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ABSTRACT

The goal of this study was to construct a design
methodology for a prosthesis which causes less stress shielding
and meets fatigue requirements. Stress shielding is the reduction
in bone stresses due to the introduction of an implant. Implants
may become loose when stress shielding is present because
bone resorption occurs as the bone adapts to the reduced bone
stresses. Topology and lattice optimization were performed
using OptiStruct to design a hip prosthesis where stress
shielding and prosthesis fatigue were considered. The optimized
design reduced stress shielding by 50+% when compared to a
conventional generic implant, and the fatigue life met the 1ISO
standards. Additionally, manufacturability was considered in the
design process and a Ti-6Al-4V prototype was printed with an
EOS selective laser melting machine.

BACKGROUND

In a total hip arthroplasty (THA), arthritic bone ends and
damaged cartilage are removed and replaced with a hip implant.
Over 800,000 total hip replacements are performed worldwide
annually [1]. Total hip arthroplasty is one of the most clinically
successful surgeries and improves quality of life for debilitating
hip disease patients [2]. Nevertheless, 10-20% of the operations
undergo a revision surgery [3], where risk is especially high for
elderly patients. One of the common reasons of a revision
surgery is loosening of the stem [2], which can be caused by
bone resorption. Bone resorption also increases the bone
fracture risk and makes revision surgery more complex.

Naturally, the femur carries load from the femoral head
through the femoral neck to the cortical bone of the proximal
femur. Most hip prostheses are made of solid metal and are
stiffer than femur bone, so the implant takes a portion of load
away from bone and reduces the stress in it. This is called stress
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shielding. Per Wolff’s Law, bone remodels itself to adapt to
external loading [3]. Bone resorption and degeneration can
occur since the load through it is reduced.

Several studies have tried to solve the stress shielding
issue. Ridzwan and Shuib proposed a topology optimized hip
implant stem to reduce stress shielding [4]. They minimized
compliance with different stem volume fraction constraints and
chose the topologies that are feasible to interpret and
manufacture. Comparing to a non-optimized implant, a 17%
stress shielding reduction was achieved. However, their
optimization setup produced the stiffest design within the
specified amount of material, which was not ideal for reducing
stiffness.

Recent advances in selective laser melting have made
printing controlled lattice feasible. Khanoki and Pasini
described a graded cellular hip implant by multiscale and
multiobjective optimization [5]. They created macroscopic
model with blocks and microscopic model with unit square cell.
The design variable was cell porosity and the objectives were to
minimize bone loss and minimize interface stress. Although this
research considered material strength, it did not consider
fatigue. The problem was reduced to a 2D design space with
homogenous isotopic  bone material model, which
oversimplifies the 3D nature of the structure and loading.

This study proposes a methodology for designing solid-
lattice hip implant to reduce stress shielding. A solid-lattice
implant can be tailored with varying lattice beam diameters,
which allows tuning stiffness and strength. The optimized
implant will be compared with a generic conventional implant
(generic implant). The geometry of this generic implant was
based on the Smith & Nephew Synergy Titanium Ti-6Al-4V
cementless size 14 standard offset porous-coated stem.
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METHODS

A finite element method was applied to investigate stress
shielding and to optimize an implant design (Fig. 1). Three
models were constructed: intact femur model, femur with
generic implant model, and femur with optimized implant
model. Topology optimizations were performed using the
generic implant as design space. The lattice and solid zones
were determined by topology results, based on which a solid-
lattice implant model was constructed. Diameter of each lattice
beam/ligament was optimized by lattice optimization. Finally,
stress shielding was evaluated and compared.
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Figure 1: Hip implant design and optimization process

Models

Intact femur model: A femur bone’s mechanical properties
are neither homogeneous nor isotropic. It consists of a layer of
cortical bone on the outer surface, and cancellous bone or
spongy bone in the inner space. There is a cavity in the femur
shaft filled with white marrow. A CT scan [6] and a 3D CAD of
femur [7] were used to capture the geometry and to distinguish
cortical bone and cancellous bone. The model was built and
solved with Altair HyperWorks 14.0. Figure 2 shows the intact
femur model and a cross-section view.

Cancellous bone

Marrow

/ Cortical bone

Figure 2: Femur bone model and cross-section view

Femur with generic implant model: The intact femur
model was sectioned near the greater trochanter to mimic a
standard femoral neck resection and the implant was positioned
into it. This represents the structural configuration after a total
hip arthroplasty, as shown in Fig. 3. Freeze contact, where the
slave node is fixed relative to the master surface, was used to
bond the implant head onto the implant stem. This has little
effect on the bone stresses. The implant stem was fixed to the
femur bone also by freeze contact. In reality, this is an
interference fit and surgeons drive the stem into the tighter pre-
trimmed cavity. However, Dammak and Shirazi-Adl studied the
influence of interface simplifications, and showed that the stress
distributions were similar between different friction
coefficients and perfect bond case [8]. Thus, freeze contact was
used to bond the implant stem and femur bone to simplify the
problem and to reduce optimization time.

Implant head

Implant stem

Figure 3: Femur with generic implant & cross-section view

Material Properties

All the materials in the finite element model were idealized
as isotropic materials except for the cortical bone, which was
modeled as an orthotropic material and is explained in Fig. 4.
Table 1 shows the various sections of the finite element model
and their material properties [9]. The stiffer direction (E1) of
the orthotropic cortical bone aligned with the load path, as

shown in the Fig. 5.
Cancellous 3
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Figure 4: Material assignment  Figure 5: Red line shows

in FE Model cortical bone E1 direction
Table 1: Material Properties According to References [9][10]
... | Poisson's .
Sections Material Modulu?g;aE)lastlcny Ratio ?322%’
(mm/mm) g
Implant | Cobalt Chrome
Head Alloy 220 0.30 8.29
Implant | i g4y 114 030 | 451
Stem
Spongy Cancellous
Bone | (Spongy) Bone 1.00 0.30 0.45
Marrow | \White Bone 0.30 045 | 1.00
Marrow
Outer E1=17.0 G12=3.30 | n12=0.58
Femur | Cortical Bone | E2=11.5 G23=3.60 | u13=0.31 | 1.80
Layer E3=11.5 G31=3.30 | u23=0.31

Loads and Boundary Conditions

Load cases from a study were used, which characterized femur
loads for standing-up, standing, going up stairs, and jogging
[11]. A combined load case was also considered [12]. Table 2
summarizes the load conditions. The lower truncated face of the
femur was fixed for all load cases, as shown in Fig. 6. Lastly,
two 1SO Standard load cases (1SO7206-4 and 1SO7206-6) were
included to ensure the design has good fatigue strength. The
implant was positioned and fixed per the 1SO standards [11]

(Fig. 7).
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Table 2: Load case force summary table

Load Case (LC) Location Fx Fy Fz
Head 262 -36 -681

. Abductor -103 0 282
Combined (LC1) Tliopsoas 29 | 136 | 127
Vastus Lateralis 0 0 -292
Standing Up (LC2) Head 650 204 | -1,428
Standing (LC3) Head 576 121 | -1,947
Stairs Up (LC4) Head 712 | 657 | -2,000
Jogging (LC5) Head 774 771 | -2,852
ISO (Stem) Head 0 0 -2,300
ISO (Neck) Head 0 0 -5,340

Lower truncated face
fixed in all
translational degrees
of freedom

Figure 6: Combined
Load Case

Figure 7: 1SO Stem (left) and
ISO Neck (right) Tests

Stress Shielding Measurement

To evaluate stress shielding, changes in strain energy or
stress need to be measured. Weinans and Sumner defined the
stress shielding as the change in strain energy (SE) after
introducing the implant, as defined in Eq.1 [13]. Strain energy
has equivalent meaning as “Compliance” in the solver and
optimizer OptiStruct. Hence, compliance was used to measure
stress shielding in this study. Fraldi and Esposito used Von
Mises stresses to assess stress shielding because it is a non-
negative value that indicates stress level [14]. They defined
“Stress Shielding Increase” (SSI) by Eq. 2-4, where 6" ™A and
o'HA are stresses before and after total hip arthroplasty for each
element in the femur, and V¢ is the volume of femur. Smaller
SSI value means less stress shielding.

SE (with implant) — SE (intact femur)

Stress shielding =

SE (intact femur) Eq]_
ssp = = gPre THA & — o gTHA
- < ghre—THA - qu
1
= Gpre—THA == - (Upre—TH.A)edV
LV ;VJ; Eq.3
1
< gTHA = = 5 VEZ J‘(UTH“)EdV
= OVE e Eq.4
Fatigue Strength

For ISO 7206-4 and ISO 7206-6 fatigue tests, the implant
needs to survive 107 cycles. [11] Liu and Ouyang showed that
the material of the implant, Ti-6Al-4V, can last 107 cycles with
680MPa stress [15]. This stress value was used as a design
criterion for the optimization.

Topology Optimization

Design space: The generic implant stem, except for the
neck region, was used as the design space. The interface
between implant and environment was maintained, ensuring
compatibility with current surgical tools.

Constraints: Research has shown that the cortical bone of
the upper femur suffers the most severe stress shielding, and
thus strain energy of that region was investigated [9]. To control
the stress distribution better, regional compliance was used. The
upper portion of femur cortical bone was divided into “Femur
Head” and “Upper Shaft” sections (Fig. 8). OptiStruct restricted
each section’s regional compliance to be within 5% of that in
the intact femur model. Volume fraction Vs less than or equal to
10%, 20%, and 30% were studied too.

Obijective: Minimizing global compliance was used as the
objective to obtain the most efficient structure.

Manufacturing constraints: Draw and extrusion
constraints were applied to some of the studies to help

understand and interpret the topology results.
o .

i

Femur Head

—~ .
Upper Shaft Lattice beam

Figure 8: Femur Head
and Upper Shaft

Figure 9: Face and Body Centered
Cubic with Vertical Struts Unit Cell

Lattice Optimization

Solid-lattice model generation: Solid material zones were
interpreted from the topology optimizations results, which are
represented with shell and tetra elements. Semi-dense regions of
the topology were filled with lattice by OptiStruct. Face and
body-centered cubic with vertical struts (FBCCZ) unit cells
(Fig. 9) were chosen because Leary and Mazur showed that it
was one of the strongest printable cells [16]. The design will be
printed in the vertical direction, so the beams’ overhang angles
are less than 45°, which ensures manufacturability. The unit cell
size is 4-7mm, varying across the implant. The lattice was
constructed with 1D beam elements since their diameters can be
easily parameterized with OptiStruct.

Design variables: The design variables were the diameters
of the lattice beams. The lattice beam could be tapered and have
different diameters at the two ends. However, all beam ends
need to have the same diameter at the joining node. Thus, the
diameter at each joining node is an independent design variable.
Based on the manufacturability and cell size, beam diameter can
vary from 0.5mm to 2.0mm. Part of the skin shell thickness can
vary between 0.5mm to 5.0mm.

Constraints: The fatigue strength requirement was found
to be the most challenging criterion. Therefore, the standard
1SO7206-4 load was used for lattice optimization, requiring that
the von Mises stress of the implant should be no greater than
600MPa to have a safe margin.

Objective: Minimizing total volume was set as the
optimization objective to save material and printing time.
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RESULTS
Topology Optimization Results and Interpretation

Solid regions and lattice regions were determined by
interpreting common feature of different optimization results.
Figure 10 shows four topology results, which indicate the neck
area of the stem is important, but the bottom half of the stem is
undesired. Also, skin layer of solid material on the medial side
and lateral side could be necessary. The difference in the
optimization setup is summarized in Table 3.

Table 3: Optimization Parameters for Four Studies

a b C d

Volume fraction |<=15% |<=20% |<=30% <=30%

Manufacturing |None None Split draw in|Extrusion  in
Constraint lateral direction |lateral direction

A solid-lattice design of the implant stem was proposed in
Fig. 11. The bottom tip was made solid with a smooth surface to
aid in implant installation and to prevent bone ingrowth in that

region, which may cause pain.
(@) !,r" (b) !”'
llz xrz
(c) r (d) r
ol wf

Figure 10: Topology Results Proposed Skin on Medial Side

Solid material

Skin with thickness can vary
from 0.5mm to 5.0mm

1mm thick skin

0.5mm thick skin

Solid material

Figure 11: Solid Lattice Implant Design Space - Side Views

Lattice Optimization Results

The optimized solid-lattice implant (optimized implant) can
reduce stress shielding effectively, and satisfy 1SO fatigue
requirements. Figure 12 compares upper cortical bone stresses
between intact femur (left), femur with generic implant
(middle), and femur with optimized implant (right) for LC4 as
an example. With the optimized implant, the upper cortical
bone stress distribution pattern was maintained and the bone
stresses were closer to the intact femur stresses in magnitude,
indicating that stress shielding is reduced.
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Figure 12: Stress Shielding is Reduced with Optimized
Implant under Stairs Up Load (LC4)

To quantitatively evaluate stress shielding reduction,
regional compliances and SSI were compared between generic
implant and optimized implant. Figure 13 shows that the femur
with the optimized implant has loadcase-average regional
compliance that is 50.7% closer to that of the intact femur,
when comparing to the generic implant. Figure 14 shows the
optimized implant leads to an average of 57.3% lower SSI value
over the five load cases than the generic implant, which agrees
with the conclusion drawn using regional compliance
measurements.

The optimized implant was validated against 1SO7206-4
and 1SO7206-6 load cases, where the maximum stress is
575MPa, which is lower than the endurance limit stress,
indicating the optimized implant meets the fatigue standard.
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Figure 13: Regional Compliances of Intact Femur, Femur with
Generic Implant, and Femur with Optimized Implant
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Figure 14: Upper Cortical Bone Stress Shield Increase with
Generic Implant and Optimized Implant
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INTERPRETATION

Through the optimization driven design process, the
optimized implant reduced the stress shielding by more than
50% compared to the generic implant and can survive more
than 107 life cycles. A Ti-6Al-4V prototype was printed with
EOS M290 printer to prove the manufacturability, as shown in
Fig. 15.

In the short term, this methodology can be applied to
design standard prostheses. In the long term, customized
prostheses can be designed and printed with each patient’s
femur geometry and bone material properties that are captured
by Quantitative Computed Tomography, achieving the optimum
treatment outcomes for each individual.

Micro-structure is controllable with 3D printing. Studies
showed that porosity, pore size, and interconnectivity of the
implant have influence on bone in-growth [17]. The micro-
structure on the implant-bone interface can be designed and
printed without an additional manufacturing process.

Nevertheless, there are some limitations for this study.
Bone-implant interface is one of the main causes of aseptic
loosening, and should be considered in future researches. Unit
cell size and cell type were chosen based on experience, but
those can be optimized as well. The final optimized implant is a
conceptual design, and some detail design work is required
before manufacturing.

Figure 15: EOS Printed Titanium Solid-Lattice Hip Implant
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