z-direction = displacement in x-y-direction

load case combination 1: one-legged stance, adduction and abduction

load case combination 2: one-legged stance, adduction, abduction,
walking and stair climbing

Fig.8 Results of the topology optimization with varying boundary
conditions compared to Kluess et al. [18]
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data. Implementing the displacement constraint without the
change of the objective shows no significant advantages
compared to the standard formulation.

However, this boundary condition does not consider the
natural formation approach of a bone. Therefore, the opti-
mizations represent the self-optimization mechanism of the
bone less accurately than those modeled solely based on the
load cases [16, 20-22]. The displacement boundary condi-
tion was additionally non-active in every case and thus can-
not be used for an improved displacement behavior. This
is due to the segmented geometry showing larger displace-
ments in the reanalysis, even with full material [18]. Such
a boundary condition also requires data that can only be
obtained in an experimental setup. If a bone from a living
patient needs to be modeled, these data cannot be collected.
Either approximated data from comparable experiments
must be used or a different optimization modeling must be
performed. As a result, the generated structure has a lower
stiffness.

All topology optimizations were performed with distal
fixation according to the mechanical tests of the study by
Kluess et al. [18]. This boundary condition still does not
represent the real mechanical environment of the femur
in the human body. Rossmann et al. [30] and Speirs et al.
[31] showed that the fixing boundary conditions signifi-
cantly influence the resulting mechanical behavior. It can
be assumed, that these boundary conditions also affect the
topology optimizations. With a better biomechanical rep-
resentation of the model, the topology optimization could
reproduce the self-optimization of the human bone even bet-
ter. The use of alternative load cases or the integration of
patients’ gait analysis data also offers room for improving
the methodology.

4 Conclusions and outlook

To enable the development of individualized implants, they
must be subjected to mechanical testing. An approach to
design individualized artificial test bones with bone-like
structures was pursued in this work. First, topology optimi-
zation was performed to replicate the trabecular structure of
a cancellous bone. A geometry was derived from CT data
and different optimization models were set up. These contain
load cases that reproduce the actual loads on the bone occur-
ring in the human body and boundary conditions to generate
the fine structures. All results of the topology optimizations
were subsequently verified in the reanalysis and compared to
the experimental data of Kluess et al. [18]. The best results
in terms of the alignment of the internal structures and the
resulting displacements were obtained using the volume
boundary condition approaches in conjunction with the dis-
placement boundary condition and the modified load cases.

@ Springer

In the future, experimental verification of the relationship
between the generated structures and the Young's modulus is
of great interest. The anisotropy of the manufacturing pro-
cess will be included in the reanalysis for further examina-
tion. If the processes are sufficiently refined and validated,
the findings can be applied to the design of artificial bones.
Besides the femora, there are many other relevant bones in
the human body. The transferability of the topology opti-
mization approach needs to be confirmed. In particular, the
transfer to bones with similar properties, such as the tibia,
is of high interest.
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