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Abstract

One of the main biomechanical causes for aseptic failure of orthopaedic implants is the stress
shielding. This is caused by an uneven load distribution across the bone normally due to a stiff
metal prosthesis component, leading to periprosthetic bone resorption and to implant loosening.
To reduce the stress shielding and to improve osseointegration, biocompatible porous structures
suitable for orthopaedic applications have been developed. Aim of this study was to propose a
novel in-vitro model of the mechanical interaction between metal lattice structures and bovine
cortical bone in compression. Analysis of the strain distribution between metal structure and
bone provides useful information on the potential stress shielding of orthopaedic implants with
the same geometry of the porous scaffold. Full density and lattice structures obtained by the
repetition of 1.5 mm edge cubic elements via Laser Powder Bed Fusion of CoCrMo powder
were characterized for mechanical properties using standard compressive testing. The two
porous geometries were characterized by 750 um and 1000 pm pores resulting in a nominal
porosity of 43.5% and 63.2% respectively. Local deformation and strains of metal samples
coupled with fresh bovine cortical bone samples were evaluated via Digital Image Correlation
analysis up to failure in compression. Visualization and quantification of the local strain
gradient across the metal-bone interface was used to assess differences in mechanical behaviour
between structures which could be associated to stress-shielding. Overall stiffness and local
mechanical properties of lattice and bone were consistent across samples. Full-density metal
samples appeared to rigidly transfer the compression force to the bone which was subjected to
large deformations (2.2+0.3% at 15kN). Larger porosity lattice was associated to lower stiffness
and compressive modulus, and to a smoother load transfer to the bone. While tested on a limited
sample size, the proposed in-vitro model appears robust and repeatable to assess the local
mechanical interaction of metal samples suitable for orthopaedic applications with the bone
tissue. CoCrMo scaffolds made of 1000 pm pores cubic cells may allow for a smoother load

transfer to the bone when used as constitutive material of orthopaedic implants.
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1. INTRODUCTION



Joint replacement represents the gold-standard surgical treatment to preserve joint motion for
post-traumatic or end-stage osteoarthritis. Aging of the population, (Badley and Crotty, 1995)
along with the spread of obesity, (Crowson et al., 2013) is associated to the growing prevalence
of degenerative osteoarthritis and a significant increase in total hip and knee arthroplasty is
expected in the United States in the next twenty years. (Singh et al., 2019) In order to improve
patients’ quality of life and to decrease the incidence of revision surgeries and implants failure,
and thus the economic burden on healthcare systems, clinical research is focusing on innovative
designs and materials for endoprostheses. While infections are mostly responsible for early
failure of orthopaedic implants, aseptic loosening, instability and osteolysis are those for late
failure. (Bozic et al., 2010; Haynes et al., 2016; Le et al., 2014; Sharkey et al., 2013) Stress
shielding, or stress protection, is one of the main biomechanical causes of aseptic late failure.
This is normally due to the larger stiffness of the implant with respect to that of the adjacent
bone, causing periprosthetic bone resorption due to reduced loading at the peri-implant bone.
(Huiskes et al., 1992; Nagels et al., 2003; Sumner and Galante, 1992) To reduce the stress
shielding and to improve implants’ osseointegration, porous and functionally graded structures
have been proposed as suitable geometries for orthopaedic implants. (Arabnejad et al., 2017;
Chashmi et al., 2020; Hedia et al., 2019; Mahmoud and Elbestawi, 2017) Complex-shape
implants can now be obtained via different 3D manufacturing techniques, such as Laser Powder
Bed Fusion (LPBF), (Han et al., 2018; Simoneau et al., 2017; Wang et al., 2013; Yan et al.,
2015) which allow to print metal lattice structures from 3D CAD models. By modifying the
unit cell type, the pores’ size and the porosity gradient of the implant-bone lattice interface, the
mechanical and functional properties of the orthopaedic implant can be tailored with respect to
different anatomical regions and to specific applications (Bandyopadhyay et al., 2010; Van Bael
et al., 2012). Cobalt-Chromium-Molybdenum (CoCrMo) and Titanium (Ti6Al4V) alloys are
the most widely used materials for endoprostheses and fixation devices (Merola and Affatato,
2019), showing great biocompatibility, positive environment for osteoblast proliferation and
suitable mechanical properties to sustain in-vivo physiological loading (Xin et al., 2012; Zhang
et al., 2014). While the effect of unit cells geometry and manufacturing parameters on the
mechanical behaviour of isolated LPBF-printed CoCrMo (Caravaggi et al., 2019; Hazlehurst et
al., 2013, 2014) and Ti6Al4V (Hollander et al., 2006; Zhang et al., 2014) lattice structures was
investigated previously, the biomechanical interaction between metal lattice and bone has been
seldom investigated, and few robust experimental methodologies reported. Limmahakhun et al.
have assessed the peri-implant stress shielding in graded cellular CoCrMo scaffolds, using a

resin as bone replica and strain gauges to measure local deformations in compression.
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(Limmahakhun et al., 2017) In order to overcome the low spatial resolution of strain gauges
and the adhesion issues with biological tissues, Digital Image Correlation (DIC) technique has
been used for the contactless evaluation of deformations in in-vitro biological models, (Hensley
et al., 2017; Palanca et al., 2016; Zhang and Arola, 2004) in particular to assess the mechanical
properties of bone specimens. (Acciaioli et al., 2020; Belda et al., 2020; Grassi and Isaksson,
2015; Sztefek et al., 2010; Tayton et al., 2010) Two-dimensional DIC is an optical technique
which involves one or more digital cameras for the evaluation of locals displacement and strain
of a loaded object by tracking visual differences on the observed surface between the unloaded
reference subset and the deformed subset following mechanical loading. (Peters and Ranson,
1982; Sutton et al., 1983) In-silico, finite element modelling (FEM) analysis is an extremely
powerful tool to investigate the mechanics of the implant-bone interface, however validation
via in-vitro models is always necessary to identify the correct boundary conditions and to
provide reference output values for the optimization analysis. A number of in-vitro models have
been proposed, but these are often limited in terms of methodology, observed variables and/or
in the replica of the real physiological conditions. (Cristofolini and Viceconti, 1999)

The aim of the study is to present a method for the in-vitro evaluation of strain distribution
between bovine bone specimens and LPBF-printed porous CoCrMo scaffolds in compression.
The CoCrMo lattice structures investigated are characterised by different degrees of porosity
via unit cells with hole size in the range of 0.75 - 1 mm, chosen to ensure cell viability,
proliferation and colonization (Van Bael et al., 2012). Previous studies on the same structures
(Caravaggi et al., 2019; Pagani et al., 2021) confirmed the in-vitro biocompatibility and the
biological activity of these geometries for orthopaedic applications. A thorough
characterization of the lattice structures properties was performed to correlate mechanical
behaviour with the manufacturing process. To estimate the mechanical interaction between
lattice and bone, which may be correlated to the stress-shielding of implants, an ad-hoc DIC-
based setup was designed and implemented across metal samples with different porosities
coupled with cortical bone samples.

2. MATERIALS AND METHODS

A procedure for the definition of the geometrical and mechanical properties was established to
assess the mechanical interaction between bone and metal samples in compression. Metal and
bone samples were individually characterized and, subsequently, the mechanical behaviour of

metal-bone sandwiches was evaluated via DIC analysis. Visualization and quantification of the



strain gradient at the metal-bone interface in varying porosity metal lattice and bone samples

was used to estimate the effect of lattice porosity on local stress-shielding in compression.

2.1. Samples preparation

2.1.1. CoCrMo lattice structures manufacturing

The lattice samples tested in this study were designed using two types of 1.5 mm edge cubic
elements presenting a through hole with diameters of 0.75 mm (S750) and of 1 mm (S1000)
respectively (Figure 1a); thus, the nominal structural density (ratio between lattice component
and equivalent full density sample) was of 56.5 % and 36.8 %, corresponding to a nominal
porosity of 43.5% and 63.2%. For each lattice geometry, three 12 x 12 x 15 mm parallelepipedal
samples were produced for the mechanical characterization, and three 9 x 12 x 12 mm samples
for the structural tests with the bone samples (Figure 1b).

Lattice samples were fabricated by melting gas-atomized 15-45 pum spherical CoCrMo powder
(Carpenter Technology Corporation, Philadelphia, USA; Table 1 for chemical composition) via
a LPBF system (SISMA MYSINT100, Vicenza, Italy) equipped with an Yb-Fiber laser
(maximum power = 175 W; fixed focused spot diameter = 50 pum). Metal samples were
manufactured in a nitrogen-filled chamber with 0.1 % residual oxygen content. MARCAM
software (Autofab 2.0) was used to design the lattice samples and to set the laser parameters
and the scanning strategy. The scanning strategy was defined as a chessboard where each 0.02
mm thick printing-layer was divided into 3 x 3 mm square blocks. Metal powder was melted in
each block in lines spaced by 0.07 mm (meander hatching strategy), and the scanning direction
was rotated by 90 deg in adjacent blocks (Figure 1c). Each layer was rotated by 45 deg with
respect to the layers above and below. One full density sample with the same dimensions of the

lattice was also printed using the same technique.

(a) (b) (©
Figure 1: Geometry of CoCr lattice samples. (a) the two cubic units used to create the lattice
geometries. (b) S750 sample for mechanical characterization tests and (c) sample for metal-
bone sandwiches compression tests. Details of the scanning strategy are shown in (c).
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Co Cr Mo Si Ni Mn Fe C Ti W
Balance | 27-30 | 5-7 <1 0.25-0.50 <1 | <075 | <06 | <01 | <0.2

Table 1: Chemical composition [wt%] of CoCrMo powder

2.1.2. Bone samples

Fresh bovine bones were obtained from a local butcher. Round samples were extracted from
the bone diaphysis using a band-cutting system (EXAKT 310 CP Cutting System, EXAKT
Apparatus GmbH, Norderstedt, Germany); these were further reduced with a smaller cutting
system (EXAKT 300 CP) for subsequent machining operation. The cutting systems are fitted
with water-cooled diamond saw blades allowing precise cuts. The gripping system can oscillate
and a feed rate mechanism is present to adjust the cutting speed. 12 x 8 x 11.5 mm cortical bone
samples were milled using a 3-axes vertical milling machine (Fidia S.p.A., San Mauro Torinese,
Italy), as shown in Figure 2a. Bone samples were stored in a refrigerator at 4 °C in water-soaked

tissues to preserve humidity for a maximum of 24 h until compression tests.

Loadcell |-

Metal/Bone
sandwich

Figure 2: DIC and compression testing setup. (a) Preparation of cortical bone samples via
milling. (b) Compression test setup, and (c) random pattern of speckles sprayed on the S750-
bone sandwich prepared for DIC analysis.

2.2. Mechanical characterization

2.2.1. Non-destructive tests

Microhardness measurements, microstructural analysis and volume conformity were carried
out to assess the main properties of metal samples. Micro-hardness (HVO0.5, 15 s dwell time)

was measured with a micro-Vickers durometer (HX-1000, Remet) both on the transverse



surface (i.e. the DIC analyzed surface, zx) and on the longitudinal surface (i.e. xy): 15
indentations for each section were carried out using two samples per lattice.

A cross-section parallel to the upper surface of the lattice was obtained for the microstructural
characterization. Samples were prepared according to standard practice via mechanical grinding
(80-2500 grit papers) and polishing up to 0.6 um with alumina suspension. Electrochemical
etching was performed at 4 V for 20 s, in a solution of hydrochloric acid and ferric chloride
dissolved in distilled water (10 mL HCI, 20 g FeCls, 200 mL H20).

Volume conformity was assessed by comparing the real weight of each sample with the nominal
weight using the material density. This parameter allows to estimate the average geometrical
error due to the manufacturing process. Density was determined following Archimedes’
principle, by using an analytical balance to weigh each sample in-air and in-water (precision =
+0.001 g).

2.2.2. Compression tests

Yield Strength (YS) and Ultimate Strength (US) in compression were obtained for isolated
metal lattice and cortical bone samples via a uniaxial servo-hydraulic testing machine
(Italsigma) fitted with a 100 kN load cell. Bone samples were loaded along the anatomical radial
direction, aligned with z axis of the testing machine.

Tests were performed at room temperature with a 0.0005 s strain rate. The press control
software acquired load data at 10 Hz while the displacement was acquired with an extensometer
(Figure 2b).

2.2.3 DIC analysis

DIC analysis was conducted to assess the mechanical interaction between bone and metal
samples (full density and lattice), these were coupled in a sandwich configuration and tested
(Figure 2c) in compression using DIC. A random pattern of speckles was artificially created by
spraying the lateral surface of the samples with black paint on a white background (Figure 2c).
A custom LabVIEW program was used to store camera frames (6.4 MPx Basler acA3088-
57um) which were recorded at constant steps of 1 + 0.5 kN. GOM Correlate (version 2.0.1,
Braunschweig, Germany) was used to elaborate the images in order to measure local
displacements and local strain of each pixel identified in a user-defined area, which was the
same for each frame. The following parameters were extracted: the overall stiffness of the
sandwich structure (krot), the stiffness of each lattice layer - i.e. unit cells at the same z-level -

(ku), an indirect calculation of the stiffness of single units (ku) and a map of local strains
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concentration. ktor is the mean across all ktot,i, where the latter is the ratio between the load at
the i"" frame and the corresponding total displacement; ky is the mean across all ku,i-m, Where
the latter is the ratio between the load at the i*" frame and every m™" layer displacement. In case
of full density metal and bone samples, the volume was virtually divided into 1.5 mm side cubes

to allow comparison of ky with that of porous samples.

3. RESULTS
3.1 Non-destructive characterization of lattice
Microhardness measurements are reported in Figure 3, and were compared with minimum
(Tonelli et al., 2020) and maximum (Qian et al., 2015) values reported in literature.
The average microhardness was in the range 410-490 HVO0.5. The distance y from the building
platform did not seem to affect microhardness. Similarly, transverse and longitudinal cross
sections did not show significant differences in hardness in both full density and lattice samples,
despite the intrinsic anisotropy of LPBF-built components.

510
40 1 h w= Longitudinal (xy) section

470 .
Trasverse (zx) section
450 (=)

430
410
390
370
350

Hardness [HV 0.5]

R .
< & e Tonelli et al. (2020)

X
—— Qian et al. (2015)

Figure 3: Hardness measurements. HV0.5 Hardness measurement on transverse and
longitudinal section of full density and lattice samples.

Electrochemical etching of polished cross-sections and following observation under polarized
light microscopy revealed a texture showing preferential solidification and columnar grain
growth in the building direction (Figure 4 a, c, d).



(c)

Figure 4: Polarized light micrographs of metal samples. Micrographs under polarized light of
the full-density metal sample along the building (a) and transverse (b) directions, and of S750
(c) and S1000 (d) lattice structures along the building direction.

The full density sample, conversely, presented significantly higher hardness by 75 HVO0.5 than
the lattices.

A small difference in density was observed in the LPBF samples (8.26 g*cm™3) with respect to
the nominal density of CoCrMo produced by conventional investment casting (8.30 g*cm 3,
ASTM F75-12; UNS R30075), which may indicate the presence of internal defects and/or pores.
Defects analysis was beyond this work, and the real density was used to estimate the difference
in volume between nominal and real components. The mean volumetric error was 3.8 % for the
S750 lattice and 4.2 % for the S1000.

3.2 Compression tests and DIC analysis

The compressive stress-engineering strains of isolated S750, S1000 lattice and cortical bone
samples are presented in Figure 5a. The plot displays the stress-strain behaviour of lattices until
failure of the first layer, and until sudden failure of any part of the bone samples. Stress is
reported as equivalent-stress, the ratio between the applied load and the maximum surface of
144 mm? (12 x 12 mm). Figure 5b shows the DIC-estimated local strain map (e, along the
loading direction) at 15.3 kN in the lattice and bone samples highlighting the different
deformation values reached by the two materials. The cortical bone reached a local peak
deformation of 8%, S1000 of 2.5% and S750 of about 0.8%. The global strain, corresponding
to a stress of 105-123 MPa, were of 1.8%, 1.45% and 0.45%, respectively for bone, S1000 and
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S750 (Figure 5a). These values were approximately 22%, 56% and 56% of the maximum local

strain.
[%]
- = = 51000 0.00
800 W ssesees S750
Cortical bone -0.25
600 -0.50
~ -0.75
o
-1.00
>
o 400 -1.25
% .
o F . -1.50
[Va] 200 :: '; _1'75
;'»/t' -2.00
0 -2.25
0 -2.50

Engineering strain [%]
(a) (b)

Figure 5: Strain of bone and metal samples in compression. (a) Compressive stress-engineering
strain curve of cortical bone and of the two lattice geometries, and (b) DIC-based local strain
analysis of one exemplary sample for bone and metal lattices at 15.3 kKN.

Young’s Modulus, YS and US in compression (or Compressive Proof Strength) of lattice
samples (ISO 13314 - 2016) are reported in Table 2. Reference mechanical properties for full-
density CoCrMo samples (mean values and standard deviations) in compression were reported
previously (Liverani et al., 2016) and can be summarized as follows: Young’s Modulus of 193
(16.7) GPa, YS of 742 (21.5) MPa and US of 882 (67.6) MPa.

Young’s Ys us
Modulus Mean (Std) [MPa] Mean (Std) [MPa] Mean (Std)
[GPa]

S750_1 22.8 225 658
S750 2 22.1 (213'32) 265 (2;0627) 654 32353
S750_3 24.6 ' 250 ' 651 '
S1000_1 14.7 90 291
S1000_2 9.1 (1 43 06) 95 ?78633 279 2(89‘5’
S1000_3 16.9 ' 80 ' 298 '
Bone_1 8.7 122 123
Bone_2 8.1 145 152

Table 2: Mean mechanical properties (standard deviations) in compression of metal lattice and
cortical bone samples.

Figure 6 is displaying an exemplary output from the compression test of one sandwich structure

analysed by DIC. The displacement map shows full density CoCrMo sample coupled with the
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bone subjected to 10 kN compressive load and observed in the zx surface. Similar maps of both
lattices and bone samples were obtained at each load step; the displacement in the mid zx
section was used as reference for stiffness estimation (Figure 6a,b). As predictable, the full
density metal sample presented a much lower displacement (0.006 mm) with respect to the
cortical bone (0.104 mm) at 10 kN (Figure 6a,b).

Frame 10: Load 10 kN 16.0

0.000 4 0 . -0.1 o dersi

0015 — Full density r = ull density
'E‘ Az: _ E 0021 ... Contact zone "’ E 0105 5750
£ 0030 -0.006 mm El =00 pone S o om 51000
= | -0.045 [UEEE -| § -0.06 / o
[ CoCr w 1= ’ £-0.115
E I -0.060 5| g 008 ’ 3
@ . K] = ! & -0.12 M
&80 0075 s| o 01 s EL m’}"
=% B 2 012 e Frame 10 .=.0.125
21 0090 B oz S| o Load 10kN ©

-0.104 mm - -

0105 0.14 0.13

SN 02 46 810121416 0123456789

-~ a 0.0 Section length [mm] Section length [mm]

(a) (b) (c)

Figure 6: Displacement of compressed metal-bone sandwiches. (a) Color map of local
displacement and (b) displacement along the mid zx section of a full-density metal-bone
sandwich. (c) Displacement of all metal samples coupled with bone at the same load.

Figure 6¢ shows the comparison between full density and lattice samples displacements at 10
kN: the displacement of metal samples progressively increases from the full density sample
(0.006 mm) to the two porous scaffold structures S750 (0.012 mm) and S1000 (0.018 mm). The
displacement of the single parts was associated to the strain behaviour of the metal-bone
sandwich. Figure 7 compares the maximum deformation recorded in all sandwiches at 14-15
kN. In the full density metal-bone and in the S750-bone sandwiches, the deformation occurs
mainly in the bone, with an average 2.2+0.3% deformation recorded (2.05% in the specific bone
sample shows in Figure 7); corresponding engineering strain of 0.04% and 0.15% were
observed in the metal samples. Conversely, in the S1000-bone sandwich, the lattice structure

presented a mean deformation of 0.91% in the same loading conditions.
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Full density
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(a) (b)

Figure 7: DIC-based strain map in the three metal-bone sandwiches. (a) Color map of local
strain in CoCrMo-bone sandwiches at 14-15 kKN compressive load, and (b) strains observed
along the mid-section - dashed line in (a) - of metal and bone samples. Mean strains across the
sandwich section are shown as straight lines.

The displacement of each layer was measured at all applied loads (up to YS). Once ki has been
measured for each lattice layer, ku can be calculated using the parallel and series springs theory.

Table 3 is reporting mean stiffness values across all bone and metal samples.

CoCrMo krot Bone ku
CoCrMo ki | CoCrMo kuy | Bone kot (Std.)
Sample | (Std) (Std)
(Std) [KN/mm] | [KN/mm] [KN/mm]
[KN/mm] [kN/mm]
Full
density- | 1492 7908 124
bone
S750- 109 (17.2) 9.9 (1.9
1020 (132.2) | 5605 (265.6) 88
Bone
S1000-
926 (25.9) 3387(61.2) 53
Bone

Table 3: Total stiffness, single layer stiffness and single unit stiffness of metal and bone samples.

4. DISCUSSION

Orthopaedic implants, such as prosthesis components or fixation plates, are used to replace

disrupted joints and to reduce and stabilize bone fractures. Analysis of the mechanical

interaction between these metal devices, which are mostly made in biocompatible metal alloys,
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and human bone, requires complex in-silico and in-vitro models. One of the main reasons for
the aseptic loosening failure of endoprostheses is the stress-shielding, which is due to
differences in stiffness between implant and adjacent bone causing regions of stress
concentration and of stress relief leading to bone resorption. (Wolff, 1893) While in-silico
models and FEM analyses are extremely valuable and flexible tools to estimate stress and strain
distribution at the implant-bone interface, these require in-vitro experimental data to establish
the mechanical properties and for optimization of the boundary conditions. Complex-shape 3D-
printed metal porous structures are increasingly showing potential applications in orthopaedics,
but their mechanical interaction with biological tissue is difficult to predict. Analysis of the
stress shielding is most commonly performed on full implants either via in-silico (Alkhatib et
al., 2019; Oshkour et al., 2013) or in-vitro models (Arabnejad et al., 2017; Cristofolini and
Viceconti, 1999) subjected to complex loading conditions, thus the outcome is sensitive to
several parameters and may be affected by large errors (Cristofolini and Viceconti, 1999).
Therefore, in order to improve the control of the loading conditions at the local level, this study
aimed at proposing a simple in-vitro model of the mechanical interaction between small
geometrical units of an orthopaedic implant and of bovine cortical bone in just one loading
direction. This model has allowed to get a better insight into the local strain distribution at the
implant-bone interface in compression, thus helped to disclose novel information on the main
parameters characterizing the stress-shielding phenomenon.

In terms of material properties, YS and Young modulus of the cortical bone samples estimated
here are consistent with what reported in the literature for bovine bone tissue. (Nobakhti et al.,
2017) Properties of lattice were consistent across samples and, as predictable, larger porosity
was associated to lower stiffness and lower compressive modulus. In fact, the proposed
methodology allowed to estimate the stiffness of single unit cells comprising the lattice, which
could be compared to that of the bone with the same dimensions. This information may help
establishing the correct dimensions, and thus the overall mechanical behaviour, of lattice
structures for an optimized implant-to-bone strain distribution. Type and size of unit cells, and
the number of layers comprising the scaffold, significantly affect the total stiffness of the lattice
which can therefore be optimally designed for the required application. DIC analysis of the
sandwiches in compression has allowed to quantify and to visually appreciate the stiffness
gradient at the metal-bone interface. The full-density metal sample paired with cortical bone
appeared to rigidly transfer the compression force to the bone, which is subjected to large
deformation along the force direction (Figures 6 and 7). Significantly lower deformations were

observed in the bone when coupled with the S1000 lattice. This showed much larger average
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strains across the layers (about 1%) with respect to the full density and the S750 in similar
loading conditions (Figure 7b). The unit stiffness ratio between bone and metal samples
increases by an order of magnitude decreasing the structures density, with a difference in the
range 8-18.7% between full density and S1000. From a stress-shielding standpoint, the S1000
lattice would therefore appear to be a more suitable constitutive material for the implant-bone
interface allowing a smoother load transfer to the adjacent bone. When implemented in an
orthopaedic implant, this smooth load transfer should reduce regions of high and low stress
concentrations which may lead to bone resorption (Wolff, 1893) and consequently to implant
loosening. The benefit of using a porous structure at the implant-bone interface is double-fold:
it would also improve osseointegration allowing vascularized bone tissue to grow within the
implant pores thus providing stronger secondary stabilization.

The mechanical properties of lattice samples were strongly associated to the manufacturing
process and the building direction of the components was shown to affect the isotropic behavior.
Small but significant differences in US and compressive modulus were observed with respect
to same-geometry scaffolds (S750) tested previously, (Pagani et al., 2021) built along a
direction orthogonal to that used in the present study. Optical images clearly show the typical
microstructure pattern of LPBF components with columnar grains oriented along the building
direction, while only globular grains are visible on the orthogonal surface. Microhardness does
not appear to be affected by the distance from the platform or it may be difficult to reveal due
to the relatively low height of the present samples. The full density sample however presented
a hardness 75 HVO0.5 larger than that of the lattices. This may be due to differences in
conduction affecting the cooling rate and thus the superficial mechanical properties. As
highlighted in detail in a previous study by the same authors, (Caravaggi et al., 2019) the LPBF
process results in some geometric variations with respect to the nominal 3D lattice shapes. In
this study, a low difference (+ 3-4%) was observed with respect to the nominal mean volume
of lattice structures.

The outcome of this study should be interpreted with respect to some limitations. DIC analysis
was conducted on a limited number of bone and metal samples. While the estimated local and
global mechanical properties of single and sandwich structures were consistent, a larger sample
size would be required to confirm these data. The bovine bone tissue used here is considered a
good biological replicate of the human cortical bone, (Morgan et al., 2018) however the latter
has a larger elastic modulus (around 18 GPa). Therefore, the measured difference in stiffness
between porous samples and bone observed here could be slightly lower in case of human tissue,

which may result in better strain distribution and lower stress shielding. Porous Ti6Al4V
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structures can also be used and tested in the future to reduce the stress shielding. However, its
lower elastic modulus (110 GPa) and compressive strength make the full-density material —and
therefore its porous lattices - not fully suitable for orthopaedic implants such as hip, knee and
ankle endoprostheses which must sustain up to body weights (around 7 KN) in dynamic
activities. Finally, the proposed model has been assessed in compression only and the
interaction between lattice and bone has been evaluated with ideal full contact surfaces. Future
endeavours should therefore focus on replicating the physiological multi-planar loading
conditions of orthopaedic implants; these may be applied to human bone specimens and

assessed via DIC 3D to extend the deformation analysis to the whole 3D sandwich structure.

5. CONCLUSIONS

The present study is reporting a simple DIC-based model for the quantitative evaluation of the
strain distribution at the implant-bone interface of orthopaedic implants. The methodology has
proved repeatable but requires further validation on a larger sample size. According to the
present outcome, CoCrMo scaffolds made of 1000 um pores cubic cells may allow for a
smoother load transfer to the bone when used as constitutive material of orthopaedic implants,

which could result in lower stress-shielding with respect to a full-density metal implant.
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