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Abstract
Due to their outstanding mechanical properties and excellent biocompatibility, zirconiatoughened alumina (ZTA) ceramics have become the gold standard in orthopedics for the
fabrication of ceramic bearing components over the last decade. However, ZTA is bioinert,
which hampers its implantation in direct contact with bone. Furthermore, periprosthetic joint
infections are now the leading cause of failure for joint arthroplasty prostheses. To address both
issues, an improved surface design is required: a controlled micro- and nano-roughness can
promote osseointegration and limit bacterial adhesion whereas surface porosity allows loading
and delivery of antibacterial compounds. In this work, we developed an integrated strategy
aiming to provide both osseointegrative and antibacterial properties to ZTA surfaces. The microtopography was controlled by injection molding. Meanwhile a novel process involving the
selective dissolution of zirconia (selective etching) was used to produce nano-roughness and
interconnected nanoporosity. Potential utilization of the porosity for loading and delivery of
antibiotic molecules was demonstrated, and the impact of selective etching on mechanical
properties and hydrothermal stability was shown to be limited. The combination of injection
molding and selective etching thus appears promising for fabricating a new generation of ZTA
components implantable in direct contact with bone.
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1. Introduction
Zirconia-toughened alumina (ZTA) ceramics combine the advantageous properties of
monolithic alumina and zirconia: they exhibit high strength, high toughness, outstanding wear
resistance and excellent biocompatibility [1–4]. Thanks to these remarkable properties, in the last
decade they have become the new gold standard in orthopedics for the fabrication of ceramic
bearing components. In particular, in the case of hip replacements, their superior mechanical
properties when compared to alumina improve the reliability and enable the manufacture of
larger femoral heads and thinner liners, providing a larger range of motion in the joint [5,6].
Nevertheless ZTA is a bioinert material, which means that the host tissue forms a nonadherent fibrous capsule around the implant [7]. In the absence of adequate surface modification,
this can lead to poor osseointegration and subsequent aseptic loosening [8]. For this reason, in
current hip replacement systems, a metal shell with an osseointegrative surface needs to be
placed between the acetabular bone and the external surface of the ceramic liner, which restricts
the maximal head diameter because of the limited anatomical space [9]. This limitation confines
the range of motion of the patient for maximal positions and can cause impingement, which can
be followed by subluxation or even luxation [9]. It would thus be beneficial to develop surface
modification processes that enable the implantation of ZTA monoblock components in direct
contact with bone.
Despite the high success rate of joint replacement surgeries, approximately 10 % of implants
still fail within the first 10-20 years [10]. Infections are responsible for approximately 20 % of
these failures and have become the leading cause for arthroplasty revision [11–13]. Indeed, it is
well known that biomedical implants provide a substrate for the adhesion of bacteria, which can
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proliferate and form biofilms, dramatically increasing the resistance to therapeutic agents [14].
The so-called “race for the surface” between bacteria and host cells makes it therefore critical to
eliminate or contain pathogens as early as possible [15,16] and there is a strong interest in
developing surfaces that can prevent infection.
Osseointegration and infection prophylaxis are often treated as separated issues. However, as
has been recently highlighted by Raphel et al., they are intimately related and should be
addressed simultaneously [13]. The key to achieve both objectives is an adequate surface design.
On the one hand, controlling topography is crucial to obtain successful osseointegration. In
particular it has been shown that rough surfaces exhibit a better bone response than smooth ones
and that the combination of micro- and nano-scale roughness can have synergistic effects [17–
19]. On the other hand, numerous surface engineering strategies have been explored to prevent
infection. Most of them involve coatings, either to prevent bacterial adhesion or to release
antibacterial agents [13].
There is little literature regarding surface modifications of ZTA ceramics, and, as discussed
above, it would be highly valuable to develop processes that allow the design of implants with
controlled micro- and nano-topography and antibacterial properties. Among the diverse surface
micro-structuring techniques existing for ceramics, injection molding appears very promising
[20]. In contrast to grinding or sandblasting for instance, it does not induce additional surface
defects. Besides, it provides a high flexibility since it is theoretically possible to obtain any kind
of micro-topography. Finally, it enables the mass production of complex components, which is
an advantage from an industrial point of view. In the last decade, injection molding of ZTA has
been successfully implemented by several authors [21–24]. However it has not yet been applied
to surface micro-structuring which shows the need for further development. On the other hand,
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among the numerous types of coating proposed for implants, alumina with pores in the 10 nm –
200 nm range (nanoporous alumina) appears an appealing solution for the combination of
osseointegrative and antibacterial properties: it can be used as a carrier for drug delivery [25–28]
and in vitro studies have suggested that thanks to its nano-structure it could improve osteoblast
adhesion and proliferation, increase matrix production and induce osteogenic differentiation [29–
31]. Nevertheless, coatings present several disadvantages; in particular they induce residual
stresses and risks of delamination, which may lead to implant failure.
Long-term reliability is a major concern for orthopedic implants, and ceramics can be
sensitive to surface alterations. In particular surface defects have a strong influence on their
strength [32]. Furthermore, even a moderate porosity can have a substantial impact on their
elastic modulus, strength and resistance to contact damage [33–35]. Finally, zirconia-containing
ceramics require special attention: the tetragonal to monoclinic phase transformation, which
accounts for their exceptional toughness, can occur spontaneously at low temperature in the
presence of water, potentially deteriorating the material properties [36,37]. The kinetics of this
phenomenon, known as low temperature degradation (LTD) or ageing, are highly sensitive to
processing changes, as attested by the failure of Prozyr® zirconia femoral heads in 2002 [38].
Even if ZTA is much more resistant to LTD than monolithic zirconia, it has been shown that it
can still present a certain degree of surface tetragonal to monoclinic phase transformation in the
presence of water [39–41]. All these elements lead to the following conclusion: to ensure longterm reliability and patient safety, any change in the processing of zirconia-containing ceramics
should be accompanied with a careful assessment of its impact on mechanical properties and
ageing sensitivity, especially in the presence of porosity.
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To address the issues mentioned above, here we develop new methods for the fabrication of
reliable ZTA ceramics with surface properties tailored for promoting osseointegration and
preventing infections, with the perspective of enabling the implantation of ZTA components in
direct contact with bone in the future. To achieve this goal, we hypothesize that surface
topography should be controlled at both the micro- and the nano-scale to induce an adequate
bone response, and that local drug delivery can reduce dramatically the risk of infections. Our
approach was the following: samples with a tailored micro-topography were obtained by
injection molding and a novel process, based on the selective dissolution of the zirconia phase
(selective etching), allowed the induction of nano-roughness and the formation of an
interconnected porous alumina layer. A careful assessment of the impact of selective etching on
mechanical properties and ageing sensitivity was conducted and a proof of concept that the
porous layer can be used as a carrier for drug delivery was demonstrated.
2. Materials and methods
2.1. Fabrication of samples with a controlled micro-topography by injection molding
The ZTA composites produced in this study were fabricated at CeramTec GmbH
(Plochingen, Germany) and consisted of an alumina matrix (80 vol. %) containing a small
amount of chromia (about 0.3 wt. %) reinforced with a secondary phase composed of yttriastabilized zirconia (Y-TZP, 17 vol. %) and SrAl12O19 platelets (3 vol. %).
An aqueous slurry containing a mixture of alumina, zirconia, strontia, chromia and yttria
powders was prepared using electrosteric dispersants. Wet milling was performed in a rotary
mill, using zirconia milling balls. The slurry was spray-dried without any organic additive. The
ceramic powder was then mixed with an organic binder system (about 45 vol.%), mainly
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consisting of polyethylene glycol, polyvinyl butyral and stearic acid (proprietary, confidential
composition). Homogenization was achieved in a shear roller plant, where the powder-binder
mixture was heated up to about 100 °C and then sheared and compressed between two rotating
rollers.
Green bodies in the shape of disks were obtained by high pressure injection molding (P ≈
1000 bar, temperature up to 150 °C). The air contained in the feedstock was evacuated prior to
injection. The injection molding process is represented in Figure 1 and is carried out as follows:
the feedstock granules are poured into the barrel of the molding machine. They are gravity fed
towards the screw unit and driven along the screw until the nozzle. All along the screw unit, the
feedstock is heated to get a good flowability. Then, the screw is pushed forward and injects the
material through the nozzle into the mold. When the mold cavity is completely filled, the
machine opens the tools and the ejector pins are activated to push the green body out of the
mold.
Debinding, i.e. evaporation of the polymer from the green body was achieved with
extremely slow and well controlled heating up to 350 °C. The green bodies were then subjected
to a three-step heat treatment. The first sintering step was performed in a gas furnace at T ≈ 1500
°C, obtaining a relative density of 96 – 99 %. Further densification and elimination of the defects
was achieved by hot isostatic pressing (T ≈ 1400 °C, P ≈ 1200 bar) in argon atmosphere. To
compensate the depletion of oxygen ions in the lattice related to the previous step, specimens
were subjected to a final whitening step at T ≈ 1200 °C. Total linear shrinkage after debinding
and sintering was about 18 % (final disk diameter: 20 mm, final disk thickness: 2 mm).
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To achieve different micro-topographies, the surfaces of three molds were sandblasted
(Sandmaster FG 2-94, Zofingen, Switzerland; blasting material: SiC; particle size: 180 µm;
angle: 45 º; distance: 20 mm) with increasing pressures (1 bar, 2 bar and 7 bar). The resulting
surfaces, ordered from smoothest to roughest (i.e., lowest to highest pressure), will be referred to
as “low”, “medium” and “high” in the rest of the manuscript. Additionally, a batch of samples
injected in a flat mold and a batch of polished samples were produced. The back surface of all
disks was ground in order to remove the “gate”, which is inherent to the injection molding
process.

Figure 1. a) Sketch of the injection molding process; b) example of mold part with a roughened
surface; c) example of injected zirconia-toughened alumina disk after sintering.
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2.2. Generation of nano-roughness and interconnected porosity by selective etching
Specimens obtained by injection molding were successively cleaned by sonication in pure
acetone, pure ethanol and deionized water in order to remove contaminants (5 min for each
step). Based on the fact that zirconium dioxide can be dissolved in hydrofluoric acid (HF) [42]
while α-alumina is highly resistant to HF [43], a selective removal of the zirconia phase was
achieved by immersing the samples in concentrated HF (Hydrofluoric Acid 40% QP, Panreac,
Barcelona, Spain) at room temperature for times comprised between 6 h, 1, 2, 4, 8 and 12 days.
Each sample was placed in an individual high-density polyethylene flask with 4 mL of solution.
After etching, the samples were rinsed and sonicated in deionized water. The formation of
fluoride precipitates, which remained trapped into the pores, was detected when observing the
surface by scanning electron microscopy (SEM, Neon40, Carl Zeiss AG, Oberkochen,
Germany). To dissolve them, the specimens were immersed in 8 mL of concentrated HCl
(Hydrochloric acid 37%, Panreac, Barcelona, Spain) for 1 h. As will be discussed later,
monitoring etching time made possible to obtain either a superficial removal of zirconia,
inducing nano-roughness, or an in-depth removal which resulted in the formation of both nanoroughness and interconnected porosity in a surface layer.
2.3. Surface characterization
2.3.1. Surface morphology
The surface morphology of polished and micro-rough specimens was observed by SEM
after the main steps of the fabrication process (sintering, etching in HF, dissolution of the
reaction precipitates in HCl; two samples per step and per surface type).
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2.3.2. Surface topography
White light interferometry (WLI, Wyko 9300NT, Veeco, Oyster Bay, USA) and atomic
force microscopy (AFM, Dimension 3100, Veeco, Oyster Bay, USA) in tapping mode were used
to characterize micro- and nano-topography, respectively. WLI measurements were performed
before selective etching on ten polished specimens and ten micro-rough specimens for each type
of injection mold surface (“low”, “medium”, “high”; area of observation: 150 µm x 150 µm
obtained by stitching of four images acquired at magnification 50x, resolution: 758 x 758 pixels).
AFM measurements were performed on five polished samples before and after selective etching
(area of observation: 50 µm x 50 µm for roughness analysis and 10 µm x 10 µm for imaging,
resolution: 512 x 512 pixels). The roughness analysis of the data from WLI and AFM was
carried out using Veeco's Vision® software. Tilt was corrected and a robust short wavelength
pass Gaussian filter was applied to the data in order to separate waviness from roughness. The
cut-off wavelength of the filter was set to 10 µm for WLI and 1 µm for AFM. In order to fully
characterize the topography, one 3D roughness parameter of each of the usual categories was
determined as recommended by Wennerberg et al. [44,45] (Table 1). Considering the cut-off
wavelengths and the lateral resolutions (micrometric for WLI, nanometric for AFM) associated
to each device, the roughness measurements obtained from AFM data analysis will be referred to
as “nano-roughness” whereas the measurements obtained from WLI data will be referred to as
“micro-roughness”.
Statistical analysis of the roughness data was performed using SPSS® software (version 20,
SPSS Inc., Chicago, USA). The normality of variances was verified with a Shapiro-Wilk test.
The data failed to pass Levene’s test of homogeneity of variances. Consequently, a one-way
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Welch’s ANOVA with Games-Howell multiple comparison tests was carried out with a
significance level set at p < 0.05.
Table 1. Description of the 3D roughness parameters used in this study [46–48]
Symbol
Sa

Category
Amplitude

Name of the parameter
Average roughness

Sds

Spatial

Density of summits

Sdr

Hybrid

Developed interfacial area
ratio

Sci

Functional

Core fluid retention index

Description
Average of height values
Number of summits per unit
area
Percentage of additional
surface area contributed by the
texture as compared to an ideal
plane the size of the
measurement region
Measure, relative to Sq (RMS
roughness), of the volume (for
example, of a fluid filling the
core surface) that the surface
would support from 5% - 80%
of the bearing ratio

2.3.3. Surface chemistry
To determine the influence of selective etching on the elemental composition and the
chemical state of the surface, one disk was cut into three pieces, which were subjected to X-ray
photoelectron spectroscopy (XPS) after respectively: cleaning, etching in HF (4 days) and
immersion in HCl. The etching time was chosen to be consistent with bacterial experiments and
strength and ageing tests. The analysis was conducted using a SPECS system (Berlin, Germany)
equipped with an Al anode XR50 source operating at 150 W and a Phoibos 150 MCD-9 detector
XP. Spectra were recorded with pass energy of 25 eV, 0.1 eV steps and a pressure below 7.5 x
10-9 mbar. Binding energies were referred to the adventitious C1s signal and background was
subtracted. The identification of the local bonding environment of each element was performed
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by comparing the experimental peak positions with the data from the NIST Standard Reference
Database 20, Version 4.1 (http://srdata.nist.gov/xps/).
2.3.4. Porous layer thickness
To monitor the evolution of the interconnected porous layer produced by selective etching
over time, polished samples were cross-sectioned (two samples per time point). For short times
(6 h, 1 day and 2 days), which resulted in thin layers, 10 µm wide transversal sections were
milled with a Focused Ion Beam (FIB, Neon40, Carl Zeiss AG, Oberkochen, Germany). Sample
surfaces were protected with a thin platinum coating to flatten the surface and minimize ionbeam damage and curtain effect during milling. The final polishing of the cross-sections was
performed at 500 pA. For long times (4 days, 8 days, 12 days), which resulted in thick layers,
full cross-sections were obtained by cutting the entire specimens with a diamond wheel. The
transversal sections were ground and polished down to a 3 µm diamond suspension and
subsequently observed by SEM. The mean value and standard deviation of the thickness of the
layer for each individual sample were computed using the ImageJ software.
2.3.5. 3D microstructure
To characterize the interconnected porosity induced by selective etching, a stack of 50
transversal section images (width: 15 µm, height: 10 µm, spacing: 20 nm) was obtained by
automatizing the FIB milling procedure described in 2.3.4. Alignment, segmentation and 3D
reconstruction of the stack were performed using the Avizo® software (FEI Software, Hillsboro,
Oregon) with a voxel size of 16 nm x 16 nm x 20 nm. The porous structure was skeletonized
using Avizo® XSkeleton Pack to determine the distribution of the local radius, which is a
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measurement of the distance to the nearest boundary at every point of the skeleton. The results
were used to estimate the pore size.
2.4. Porous layer as a carrier for drug delivery
To demonstrate that the porous layer produced by selective etching could be used as a
carrier for drug delivery, micro-rough samples (with the “medium” topography) were subjected
to selective etching for times comprised between 4, 8 and 12 days to achieve different porous
layer thicknesses. The antibiotic gentamicin (Sigma-Aldrich, UK), commonly used in orthopedic
surgery for systemic application or local delivery, was loaded either in solution or encapsulated
in liposomes.
2.4.1. Preparation of the gentamicin solutions and the gentamicin-loaded liposomes
Solutions of the gentamicin sulfate at 10 mg/mL (stock solution), 100, 50, 25, 10, 5, 2.5
and 1 µg/mL were prepared by dissolution and successive dilutions in phosphate buffered saline
(PBS, Sigma-Aldrich, UK). Unilamellar gentamicin-loaded liposomes were prepared by
evaporation of the chloroform from a lipid solution at 50 mg/mL of DPPC (1,2-dipalmitoyl-snglycero-3-phosphocholine, phase transition temperature: 41 °C, Avanti Polar Lipids, Alabaster,
USA) under nitrogen for 1 h, followed by hydration with 10 mg/mL gentamicin solution. The
solutions obtained were extruded through 100 nm filters (9 times) and 50 nm filters (11 times) to
obtain liposomes with a monodisperse diameter close to the pore size, and subsequently passed
through Sephadex® G-25 columns (GE Healthcare, Little Chalfont, UK) to remove excess nonloaded antibiotic. About 20 % of the initial gentamicin quantity was encapsulated. Solutions
were reconcentrated using Amicon® Ultra Centrifugal Filter Units (MWCO 100 kDa, Merck
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Milipore, Darmstadt, Germany), and the volume was adjusted with PBS to obtain liposomes
with a lipid concentration of 1 mg/mL.
2.4.2. Loading procedure
The loading of the gentamicin into the ZTA samples (two per etching time for each loading
method) was performed in 12-well culture plates. The samples were placed in wells with 1.5 mL
of either a gentamicin solution at 100 µg/mL or a gentamicin-encapsulated liposome solution at
1 mg/mL DPPC, and left overnight on a shaking plate (50 cycles/min). The samples were rinsed
three times in PBS after loading.
2.4.3. In vitro drug release experiments
In vitro drug release experiments were carried out in duplicate in 12-well culture plates at
37 ºC. Each sample loaded with gentamicin or gentamicin-encapsulated liposomes was placed
into an individual well with 3 mL of PBS. For each time point an aliquot of 500 µL was taken
from the solution and replaced by 500 µL of fresh PBS. Gentamicin was quantified by adapting
an existing method [49–51]. An o-phtaldialdehyde reagent (OPA reagent) was formulated by
adding 0.8 g o-phtaldialdehyde, 20 mL methanol and 0.96 mL 2-mercaptoethanol to 180 mL of
40 mM sodium borate in distilled water (all reagents from Sigma-Aldrich, UK). Aliquots of the
solution to analyze were mixed in equal proportions with isopropanol and OPA reagent.
Fluorescence readings were carried out in duplicate in 96-well plates with a SpectraMax M5
microplate reader (Molecular Devices, Sunnyvale, USA; excitation wavelength: 340 nm;
emission wavelength: 455 nm). For each plate a calibration curve was obtained from gentamicin
solutions at 100, 50, 25, 10, 5, 2.5 and 1 µg/mL. A kinetic study of the reaction indicated that 5
min was a suitable time for the reading and that the presence of DPPC did not interfere with the
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measurement. To determine the cumulative release profiles, correction factors were applied in
order to take into account the evaporation of the solution in the well and the replacement of
aliquots by fresh PBS, and the total quantity released was divided by the average total sample
surface area (7.9 cm2).
2.4.4. Assessment of antibacterial properties against E. coli
Table 2. Nomenclature of the samples used for the assessment of antibacterial properties

Name

Surface treatment

As sintered

None

Etched

Selective etching (4 days)

Etched+Loaded Selective etching (4 days) + loading with gentamicin-encapsulated liposomes

Based on the in vitro release experiments, loading with gentamicin-encapsulated liposomes
was selected as the best method to test antibacterial properties against E. coli, which is the most
frequently isolated microorganism from gram-negative periprosthetic joint infections [52–54].
Three types of samples were prepared as described in Table 2 (two samples per condition). An
etching time of 4 days was selected, since it was estimated that it could lead to a good
compromise between the need for a thick porous layer and a limited impact on reliability. A
small amount of a glycerol stock of E. coli (strain: Rosetta(DE3)pLysS, Novagen, Merck
Biosciences, Nottingham, UK) was incubated in LB medium (Sigma-Aldrich, UK) at 37 ºC
under constant shaking overnight. The suspension was subsequently diluted to 2x107 cells/mL in
fresh medium. Samples were incubated in 3 mL of this bacterial suspension for 4 h at 37 ºC in
12-well culture plates. To evaluate bacteria concentration, 1 mL aliquots were taken from the
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supernatants for flow cytometry (Fortessa, BD Biosciences, Franklin Lakes, USA) and fixed
with 2 % paraformaldehyde (PFA, Sigma-Aldrich, UK) in PBS. To assess bacterial adhesion
and viability on the different surfaces, staining solutions were prepared in individual wells by
adding 3 µL of SYTO® 9 and 3 µL of ethidium bromide (both from Thermo Fisher Scientific,
Waltham, USA) to 2 mL of a NaCl aqueous solution at 0.85 wt%. The samples were rinsed with
the NaCl solution three times and then immersed in the staining solutions for 15 min at 37 °C.
Fluorescence imaging of the stained samples was carried out on a confocal microscope (Leica
SP5, Leica Microsystems, Wetzlar, Germany) with a 20x dry objective. Measurements of
surface area covered by living E. coli cells were carried out using the ImageJ software (three
images per specimen).
2.5. Contact behavior and mechanical properties of the porous layer
2.5.1. Experiments
For the study of the mechanical properties and local contact behavior of the porous layer
produced by selective etching, two polished samples were fabricated and one of them was
selectively etched for 12 days (thickness of the porous layer: 27 µm). Instrumented
nanoindentation tests were carried out with a MTS Nanoindenter XP (Eden Prairie, USA)
equipped with a continuous stiffness measurement (CSM) module and a diamond spherical tip
(nominal radius: 50 µm). Due to the difficulty to machine diamond at such a small scale, the real
shape of the tip can differ substantially from a perfect sphere. For this reason, the real tip shape
was measured by AFM. A Python script was developed and used to extract the curve 𝑎 = 𝑓(ℎ𝑐 )
with a the contact radius and hc the contact depth, which was fitted with a power law of the type
𝑎 = 𝐴 + 𝐵 × ℎ𝑐 𝐶 . The best fitting parameters were adjusted by performing calibration tests

16

against reference materials with well-known elastic moduli (pyrocarbon, fused silica and
tungsten, see supplementary information).
Indentations of the porous layer were performed up to a maximum load of 7.5 N (maximum
indentation depth: ~ 3.5 µm) and under a constant deformation rate of 0.05 s−1 with an interindentation spacing of 100 µm (3x3 arrays). At maximum penetration, the circular contact area
was very large in comparison to the pore size (contact radius: ~ 17 µm). The contact point was
corrected implementing the method proposed by Moseson et al. [55] and the polished sample
was used as a reference for stiffness correction. The models chosen to interpret analytically the
indentation data were those of Hertz, Oliver and Pharr and Tabor, following the approach of He
and Swain [56].
Finally, profiles of residual indents were measured with a laser scanning confocal
microscope (LEXT, Olympus, Tokyo, Japan) and a FIB cross-section of an indentation was
realized in order to identify the deformation mechanism of the porous layer under compression
and to detect potential damage and densification.
2.5.2. Numerical analysis
Based on previous works on porous ceramics [57,58], an inverse finite element (FE) analysis
was used to identify the properties of the porous layer. Lowest, average and highest
experimental load-displacement curves were used for the identification, and the plateau
separating loading and unloading sections was removed. The FE simulation was carried out
using the ABAQUS/Standard software (Dassault Systèmes, Simulia, Vélizy-Villacoublay,
France). The model consisted of a 2D axisymmetric mesh (available in supplementary
information) which contained approximately 6000 elements (CAX8 and CAX8-R) and was
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refined towards the contact zone with an element size of about 0.5 µm. Loading was achieved
by imposing a quasi-static vertical displacement (“hard contact”, sliding formulation: finite
sliding, discretization method: surface to surface). The indenter and the bulk of the sample were
modeled as elastic materials, whereas the porous layer was modeled using a modified DruckerPrager/cap-plasticity criterion which accounts for hydrostatic pressure sensitivity of material
failure through two surfaces: the Drucker-Prager surface for shear failure and the cap surface for
high hydrostatic pressure failure [59] (see Appendix A for the definition of the model and of the
related parameters). The increase in elastic modulus associated to densification of the porous
material was taken into account using ABAQUS user subroutine USDFLD (time increment was
kept small enough to maintain the accuracy of the solution).
The inverse identification was carried out using the MIC2M software (http://mic2m.univfcomte.fr/). The Poisson ratio ν of the porous layer was set to 0.22 (taken from literature for
porous alumina [35]), the cap eccentricity R was set to 0.25 to obtain a cap yield surface neither
too circular nor too steep, α (a small number used to define the transition yield surface) was set
to 0.01 and W (the porous volume fraction) was set to 0.17. A preliminary calculation showed
that variation of the friction coefficient f between the indenter and the sample surface had
negligible effect on the results and f was set to 0.1. The parameters to identify were the elastic
modulus of the porous layer (E), the yield stress in simple compression (σc), the angle of friction
(β), the initial hydrostatic compression yield stress (pb0) and the maximum plastic volumetric
strain rate (D).
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2.6. Impact of selective etching on strength and ageing kinetics
To assess the impact of selective etching on strength and ageing sensitivity, 48 flat samples
were fabricated. Half of them were polished down to a 1 µm diamond suspension and annealed
at 1200 °C for 10 min in air using heating and cooling rates of 5 °C/min, and they were divided
into four groups as described in Table 3. The polishing was introduced to remove surface defects
and the annealing to remove residual stresses. The annealing temperature was chosen based on a
preliminary study involving an indentation technique [60] in which 1200 °C was found to be the
minimum annealing temperature capable of removing the majority of residual stresses without
affecting significantly the grain size. The etching time was chosen to be the same as for the
testing of antibacterial properties (2.4.4), and the thickness of the porous layer was measured by
performing cross-sections on three samples from each etched group (same procedure as
described in 2.3.4).
Table 3. Nomenclature of the sample groups used for strength and ageing kinetics testing
Name of the group

Surface treatment

As sintered (AS)

None

Polished+Annealed (P+A)

Polishing + Annealing (1200 ºC, 10 min)

As sintered+Etched (AS+E)

Selective etching (4 days)

Polished+Annealed+Etched
(P+A+E)

Polishing + Annealing (1200 ºC, 10 min) + Selective
etching (4 days)

2.6.1. Biaxial flexural strength testing
The biaxial flexural strength of ten samples from each group was assessed by 3-balls-on-3balls testing with a “sphere-in-line” configuration [61]. The specimens were tested in a universal
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testing machine (Model 8502, Instron Corp., Canton, USA) in air up to fracture of the specimen,
using a constant test speed of 0.5 mm/min. The radius of the inner sphere location circle was R1
= 4.08 mm and the ratio of outer to inner sphere circles was R1/R2 = 2. The fracture strength was
calculated using a numerical approximation of the maximum tensile stress:
𝐹

𝜎𝑚𝑎𝑥 = 𝑓 × 𝑡 2

(1)

where F is the applied load on failure, t the sample thickness and f a dimensionless factor. For
R/R1 = 2.25 (R being the diameter of the test samples), f can be calculated with the following
formula [61]:
𝑡

𝑓 = 0.656 (𝑅 )
1

−0.196

𝑡

+ 0.274(𝑅 )−0.448 × ν

(2)

1

where t is the thickness of the sample and ν is the Poisson ratio. In the present study, R/R1 =
2.45, nevertheless it is still possible to use equation (2) with an error inferior to 5 % [62].
Statistical analysis of the strength testing results was performed using SPSS® software
(version 20, SPSS Inc., Chicago, USA). A two-way ANOVA with a 5% significance level was
used to evaluate the effects of polishing and selective etching. The data was log-transformed
prior to analysis. The normality and the homogeneity of variances were verified with
respectively a Shapiro-Wilk test and a Levene test.
The variability of the strength was analyzed using the Weibull distribution function:
σ

𝑚

𝑃𝐹 (σ) = 1 − exp(− (σ ) )
0

(3)

where PF is the cumulative probability of failure, σ is the fracture strength, σ0 is the Weibull
characteristic strength, and m is the Weibull modulus. For the evaluation of m and σ0 the
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measured strength data were ranked in increasing order and numbered from 1 to N. Then the
single strength values σi were related to the failure probability PFi according to the following
relation:
𝑃𝐹𝑖 =

𝑖−0.5
𝑁

(4)

where i is the ranking number and N is the total number of measurements (for a more detailed
description of the methodology, see for instance Munz et al. [63]). Finally, the 90% confidence
bounds for m and σ0 were determined according to ASTM C1239-00.
2.6.2. Ageing kinetics
Two samples from each group were subjected to hydrothermal degradation tests. The tests
were performed in an autoclave, at 134 ºC, 100% steam atmosphere at 0.2 MPa pressure for
times up to 600 h. This time is far beyond the requirement of 10 h recommended by the ISO
6474-2 standard and according to Chevalier et al. (2009) [41] it is equivalent to about 1500 years
at 37 ºC. It is thus extremely conservative but monitoring the long-term evolution of the
monoclinic phase content allows amplifying potential differences between groups. The
specimens were analyzed by X-ray diffraction (XRD) (Model D8, Bruker AXS, Madison, USA)
using Cu-Kα radiation to detect and quantify the tetragonal–monoclinic transformation. The
monoclinic fraction was determined using the relation proposed by Toraya et al. [64]:
𝑉𝑚 = 1.311

̅11)+𝐼𝑚 (111)
𝐼𝑚 (1
̅11)+𝐼𝑚(111)]
𝐼𝑡 (101)+1.311[𝐼𝑚 (1

(5)

where Vm is the monoclinic volume fraction, 𝐼𝑚 (1̅11) and 𝐼𝑚 (111) are the intensities of the
monoclinic peaks and 𝐼𝑡 (101) is the intensity of the tetragonal peak.
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3. Results
3.1. Surface characterization of injection molded and selectively etched samples
3D topographical images obtained by WLI showed that injection molded ZTA samples
presented very diverse micro-topographies (Figure 2). As can be observed on the WLI images,
increasing pressure during sandblasting led to an increased roughening of the mold surface and
consequently of the surface of injected samples: the “high” surface displayed the broadest and
deepest valleys / highest peaks, whereas the “low” surface appeared relatively flat (but rougher
than the polished surface), and the “medium” surface was an intermediary between both.
Furthermore, the micro-roughness analysis showed that a large range of values could be
obtained for the average roughness (“low” surface: Sa = 176 ± 15 nm; “medium” surface: Sa =
330 ± 28 nm; “high” surface: Sa = 417 ± 16 nm; polished surface, for reference: Sa = 13 ± 1 nm)
and the developed interfacial area ratio (“low” surface: Sdr = 45 ± 6 %; “medium” surface: Sdr =
82 ± 12 %; “high” surface: Sdr = 99 ± 11 %; polished surface, for reference: Sdr = 0.4 ± 0.2 %).
Statistical analysis of the roughness data evidenced that differences between groups were
significant (Welch’s ANOVA resulted in p < 0.001 for each roughness parameter). For both Sa
and Sdr, differences between each type of surface were strongly significant (p ≤ 0.001 for each
pairwise comparison using Games-Howell test), while for Sds differences were significant only
when comparing the polished surface to the others (p ≤ 0.001 in each case) and for Sci
differences were significant only when comparing the “medium” surface to the others (p ≤
0.001 in each case). Finally, the best correlation between mold and sample roughness was
obtained for the “low” surface, while the “medium” and “high” sample surfaces were slightly
smoother than the “medium” and “high” mold surfaces, respectively (see supplementary
information).
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Figure 2. White light interferometry measurements at the surface of injection molded zirconia
toughened alumina samples with different induced micro-topographies: a) roughness analysis (10
samples per group); b) 3D topographical images. “Low”, “Medium” and “High” designate
micro-topographies obtained from increasingly rough molds.
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Regarding selective etching, the zirconia phase was successfully removed by immersion in
HF whereas neither the alumina matrix nor the SrAl12O19 platelets were affected, which allowed
the integrity of the micro-topography obtained by injection molding to be preserved (Figure 3).
The formation of fluoride precipitates, which remained trapped in the pores of the surface, was
detected. Energy dispersive spectroscopy evidenced that they were mainly composed of yttrium
and fluorine. Some of them had an octahedral shape suggesting the presence of YF3 crystals,
similar to those observed when etching Y-TZP [65]. XPS analysis confirmed the presence of
YF3 chemical bonds and additionally suggested the existence of zirconium oxyfluorides (Table
4). Inspection of the specimens by SEM evidenced that all precipitates were successfully
removed by immersion in HCl (Figure 3).
The selective etching process induced a substantial increase in nano-roughness of the
polished samples (Figure 4). Indeed, the average roughness (Sa) was multiplied by 10 with
respect to the polished surface (polished: Sa = 2.1 ± 0.3 nm; selectively etched: Sa = 21 ± 4.6
nm) and the developed interfacial area ratio (Sdr) was multiplied by 100 (polished: Sdr = 0.06 ±
0.03 %; selectively etched: Sdr = 5.4 ± 1.7 %). On the other hand, the density of summits Sds
(polished: Sds = 2.4x105 ± 1.9x105 mm-2 ; selectively etched: Sds = 1.2x105 ± 1.1x105 mm-2) and
the core fluid retention index Sci (polished: Sci = 0.91 ± 0.19; selectively etched: Sci = 0.39 ±
0.06) decreased. In terms of surface chemistry, the most notable changes were an increase in the
fluorine content and a decrease in the zirconium content (Figure 5).
The thickness of the layer affected by selective etching depended on etching time (Figure 6a,c). During a short time period (t = 6 h), only the superficial zirconia grains were dissolved,
leaving the bulk unaffected. For longer etching times (t ≥ 24 h), an interconnected porous layer
was produced. The FIB/SEM tomography provided evidence that with the exception of some
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isolated grains the zirconia phase was percolated (Figure 6-b). The local radius distribution
appeared to be centered at approximately 50 nm with a maximum at 160 nm, which can be
considered as the maximal pore size (Figure 6-d). It was not possible to determine the minimum
of the distribution with certainty because of the limit of resolution fixed by the voxel size.

Figure 3. a) Scanning electron microscopy observations of the surface of zirconia toughened
alumina at the different steps of the selective etching process, evidencing the formation of
fluoride precipitates during HF etching and their subsequent removal in HCl; b) scanning
electron microscopy observations of the surface of injection molded samples with different
micro-topographies before and after selective etching. “Low”, “Medium” and “High” designate
micro-topographies obtained from increasingly rough molds. Scale bars: 5 µm.
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Figure 4. Atomic force microscopy measurements at the surface of polished zirconia toughened
alumina samples before and after HF and HCl treatment: a) roughness analysis (5 samples per
group, area of measurement: 50 µm x 50 µm); b) 3D topographical images (area of
measurement: 10 µm x 10 µm).
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Figure 5. XPS analysis of the surfaces of an “as sintered” zirconia toughened alumina sample,
an HF treated sample and an HF+HCl treated sample: a) full spectra normalized to the O1s peak
intensity; b) quantitative elemental analysis. Error bars represent the typical uncertainty (10 %)
associated to XPS quantitative measurements.
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Table 4. Identification of the peaks of the XPS high-resolution spectra of Figure 5

Binding energies (eV)

Sample

Al2p

As
sintered

74.3

HF

74.3

HF +
HCl

74.2

O1s
529.5
531.2
532.7
529.2
531.2
532.8
529.0
531.0
532.4

F1s

Zr3d5/2

Zr3d3/2 Y3d5/2 Y3d3/2

685.2

181.5
181.9

183.9
184.3

157.7 159.8

684.9

182.5

184.9

158.7 160.7

685.1

182.2

184.6

158.7 160.7

ZrF4 or
YF3

YSZ
ZrO2

YSZ
ZrO2

YSZ

YSZ

ZrxOyFz ZrxOyFz ZrxOyFz

YF3

YF3

ZrF4 or
YF3

YF3

YF3

YSZ
As
sintered

Al203

Al203 / ZrO2
H2O or hydroxide
Y2O3

Identified chemical environment
(references available in
supplementary information)

HF

Al203

Al203 / ZrO2
H2O or hydroxide
Y2O3 [66]

HF +
HCl

Al203

Al203 / ZrO2

ZrO2

ZrO2

H2O or hydroxide
YSZ: Yttria stabilized zirconia
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Figure 6. a) FIB cross-sections of polished zirconia toughened alumina samples after 6 h (left),
24 h (middle) and 48 h (right) of immersion in HF, evidencing the progressive removal of
zirconia over time (zirconia appears in white, alumina in grey and pores in black); b) FIB/SEM
tomography of the surface after selective etching (4 days): external view (left), internal structure
with pores in black and zirconia in white (middle), skeleton of the porous structure (right); c)
evolution of the porous layer thickness over time for a polished surface. Error bars represent the
combined standard deviations of single samples; d) local radius distribution of the porous
structure.
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3.2. Proof of concept: use of the porous layer as a carrier for drug delivery
It was found that the thickness of the porous layer strongly depended on the surface state.
In particular the layer was much thicker on the back surface of the disks, which was ground after
sintering (see supplementary information), possibly because of combined effects of residual
stresses and machining defects. Because this surface has to be taken into account for the release,
each sample used for drug delivery was cross-sectioned and observed following the procedure
described in 2.3.4 and the thickness value was reported as an average over the whole specimen
(Figure 7).
Impregnation of the samples with gentamicin solution led to small quantities of drug loaded
and released (about 16 µg/sample which corresponds to 2 µg/cm2), and there was no substantial
influence of the porous layer thickness (Figure 7-a). This is probably due to the fact that alumina
surface and gentamicin are both positively charged, which leads to poor adsorption. Liposome
encapsulation enabled an increased amount of gentamicin loaded (up to about 80 µg which
corresponds to 10 µg/cm2), and the quantity loaded and released was roughly proportional to the
porous layer thickness (Figure 7-b). This likely results from the higher affinity of the lipid to the
alumina surface, as attested by quartz crystal microbalance measurements (see supplementary
information), and from the greater size of the liposomes compared to the free gentamicin, which
may thus remain trapped in the pores.
Bacteria cultures evidenced two effects (Figure 7-c,d). On the one hand the selectively etched
surface reduced the bacterial adhesion as compared to the “as sintered” surface, even in the
absence of loaded antibiotic (surface area covered by living E. coli after 4 h: 5 % vs. 12 %). On
the other hand, samples loaded with gentamicin-encapsulated liposomes limited the growth of
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bacteria in the medium and consequently reduced the surface area covered by living E. coli as
compared to non-loaded specimens (bacterial concentration after 4 h: 2.8x107 cells/mL vs.
1.8x108 cells/mL; surface area covered by living E. coli after 4 h: 0.4 % vs. 5 %).
3.3. Impact of selective etching on reliability
3.3.1. Contact behavior and mechanical properties of the porous layer
Indentation hardness vs. strain analytical curves showed a plateau at 8 GPa for the
selectively etched sample and 20 GPa for the polished sample (see supplementary information).
The observation of the surface and cross-section of an indentation demonstrated that the
deformation of the porous layer was quasi-plastic with a limited elastic recovery (Figure 8-a,b,c).
No cracks were detected on the surface around the indent and densification could be observed
below the residual imprint, which justifies the introduction of a cap in the Drucker-Prager
plasticity model. The inverse FE identification carried out with the different experimental curves
led to stable values for the elastic modulus (E) and the yield stress in simple compression (σc)
whereas a moderate fluctuation was observed for the initial hydrostatic compression yield stress
(pb0), and important variations occurred for the friction angle and the maximum plastic
volumetric strain rate (D) (Table 5). The elastic modulus values were in good agreement with
that obtained by theoretical calculation for porous alumina using Roberts and Garboczi model
[35] (Etheoretical = 277 GPa, considering overlapping spherical pores), but slightly superior to that
computed from the analytical analysis of the indentation data (Eanalytical = 215 GPa, see
supplementary information). Simulations with the identified parameters led to realistic results,
with good consistency between experimental and numerical load-displacement curves, residual
imprints and densification behavior (Figure 8-d,e,f).
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Figure 7. Cumulative drug release profiles from selectively etched zirconia toughened alumina
samples loaded with a) gentamicin solution and b) gentamicin-encapsulated liposomes. Legend
indicates the average thickness of the porous layer. Two samples had to be discarded because of
large debinding defects. Results from E. coli cultures (t = 4 h) on the surface of “as sintered”
(control), selectively etched, and selectively etched liposome-loaded zirconia toughened alumina
samples (average porous layer thickness: 35 µm): c) fluorescence microscopy images of living
bacteria on the surface; d) bacterial concentration in the medium monitored by flow cytometry
and surface area covered by living bacteria. Error bars represent the standard deviations.
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3.3.2. Biaxial flexural strength and ageing kinetics
The thickness of the layer produced by selective etching was about 11 µm for both the “as
sintered+etched” and the “polished+annealed+etched” samples. Two-way ANOVA analysis of
the strength testing results evidenced a significant main effect of polishing (p=0.007) and a
significant main effect of selective etching (p=0.015), but no interaction (p=0.307), which
indicates that the effects of polishing and selective etching were independent. Etching induced a
moderate decrease in the average strength, which was more important

for the

“polished+annealed” samples (-25 %) than for the “as sintered” samples (-11 %) (Table 6,
Figure 9-a,b). This can be explained by the presence of pre-existing surface defects in the “as
sintered” specimens: the impact of the new defects produced by etching is thus relatively less
important in this case. Furthermore, for both the “as sintered” and “polished+annealed”
surfaces, selective etching induced an increase in the Weibull modulus (Table 6) and no
decrease in the minimum strength (Figure 9-b). Therefore, the flaws created by selective etching
were not the most critical. Indeed, the “polished+annealed” group had the highest mean strength
and σ0 but the lowest Weibull modulus (Figure 9-a,b, Table 6), which suggests the presence of
intrinsic defects in the bulk related to injection molding. The process would thus require further
optimization to obtain samples with the same reliability as those obtained by conventional
pressing.
Regarding phase transformation, it can be observed that selective etching induced a small
increase in the initial monoclinic phase content in the “as sintered” samples (“as sintered”: Vm =
0.08; ”as sintered+etched”: Vm = 0.14), but not in the “polished+annealed” samples, which
contained a comparable amount of monoclinic phase (“polished+annealed”: Vm = 0.18;
”polished+annealed+etched”: Vm = 0.16). In terms of kinetics, the trend was similar for all the
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groups tested and thus the ageing sensitivity does not appear to be significantly affected by
selective etching (Figure 9-c).

Figure 8. Results from spherical nanoindentation testing of a 27 µm thick porous layer obtained
by selective etching of polished zirconia toughened alumina: a) surface of an indentation
observed by SEM; b), c) FIB cross-section of an indentation displaying densification of the
porous layer which presents a quasi-plastic behavior; d) experimental (average) and simulated
load-displacement curves; e) experimental (average) and simulated residual imprint; f) finite
element calculation of the volumetric plastic strain (which corresponds to densification).

Table 5. Parameters identified by inverse finite element analysis describing the mechanical
behavior of the porous layer obtained by selective etching
Experimental curve Lowest Average Highest
E (GPa)
272
278
279
β (º)
0.3
15.4
0.6
σc (MPa)
3300
3210
3460
pb0 (MPa)
4930
4680
5730
-1
-4
-4
D (MPa )
2.6x10
5.3x10
1.2x10-3
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Figure 9. Assessment of the effect of selective etching on strength and ageing sensitivity of
zirconia toughened alumina samples: a) mean strength (error bars represent the standard
deviations), b) Weibull analysis of the strength, c) evolution of the monoclinic phase content
during accelerated ageing tests.
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Table 6. Mean strength, Weibull modulus (biased) and Weibull characteristic strength resulting
from 3-balls-on-3-balls testing of zirconia toughened alumina specimens

Sample group
Polished + Annealed
Polished + Annealed
+ Etched
As sintered
As sintered + Etched

σmean [MPa] ±
standard deviation
922 ± 238
694 ± 74

m (90% confidence
interval)
3.7 (2 – 5)

σ0 [MPa] (90%
confidence interval)
1029 (865 – 1232)

10 (4.6 – 14.1)

729 (671 – 796)

686 ± 115
613 ± 70

6.5 (3.6 – 8.8)
9.5 (5.5 – 12.8)

736 (667 - 815)
669 (628 – 714)

4. Discussion
The combination of surface modifications proposed in this work is promising for the design
of ZTA components implantable in direct contact with bone, with tailored surface properties for
promoting osseointegration and preventing infections.
Injection molding was shown to be a versatile process for surface micro-structuring, with a
large possible range of values for roughness parameters (Figure 2). Additionally, as discussed in
the introduction, it presents several advantages over other roughening treatments and has a high
potential for industrialization. The values obtained for the average roughness (Sa) might appear
small as compared to the “moderately rough” range (1 µm – 2 µm) that was suggested to induce
the strongest bone response by Albrektsson and Wennerberg (2004) [67]. Nevertheless, the
values reported in this study were numerically filtered, which is omitted by many authors. The
Sa values obtained before filtering were substantially higher (“low” surface: Sa = 224 ± 16 nm ;
“medium” surface: Sa = 720 ± 60 nm; “high” surface: Sa = 1370 ± 111 nm), and it can thus be
considered that the “high” surface falls within the recommended range. Finally, strength testing
suggested the existence of intrinsic defects in the material related to injection molding (Figure 9-

36

a,b). The presence of these defects shows the need for further optimization of the injection
process to achieve mechanical performances similar to those obtained with standard processing
(e.g., dry pressing).
On the other hand, selective etching is a totally novel process for ZTA, which can be used
for two purposes:
- With a short etching time, it allows superposing of a substantial nano-roughness to the
micro-topography produced by injection molding (Figure 3, Figure 4), without affecting the bulk
of the material (Figure 6-a). According to the literature, this combination of micro- and nanoroughness should be favorable in terms of osseointegration [17–19]. Besides, the increase in the
fluorine content of the surface (Figure 5) could enhance osteoblastic differentiation and
interfacial bone formation as it does for titanium [68]. Finally, the selectively etched surface
might reduce bacterial adhesion (Figure 7-c,d). This could be explained either by the nanoroughness (Figure 4) or the changes observed in the surface chemistry, in particular the increase
in the fluorine content (Figure 5, Table 4), or a combination of both [69,70].
- With a longer etching time, it allows the production of an interconnected nanoporous
alumina layer with controlled thickness (Figure 6). As described previously, it has been
suggested that nanoporous alumina can improve osteoblast adhesion and proliferation, increase
matrix production and induce osteogenic differentiation [29–31]. Furthermore, the porous layer
has the potential to be used as a carrier for drug delivery, providing antibacterial properties to the
surface (Figure 7). The liposome encapsulation technique proposed in this work improves the
loading of gentamicin. Besides, since liposomes can be loaded with both hydrophobic and
hydrophilic molecules the method is potentially applicable to many other therapeutic agents [71]
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(for an example with vancomycin, see supplementary information). Nevertheless, the quantities
loaded which represent about 0.5%-1% of the total porous volume available still appear small
and there is thus room for optimization: in particular it should be possible to increase the quantity
of drug loaded and the sustainability of the release by tuning liposome size.
The main benefit of selective etching when compared to other existing processes to produce
nanoporous alumina on implants, such as for instance anodization [28,72], is that the layer
obtained is not a coating. There is no interface with the bulk, which is highly beneficial in terms
of reliability since it avoids any problem related to lack of adhesion or delamination.
Furthermore, the contact behavior of the porous layer obtained is quasi-plastic (no cracks were
observed under indentations). The yield stress (σy ≈ 3300 MPa) and the indentation hardness
(plateau at 8 GPa) are maintained at high values whereas the decrease in the elastic modulus (E ≈
275 GPa) could be beneficial since it reduces the mismatch with the bone modulus (Figure 8,
Table 5). Besides, it was shown that the presence of the porous layer does not impair flexural
strength: the decrease in average strength, which was moderate, was compensated by an increase
in Weibull modulus and the minimum strength was not affected (Figure 9, Table 6). Therefore,
in a component larger than the tested specimens (e.g., an acetabular cup), the failure would likely
be governed by intrinsic flaws, whose maximum size statistically increases with material
volume. Since the pore size is too small for the cells to enter, the layer thickness tested (11 µm)
can be considered as a conservative estimate of the thickness necessary to promote
osseointegration. Nevertheless, depending on the quantity of antibiotic which needs to be
released and on the loading efficiency, a thicker layer might be required for drug loading. In this
case, further study of the influence of the layer thickness on strength would be required. Finally,
regarding phase transformation, the influence of selective etching is limited to a small increase in
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the initial volume of monoclinic phase content, without any impact on LTD kinetics. The
excellent resistance to ageing of ZTA is thus not compromised by the treatment.
5. Conclusion
The combination of injection molding and selective etching allows the manufacture of ZTA
samples with a substantial nano-roughness superposed to a controlled micro-topography.
Selective etching also enables the formation of an interconnected porous alumina layer, which
can be used as a carrier for drug delivery. The impact of selective etching on mechanical
properties and hydrothermal stability is limited. Future studies will aim to optimize drug loading
and to assess the impact of these surface modifications on cell and bone response.
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Appendix A – Modified Drucker-Prager/cap model [58]
The Drucker-Prager failure surface is defined in the meridional (p-t) plane by:
𝐹𝑠 = 𝑡 − 𝑝 tan 𝛽 − 𝑑 = 0

(A.1)

where p is the equivalent pressure stress, t is the deviatoric stress, β is the angle of friction of the
material and d is its cohesion which can be expressed as a function of the yield stress in simple
compression σc as:
1

𝑑 = (1 − 3 tan 𝛽)𝜎𝑐

(A.2)

The cap yield failure surface, which binds the yield surface in hydrostatic compression, is
defined in the p-t plane by:
2

𝐹𝑐 = √(𝑝 − 𝑝𝑎

)2

+(

𝑅𝑡
1+𝛼−

𝛼
cos 𝛽

) − 𝑅(𝑑 + 𝑝𝑎 tan 𝛽 ) = 0

(A.3)

where R is the cap eccentricity (which controls the shape of the cap), α is a small number
(typically comprised between 0.01 and 0.05) used to define the transition yield surface and pa is
an evolution parameter that represents the volumetric inelastic strain driven hardening given as:
𝑝 −𝑅𝑑

𝑝𝑎 = (1+𝑅𝑏 tan 𝛽)

(A.4)

where pb is the hydrostatic compression yield stress. In this work, the evolution of pb was
modeled with the following law:
𝑝𝑏 (𝜀𝑉 ) =

1
𝐷

𝜀

ln (1 + 𝑊𝑉 ) + 𝑃𝑏0

(A.5)
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where εV is the hydrostatic plastic strain, pb0 the initial hydrostatic compression yield stress, W is
the maximum plastic volumetric strain (which theoretically corresponds to the porosity) and D is
the maximum plastic volumetric strain rate [73].
To provide a smooth intersection between the cap and the Drucker-Prager failure surfaces, a
transition yield surface is defined as:
2

𝛼

𝐹𝑡 = √(𝑝 − 𝑝𝑎 )2 + [𝑡 − (1 − cos 𝛽 )(𝑑 + 𝑝𝑎 tan 𝛽)] − 𝛼(𝑑 + 𝑝𝑎 tan 𝛽 ) = 0

(A.6)

The plastic flow is defined by a flow potential that is associated in the cap region in the
meridional plane and non-associated in the Drucker-Prager failure surface and transition regions.
It consists in an elliptical portion in the cap region that is identical to the cap yield surface:
2

𝐺𝑐 = √(𝑝 − 𝑝𝑎 )2 + (

𝑅𝑡
1+𝛼−

𝛼
cos 𝛽

)

(A.7)

and another elliptical portion in the failure and transition regions:
2

𝐺𝑠 = √[(𝑝𝑎 − 𝑝) tan 𝛽 ]2 + (

𝑡
1+𝛼−

𝛼
cos 𝛽

)

(A.8)
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