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ABSTRACT: Bone fixation plates currently used to treat traumatic fractured bones and to promote 
fracture healing are built with metallic materials such as stainless steel, cobalt and titanium and its 
alloys (e.g. CoCrMo and Ti6Al4V). However, due to significant differences between the mechanical 
properties of these plates and native bone, stress shielding problems causing bone loss lead to 
deficient orthopedic treatment. This paper describes the use of Topology Optimization and Electron 
Beam Melting to redesign and fabricate novel plates based on a commercial standard one, 
minimizing the stress shielding phenomenon, by considering a compliance minimization approach, 
different mechanical loading conditions (tension and torsion) and volume reduction (25-75%). The 
optimized plates, present reduced stiffness due to the optimal distribution of material, maintaining 
their structural integrity. The optimized plates fabricated using additive manufacturing showed 
adequate shapes and proved the possibility of fabricating designs developed using topology 
optimization. 
 
KEYWORDS: Additive Manufacturing; Bone Implants; Electron Beam Melting; Topology 
Optimization. 
 
INTRODUCTION 
When bone is no longer able to rehabilitate itself after a critical traumatic incident, bone fixation 
implants are used to return the full functionality of a fractured bone by fixating the bone segments 
into its original anatomy. Internal metallic bone plates and screw were firstly introduced by Lane 
(1895) and further developed by several other researchers (Uhthoff et al., 2006; Benoit et al., 2013; 
Mariolani and Belangero, 2013). However most of the plates being proposed present geometric and 
material limitations such as as corrosion, insufficient strength or stress shielding effects, 
carcinogenic effects, instability and loosening of the fixator. Currently, the golden standard 
geometry for bone fixation is either the Dynamic Compression Plating (DCP) with conventional 
compressive cortical screws or the Locking Compression Plating (LCP) with both locking head 
screws and compressive cortical screws. In terms of materials, these plates are usually produced 
using Stainless Steel (SS 316 L), Titanium (Ti-6Al-4V) and Cobalt Chrome (CoCr). Due to the non-
degradable nature of these plates after the healing process they are usually removed through a second 
second surgery with potential complications such as infection, nerve damage, risk of bone re-fracture 
and increased pain at the site of surgery (Bostman and Pihlajamaki, 1996). Moreover, metallic 
implants can cause soft tissue irritation, growth disturbance, stress shielding and bone loss, 
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corrosion, release of potentially allergic and carcinogenic metal ions, if left in situ (Hofmann, 1992; 
Matusiewicz, 2014). Stress shielding due to a mismatch between the stiffness of the plates (around 
100 to 200 GPa) and bone (the elastic modulus of cortical bone is around 15-25 GPa) is a key 
limitation particularly critical in the case of osteoporotic bones. This paper, part of a major project 
focusing on the design of the next generation of bone fixation plates, discusses the combined use of 
Topology Optimization and Additive Manufacturing to design and produce lightweight with 
reduced stiffness thus minimizing the stress shielding effect. 
 
DESIGN, FABRICATION AND CHARACTERISATION 
Topology optimization 
The design study was based on the narrow Locking Compression Plating geometry commonly used 
to treat long bones such as humerus, femur and tibia.  The plate was built with Titanium alloy 
(Ti6Al4V) presenting  0.3. Based on 
this plate, three-dimensional plates with 180 mm in length, 14 mm in width and 5 mm in thickness 
were designed with two different number of screw holes (four and eight holes).   
 
Optimized designs were obtained using the Solid Isotropic Microstructure with Penalization (SIMP) 
Topology Optimization Module of ABAQUS (Dassault Systems, France). The topology 
optimization method is used to minimize the compliance (C) of a structure imposing a volume 
constraint as follows:  

          (1) 

s.t.  

where V is the initial design volume, F is the force vector, K is the global stiffness matrix, U is the 
e o is the initial density and ve is the volume of each 

element. The implementation of SIMP required the following steps: 
 Specification of the design domain and material properties; 
 Impose loading and boundary conditions; 
 Discretization of the design domain into a set of elements, with each element consisting of 

a stiffness value and density value (0 to 1), as shown in equation (3a); 
 Sensitivity filtering updates the densities and the design towards optimality considering 

imposed loading and boundary conditions; 
 The last step is repeated until the objective function reached the optimal value. 

During rehabilitation process, patients suffering from a fractured Tibia walk with crutches and their 
gait induces an overall load on the legs equivalent 10% of the bodyweight, which corresponds to 
different loading cases (e.g. compression, torsion and bending) on the fixated bone plate. In this 
paper the plates were optimized considering only compression and torsion loads assuming different 
volume reductions (75, 45 and 25%). The bone fixation plate was modelled using linear hexahedral 
elements. The boundary and loading conditions are represented in Figure 1. Additionally, the 
geometry of the holes was constraint by assuming it as a frozen region. 
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a) b) 
 

Figure 1. Loading and boundary conditions. a) Torsion; b) Compression. 
 
Bone plates fabrication 
Optimized designs were prepared (e.g. part orientation, design of support structures and position in 
the building platform) using the Software Magics (Materialise, Belgium) and exported as STL files 
to the Build Assembler software where the models were sliced. The Electron Beam Melting (EBM) 
Arcam A2 model (Arcam, Sweden) was used for printing the bone plate. The machine, consisting 
of an electron beam emitted from a hot tungsten filament, operated at 60 kV under vacuum pressure 
of 2.0 x10-3 mBa, scanning speed of 4530 mm/s, beam focus offset of 3mA and line offset of 0.1 
mm. The substrate plate temperature was kept around 600 ºC and the build temperature was defined 
to be around 750 ºC. Standard Ti6Al4V powder of spherical gas atomized particles with a size raging 
between 45 and is composed of 
6.04% of aluminum, 4.05% of vanadium, 0.013% of carbon, 0.0107% of iron, 0.13% of oxygen and 
balanced titanium. The material layer thickness was . 
The EBM fabrication process started with the entire titanium powder being scanned and preheated 
to 750 C (80% of its melting temperature) with low beam current of approximately 0.2 mA and high 
scanning speed to minimize residual stress. After fabrication, the powder recovery system (PRS) 
was used to remove all trapped powder through blasting a stream of high pressure air and the support 
structures removed using pliers.  
 
Mechanical testing 
Produced bone fixation plates were mechanically assessed considering torsion and compression 
tests. The torsion optimized bone fixation plates were assessed by performing a deflection-controlled 
quasi-static torsion test using a servo-hydraulic tension torsion Instron® 8862 (MA, USA) machine 
with a maximum capacity torque of 1000 N.m and 45° deflection. The plates were positioned aiming 
to focus the load through the fracture fixating site with a working length of 100 mm to ensure an 
adequate grip during testing under deflection rate of 5°/min. The strain was measured by a torsional 
Epsilon (Model 3350, WY, USA) extensometer with a gauge length of 25.00 mm and a shear strain 
angle of +/- 3°. Additionally, compression optimized plates were mechanically assessed in a 
displacement controlled quasi-static tension using the Instron® 8862 system with a maximum 
capacity force of 100kN. To guarantee no slippage of the bone plates, a working length of 125 mm 
was considered for a 0.5 mm/minute displacement. The strain was measured by a standard straight 
profile knife edged extensometer. Two samples of each bone plate were tested. Tensile tests are only 
reported for the case of four hole plates. 
 
Surface roughness 
A surface roughness tester (Tylor Hobson, Surtronic 25) was used to measure the surface roughness, 
Ra, of the produced bone plates. The mean of nine readings were obtained in the longitudinal 
direction from the top surface of the bone plates with an evaluation length of 4 mm, cutoff length 

 
 
RESULTS AND DISCUSSION 
The geometries obtained after the topological optimization for different volume reductions and 
loading conditions are presented in Figures 2 and 3. The volumes of the corresponding designs are 
indicated in Table 1, showing that in same cases it was not possible to achieve the target volume 
reduction and keep the plate structural integrity. Figure 4a and 4b shows an EBM printed eight-hole 
plate corresponding to the initial design and torsional optimized plate considering an initial volume 
reduction of 75%. Figure 4c shows multiple plates in the working platform. Results show an 
accuracy of +/- 0.2 mm between produced and designed plates. 
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Figure 2. Torsional (a-c) and tensile (d-f) optimized four-hole plate considering different volume 
reduction: (a, d) 25%; (b, e) 45%; and (c, f) 75%. 
 
 

 
 

a) d) 

 

 
b) e) 

 
 

c) f) 
Figure 3. Torsional (a-c) and tensile (d-f) optimized eight-hole plate considering different volume 
reduction: (a, d) 25%; (b, e) 45%; and (c, f) 75%. 
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b) c) 
Figure 4. a) EBM printed eight-hole plate with the original configuration; b) EBM printed torsional 
optimized eight-hole plate considering 75% of volume reduction; c) Multiple plates in the working 
platform. 
 
Table 1. Obtained and defined volume reductions. 

 
Plate Defined volume reduction (%) Obtained volume reduction (%) 

Four holes 
75 55 
45 26 
25 11 

Eight holes 
75 56 
45 22 
25 8 

 
Surface roughness is a major characteristic of EBM parts. Recently, Metsemakers et al. (2016) 
observed no risk of infection of bone plates with surface roughness (Ra) ranging between 0.18 and 

m used to treat rabbit humeral fractures. However, the AO Trauma foundation and BS 7251-
4:1997 ISO 7206-2:1996 stated that ideally medical implants should have a polished surface 
roughness for total hip joint prosthetics and hand surgeries, with surface roughness ranging between 
0. . In this case, the EBM plates present Ra values of 11.7 ± 1.8  Mechanical 
properties, considering only the linear elastic region, are presented in Tables 2 and 3. A statistical 
analysis was impossible due to the limited funds for manufacturing and the mechanical study results 
were based on the average of only two samples. As observed a stiffness decrease is observed by 
increasing the volume reduction, confirming that despite that topology optimization focusing on the 
compliance minimization, the effect of material removal in a 3D environment leads to plates with 
reduced stiffness thus minimizing the stress shielding phenomena as previously discussed by Al-
Tamimi et al. (2017) from a numerical point. It is also possible to observe that for the same 
dimensions the increase on the number of holes, which also contributes to decrease the total weight 
of the plates, decreases the torsional stiffness. 
 
Table 2.  Torsional stiffness of printed EBM plates. 

Plate Defined volume reduction (%) Torsional stiffness 
(Nm/rad) 

Four holes 
75 0.0204 
45 0.0319 
25 0.0334 

Eight Holes 
75 0.0173 
45 0.0285 
25 0.0272 
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Table 3. Tensile stiffness of the EBM printed four-hole bone plate. 
Defined volume reduction (%) Tensile stiffness 

(N/m) 
75 12.00 
45 22.41 
35 24.04 

 
CONCLUSION 
Topology Optimization is investigated to generate optimal designs of lightweight bone plates 
considering the mechanical behavior required treating a midshaft tibia fracture, minimizing stress 
shielding. Optimized bone plate designs for torsion and compression behaviors were obtained 
considering initial volume reductions of 25, 45 and 75%. The optimized plates were produced using 
Electron Beam Melting and biocompatible Ti-Al6-4V. Results show that it is possible to use 
topology optimization to design the stiffness of the bone. As previously reported from a numerical 
point, it was possible to observe for the printed plates that reducing the volume leads to weak 
structures, hence low mechanical stiffness. This reduction is particularly significant by increasing 
the number of holes. 
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