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A B S T R A C T

The continuous need for high-performance implants that can withstand mechanical loads while promoting
implant integration into bone has focused recent research on the surface modification of hard ceramics. Their
properties of biocompatibility, high mechanical and fatigue resistance and aesthetic color have contributed to its
succefull applications in dentistry. Alumina toughened Zirconia (ATZ) has been gaining attention as a material
for dental implants applications due to its advanced mechanical properties and minimal degradation at body
temperature. Still, in order to improve tissue response to this bioinert material, additional modifications are
desirable. Improving the surface functionality of this ceramic could lead to enhanced implant-tissue interaction
and subsequently, a successful implant integration.

In this work, microtopographies were developed on the surface of Alumina toughened Zirconia using an
ultrafast laser methodology, aiming at improving the cellular response to this ceramic. Microscale grooves and
grid-like geometries were produced on ATZ ceramics by femtosecond laser ablation, with a pulse width of 150 fs,
wavelength of 800 nm and repetition rate of 1 kHz. The variation of surface topography, roughness, chemistry
and wettability with different laser processing parameters was examined.

Cell-surface interactions were evaluated for 7 days on both microstructured surfaces and a non-treated control
with pre-osteoblasts, MC3T3-E1 cells. Both surface topographies showed to improve cell response, with in-
creased metabolic activity when compared to the untreated control and modulating cell morphology up to 7
days.

The obtained results suggest that femtosecond laser texturing may be a suitable non-contact methodology for
creating tunable micro-scale surface topography on ATZ ceramics to enhance the biological response.

1. Introduction

The development of load-bearing biomaterials that can withstand
high mechanical forces while providing adequate bone integration is
still an intensively researched topic. The continuous need for long-
lasting biomaterials has led several researchers to focus on modern
strategies to develop biomaterials based on hard ceramics [1,2].

Hard ceramics have been extensively explored in the field of den-
tistry and are regularly used as alternatives to Titanium. Disadvantages
involving the use of Titanium such as the susceptibility for peri-

implantitis, inflammation caused from wear debris, aesthetic problems
and cases of poor osteointegration have favored the use of these ma-
terials in dental replacements [3–6].

In the recent years, the manufacturing techniques of ceramic ma-
terials have advanced significatively, improving the development of
high-performance ceramics. Alumina and Zirconia are attractive ma-
terials for applications in dental implants and other load-bearing ap-
plications where high mechanical resistance is required. This class of
bioceramics is characterized by excellent biocompatibility, mechanical
and tribological properties [7,8].
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Most recently, Alumina toughened Zirconia (ATZ) has been in-
troduced as a ceramic composite that can combine the main advantages
of the single-phase ceramics. It shows improved mechanical properties
when compared to the monolithic ceramics, with increased fracture
toughness, wear resistance and lower hardness, thus being a ceramic
that is more easily machined into a final shape [9–11]. Though, since
ATZ is a bioinert ceramic it requires surface modifications to enhance
its biological performance.

Surface properties such as topography, surface charge and rough-
ness influence the protein adsorption and cellular adhesion to bioma-
terials surfaces, important initial steps that can contribute to sub-
sequent longer-term stability of the implant.

Topographical surface modifications have shown to influence the
response of several cell types, by modulating cell adhesion, mor-
phology, migration and proliferation as well as improving the osteo-
genic differentiation of mesenchymal stem cells, leading to improved
osteointegration [12–15].

While many methods have been developed over the years for sur-
face modifications of biomaterials, most were established for modifying
metals and consequently, have reduced applicability to ceramics.
Certain methods like sandblasting or acid etching can cause small de-
fects on the surface of the ceramic and affect their long-term stability
[16,17].

Most recently, femtosecond laser is being studied for advanced
biomaterials processing, due to its unique characteristics of flexibility,
efficient control of surface modification, ultrashort pulses and precise
ablation with minimal heat affected zones [18].

A main advantage for the application of this technique on hard
ceramics processing is the precise machining with a minimal to non-
existent heat effect to the surrounding areas. The ceramic surface can be
tailored at the micrometer's range without affecting the bulk properties
of the material.

Ideally, the mechanical properties of the material shouldn't be af-
fected by the laser irradiation. However, very limited data concerning
the effect of laser surface texturing on the bulk properties of hard
ceramics may be found on the literature.

Femtosecond laser machining has already been proposed as an in-
novative technique to create topographical features on the surface of
ceramics, commonly used in the fields of optical and refractory mate-
rials. Some studies have reported the use of femtosecond laser to texture
the surface of hard ceramics [19–21], although little work has been
conducted on periodic surface structuring, particularly with the intent
of implants development, with scarce results available on the biological
response to these materials [22–25].

In this work, Alumina toughened Zirconia was microtextured using
a femtosecond laser in order to develop two types of microstructures on
the ceramic surface: grooves and grids. Materials were characterized
prior to and after the laser processing to address possible effects of the
laser on the ceramic surface characteristics.

MC3T3-E1 cells were cultured on these materials to assess the bio-
logical response and the effects of surface topography on cells attach-
ment, morphology and proliferation.

2. Materials and methods

2.1. Materials preparation

Samples of Alumina toughened Zirconia were prepared in the shape
of discs from an initial powder composed of approximately 80% of 3%
Yttria-stabilized ZrO2 with 20% of Al2O3 (TZ-3Y20AB, TOSOH), using a
uniaxial press, at 40 N. After, the discs were pre-sintered at 1100 °C,
polished and sintered at 1500 °C for 2 h.

2.2. Femtosecond laser processing

The experiments were carried out using a Ti:sapphire mode-locked

Quantronix - Integra-C system exhibiting pulse duration of τ=150 fs,
at central wavelength of λ=800 nm. The setup for surface texturing
was equipped with a XYZ translation stage. Тhe beam profile has a
Gaussian shape with M2=1.3. The laser beam was focused trough a
lens with focal length of f= 200mm. The ceramic discs were mounted
on the translation stage perpendicularly to the incident laser beam
(Fig. 1). The beam waist diameter of 2ω0= 50 μm was determined for
the focused laser beam. The focusing lens was positioned on a trans-
lation stage equipped with a micrometer screw for fine adjustment of
focal position. The obtained laser fluence values were calculated via
formula: F= 2×E/π× ω0

2, where E defines pulse energy and ω0 -
beam radius. The microstructures on the ceramic surface were created
via constant scanning the laser beam at a speed of 2mm/s, in the X
direction to develop the groove patterns and afterwards, in the Y di-
rection to create the grid patterns. The number of applied laser pulses
(N) was controlled with a fast-mechanical shutter which was synchro-
nized with the controlling software.

2.3. Materials characterization

2.3.1. Scanning electron microscopy morphological examination of fs laser
patterned ATZ

Morphological examination of the ceramic's microstructure and the
developed microtopographies was conducted by scanning electron mi-
croscope. A coupled energy dispersion spectroscope was used for ele-
mental composition analysis (SEM, FEI Quanta 400FEG ESEM/EDAX
Genesis X4M).

2.3.2. Surface roughness
The surface roughness parameters of the ceramics were evaluated

with a profilometer, before and after the laser processing, within an
area of 200 μm×200 μm on each sample (Bruker Dektak stylus pro-
filometer).

Surface roughness profile and nanoroughness parameters of average
roughness (Ra), root-mean-square roughness (Rq) and maximum profile
peak height (Rp), were obtained for all three materials.

2.3.3. Diffuse reflectance infrared fourier transformed spectroscopy
analysis

The ceramics were characterized by diffuse reflectance infrared
Fourier transformed spectroscopy (DRIFT, Bruker Tensor 27 FTIR
spectrometer). Analysis was performed on the laser microstructured
surfaces and the control, in the wavelength range of 4000–350 cm−1,
with 4 cm−1 steps with 2048 scans accumulated for each spectrum. A
baseline correction and smoothing filter were applied to the raw
spectra.

2.3.4. X-ray diffraction phase composition analysis
X-ray diffraction analysis was performed before and after laser

treatment to evaluate the structures of Alumina toughened Zirconia and
detect possible phase transformations as a result of the laser processing
(Siemens D-500 Kristallofex 710 diffractometer).

Fig. 1. Experimental setup for femtosecond laser irradiation of ATZ ceramics.
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2.3.5. Wettability
Surface wettability of the materials was assessed by the sessile drop

method, with ultrapure water at 25 °C (OCA 15, Data Physics
Instruments GmbH). The contact angle was adjusted according to the
Laplace–Young equation, using the SCA 20 software, Data Physics
Instruments GmbH.

2.4. Biological characterization

2.4.1. Cell culture
Cell culture experiments were performed to assess and compare the

biological response to both laser patterned samples and to the untreated
control. MC3T3-E1 cells, an osteoblast precursor cell line, were cultured
in alpha minimum essential medium (α-MEM) supplemented with 10%
(v/v) fetal bovine serum (FBS), 100 U/mL penicillin, 2.5 μg/mL am-
photericin B and 100 μg/mL streptomycin (all reagents from Gibco) in a
humidified 5% CO2 atmosphere at 37 °C.

The materials were sterilized using an autoclave at 120 °C for
30min, prior to cell seeding. Subconfluent cells were washed with PBS,
trypsinized with 0.05% trypsin containing 0.25% EDTA (Sigma-
Aldrich) at 37 °C. MC3T3 cells were seeded on the ceramic substrates
and on tissue culture polystyrene (TCPS) for culture control, at density
of 2× 104 cells/cm2, in a 48-well plate, and cultured up to 7 days. The
cell culture was evaluated throughout the culture time as described
below.

2.4.2. Metabolic activity
Cells metabolic activity was quantified by the resazurin assay. Cells

were incubated with fresh medium with 10% resazurin for 3 h. After,
100 μl were transferred to a 96-well plate and the fluorescence was
measured in a microplate reader at 535 nm and 590 nm for excitation
and emission wavelengths, respectively (Synergy HT, BioTek). The re-
sults were expressed in relative fluorescence units (RFU).

2.4.3. Cell morphology
Cells morphological evaluations were carried out by scanning

electron microscopy and confocal microscopy.
For cells morphological assessment via scanning electron micro-

scopy (FEI Quanta 400 FEG/ESEM), samples fixed in 3.7% paraf-
ormaldehyde for 15min were dehydrated in graded ethanol solutions
(50–100%) for 10min each, followed by critical point drying (CPD
7501, Polaron Range«) and sputter-coated (SPI-Module) with palla-
dium-gold alloy.

For morphology assessment via fluorescence staining, fixed samples
(3.7% paraformaldehyde, 15min) were permeabilized with 0.1% (v/v)
Triton X-100 (Sigma-Aldrich) for 30min followed by 30min in 1%
bovine serum albumin (BSA, Sigma-Aldrich) solution, to block non-
specific interactions. F-actin filaments were stained using Alexa Fluor
488-conjugated phalloidin (Invitrogen) for 30min, at room tempera-
ture (RT), and the nuclei were stained with a buffer of Propidium iodide
and RNase (BD Pharmigen) for 10min at RT. A Spectral Confocal
Microscope Leica TCS-SP5 AOBS (Leica) was used to observe cells after
staining.

2.5. Statistical analysis

All parameters were tested with triplicate experiments. The results
were expressed as the arithmetic mean ± standard deviation. The re-
sults were statistically analyzed using the one-way analysis of variance
(One-way ANOVA) followed by the Tukey HSD post hoc test. Levels of
p≤ 0.05 were considered statistically significant. The SPSS statistical
software was used to perform the analysis (Statistical Package for the
Social Sciences Inc., USA).

Fig. 2. SEM images of ATZ (a, d), ATZ grooves (b, e) and ATZ grids (c, f) samples and respective surface roughness profile and nanoroughness parameters (g, h, i).
Images a, b and c were obtained at 500x magnification and d, e, f at 1000x magnification.
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3. Results

3.1. Materials characterization

3.1.1. Morphological examination of fs laser patterned ATZ via scanning
electron microscopy

SEM results showed the structure of Alumina toughened Zirconia
before and after the femtosecond laser treatments (Fig. 2 a-f).

Femtosecond laser treatments were successfully applied, developing
identical grooves and grids on the ceramic surface. The ATZ grooves
material exhibited parallel microgrooves over the whole sample surface
with a groove's periodicity of about ~40 μm (Fig. 2 b, e). The inter-
ference of both laser treatments gave rise to the grid microstructures,
with the grooves from each laser treatment intersecting perpendicularly
(Fig. 2 c, f). No signs of melting, crack formation or heat affected zones
(HAZ) were identified on both microstructured materials.

The EDS spectra of all samples were identical and detected the
following elements: Zr, Al, O, C, showing that the elemental composi-
tion of the surface was not altered by the laser processing.

3.1.2. Surface roughness
The surface roughness profiles of the control and the laser micro-

structured surfaces are shown in Fig. 2 g-i. The roughness parameters
evaluated were the average roughness (Ra), the root mean square
roughness (Rq) and the maximum profile peak height (Rp). The un-
treated surface displays a much smoother profile with lower average
roughness (Ra=0.712 ± 0.057 μm), lower values of the root mean
square (Rq= 0.904 ± 0.099 μm) and the maximum profile peak
height (Rp) at 1.900 ± 0.456 μm. In terms of the laser treated surfaces,
the roughness measurements revealed a Ra= 2.001 ± 0.440 μm and
Rq=2.505 ± 0.701 μm on the ATZ grooves and the higher roughness
parameters on the ATZ grids with Ra=3.206 ± 0.737 μm and
Rq=3.976 ± 1.034 μm. In terms of the maximum profile peak height
(Rp), on the ATZ grooves the value was 5.850 ± 2.862 μmwhile on the
ATZ grids was 6.980 ± 2.048 μm. The combinatory approach of laser
structuring to develop the grid-like geometry increased the overall Ra,
Rq and Rp values.

3.1.3. Diffuse reflectance infrared fourier transformed spectroscopy
analysis

Considering the spectra of the laser microstructured materials and
the control, four peaks were identified in the region between
2500 cm−1 to 350 cm−1 (Fig. 3 a). After laser processing, the intensity
of all peaks and bands is relatively lower on both spectrums, of ATZ
grooves and ATZ grids, when compared to the control sample, ATZ. A
slight shift to the right was also observed on the spectrums of both laser
treated materials.

The peak at 877 cm−1 refers to the stretching of crystalline Al–O
bonds, while the low intensity peak found at 755 cm−1 is associated to
Al–O vibrations and the sharp peak at 631 cm−1 corresponds to the
stretching modes of the AlO6

3− octahedral [26,27]. Finally, Zr–O vi-
brations were found at the band 510-560 cm−1 [28].

3.1.4. X-ray diffraction phase composition analysis
The X-ray diffractograms of all samples are presented in Fig. 3 b).

Identical spectrums were obtained for all three materials with the
phases of α-corundum, tetragonal zirconia and monoclinic zirconia.
One peak representing monoclinic Zirconia (Zm) was detected on all
samples at 2θ=28.5.

The alumina phase of α-corundum was detected at 2θ=25.6; 35.1;
37.8; 43.4; 52.5 and 57.6 while the tetragonal phase of zirconia (Zt) was
present at 2θ=30.2; 34.6; 50.2; 50.6 and 59.3.

3.1.5. Wettability
In terms of wettability properties, all surfaces exhibited immediate

hydrophobic behavior, with increasing values of hydrophobicity for the

microstructured materials when compared to the ATZ control (Fig. 4).
In the microstructured materials, as noticed for the surface roughness
parameters, the value increased in relation to the type of laser treat-
ment, lower for the ATZ grooves and higher for ATZ grids surface.

3.2. Biological characterization

3.2.1. Metabolic activity
The metabolic activity of MC3T3 cells during the 7 days of culture is

displayed in Fig. 5. Cells metabolic activity was maintained between
days 1 and 3, and increased significantly from day 3 to day 7, on all
surfaces. Both microstructured surfaces induced a statistically sig-
nificantly higher cellular metabolic activity at all time-points. No sta-
tistically significant differences were found between both micro-
structured surfaces.

3.2.2. Cell morphology
Scanning electron microscopy images show cell adhesion and

morphology at the initial time-points of culture (day 1 and day 3,
Fig. 6). Cells were well adhered to all the surfaces, with a spread
morphology and formation of filopodia. A more random organization
and more flattened morphology was noticed on the control, ATZ.

On both microstructured surfaces, cells seem to be modulated by the
underlying topography with a more stretched morphology on both the
grooves and the grids, also at days 1 and 3. Cells on the grooves
stretched across the topographies while the cells on the grids spread to
different direction of the microstructures.

At day 7, MC3T3 cells morphology was assessed by confocal mi-
croscopy. Proliferation was observed on all surfaces. Cells on the con-
trol ceramic continued to show an arbitrary morphological organization
and proliferation. On both laser textured surfaces cells continue to be
modulated by the microstructures with cells well stretched inside the
grooves and spreading to several directions on the grids.

On the ATZ grooves, cell proliferation is more evident than on the
control and a forming layer of cells appears more oriented according to
the surface topography. On the ATZ grids, the forming layer of cells
show to be interconnected with each other, with multidirectional
morphology, influenced by the underlying topography.

4. Discussion

Surface modification can provide exceptional control over the host
tissue response to the implanted biomaterial. In recent years, femtose-
cond laser technique has been increasingly used to microtexture the
surface of several types of biomaterials, due to its high flexibility,
precise ablation and practically absent heat effects. The material abla-
tion triggered by femtosecond laser radiation is a complex physico-
chemical process. It develops firstly with absorption of laser energy,
followed by thermal diffusion and initiation of plasma expansion. The
femtosecond laser radiation is characterized by short pulse width, thus
the absorbed energy diffusion is limited within the time interval of the
laser pulse. The ablation develops without thermal effect and heat af-
fected zones (HAZ) due to the very short interaction times on the time
scale of a few picoseconds [18].

No thermal alterations or molten zones were observed from the
laser processing on the microstructure of both processed surfaces.
Additionally, material characterization by EDS, DRIFT and XRD showed
that there were no chemical or phase alterations to the composition of
the ATZ after laser processing.

On DRIFT analysis, the slightly lower intensity and shift of certain
peaks of the laser processed ATZ samples, can evidence changes to the
structure organization and a less crystalline surface. This is dis-
tinguished by the alteration of the grain on the surface, after laser
processing [29].

One peak representing the monoclinic phase of zirconia was de-
tected by XRD on all samples. The appearance of this phase can be, on
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one side, attributed to the sintering of the ceramic at 1500 °C, since the
slightly higher temperatures could have led to an augmented grain size
and minor transformation from the tetragonal to the monoclinic phase
during cooling [30]. Other authors have also reported certain percen-
tages of monoclinic zirconia, detected by XRD, on the green bodies of
Alumina toughened Zirconia [31], and after sintering [32]. The same
peak for monoclinic zirconia was noticed on all three samples, meaning
that the laser treatment didn't cause the appearance of monoclinic
zirconia. Aivazi et al. also observed this on their experiments with
alumina (20 %vol)-yttrium stabilized tetragonal zirconia poly crystal
(A-Y-TZP20). The same fraction of monoclinic zirconia was found on
the non-treated and laser treated specimens, concluding that the

femtosecond laser did not alter the crystal structure of the ceramic [33].
As expected, the surface roughness increased after the laser micro-

texturing. The control ATZ displayed a much smother surface, with
lower roughness values. Both microstructured materials displayed

Fig. 3. DRIFT spectra (a) and XRD (b) characterization of the ATZ, ATZ grooves and ATZ grids surfaces. (a) ● refers to Alumina and ◊ to Zirconia. (b) Zt refers to the
tetragonal phase of Zirconia, Zm to the monoclinic phase of Zirconia and A to the alpha-corundum phase of Alumina.

Fig. 4. Water contact angle measurements on all three surfaces (ATZ, ATZ
grooves and ATZ Grids).

Fig. 5. Cell metabolic activity MC3T3 cells cultured on ATZ, ATZ grooves and
ATZ grids. * represents statistically significant differences (p ≤ 0.05) between
the three materials, at each time-point.
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significantly higher values of roughness for all the measured para-
meters. Thus, the increase in the surface roughness led to an increased
hydrophobicity. This was more evident for the ATZ grids, while the ATZ
grooves surface displayed only a slightly higher contact angle value
when compared to the control surface.

The ATZ grids surface showed the higher values of roughness (Ra
and Rq), which led to a higher hydrophobicity, as it has been shown
that, in surfaces with an initial hydrophobic behavior, the introduction
of roughness will enhance the hydrophobicity [34,35].

According to these results, it was determined that the wettability of
the laser treated samples was affected by the surface microstructures
since the chemistry was shown to be the same as the untreated ATZ.

Both laser treated surfaces showed improved cellular response,
meaning that the underlying topography may have strengthened cell
adhesion and increased the metabolic activity.

The control over cell-surface interactions has increasingly become
the main focus when developing new implants. Surface pattering
techniques have allowed for continuous exploration of cell-biomaterial
interactions, showing that surface topography plays a substantial role
on cellular response to biomaterials [36,37].

Cellular functions such as adhesion, migration and proliferation are
deeply affected by physical stimuli from the surrounding micro-
environment, though specific cell responses are also dependent on other
factors such as cell type, size, the geometric shape of the underlying
topography and surface chemistry. Thus, identifying which exact to-
pographies promotes specific responses from specific cell lines has been
imperative to improve implant design and performance [38,39].

MC3T3-E1 cells were used in this work to evaluate the effects of
different surface topographies on cellular response. Cellular viability
increased through culture time, with statistically significant higher
values for both microstructured materials. In addition, cells showed to
be modulated by the surface topography, which was more evident at
day 7 when different cellular morphologies are identified for each
substrate, being possible to recognize the underlying topography below

the forming layers of cells, on the microstructured surfaces.
As previously mentioned, research is rare on Alumina toughened

Zirconia structured by femtosecond laser, even more in terms of bio-
logical characterization.

Some authors have performed extensive material characterization
on hard ceramics modified by femtosecond laser, aiming at dental im-
plants applications [21,33,40]. On Zirconia, Stanciuc et al. developed
arrays of pits with different spacing, diameter and depth to evaluate
human mesenchymal stem cells migration (hMSCs). Successful fabri-
cation by femtosecond laser was achieved and the pits with 30 μm of
diameter and 10 μm deep could be prone to induce stem cell commit-
ment to the osteoblastic lineage based on the morphological evaluation
of the cells [41].

More recently, Goyos-Ball et al. used laser patterning on 10CeTZP-
Al2O3 to develop grid-like microstructures with different interspacing
and groove depths. Results showed that a grid microstructure with
10 μm groove spacing and 1.5 μm depth induced increased osteogenic
differentiation, when compared to other developed microstructures.

Previously, we reported the use of a femtosecond laser technique on
the surface of ATZ, developing microgrooves with overlapping high-
frequency LIPSS (laser induced periodic surface structures) that
modulated cells adhesion, proliferation and induced increased osteo-
genic differentiation when compared with the non-treated control [25].

In this work, we proposed a femtosecond laser technique to suc-
cessfully develop groove and grid-like micrometric patterns on ATZ,
without affecting the material properties. Early in vitro assessment
showed improved cellular response for both micropatterns with mod-
ulation of cell morphology. In future studies, it would be of further
interest to assess the potential effects of the laser surface texturing on
the ATZ mechanical properties and long-term stability, as well as re-
sponses of other cellular types to these laser structured materials, such
as the micropatterns geometries effect on the osteogenic differentiation
of MSCs, in order to identify specific microstructures that could rapidly
promote tissue regeneration and implant osteointegration.

Fig. 6. MC3T3 morphology on the ATZ, ATZ
grooves and ATZ grids at day 1 and 3 of culture by
SEM and at day 7 by confocal laser scanning mi-
croscopy (CLSM). Cells F-actin was stained with
phalloidin 488 (green) and nuclei with propidium
iodide (red). (For interpretation of the references
to color in this figure legend, the reader is referred
to the Web version of this article.)
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5. Conclusions

In this work, an experimental study was conducted to characterize
the fs laser texturing of ATZ ceramics. Two different geometries, groove
and grid-like patterns, were prepared without thermal alterations and
molten zones. Femtosecond laser processing influenced surface rough-
ness and wettability of ATZ ceramics while the chemical and phase
compositions were maintained. Cells cultured on both laser treated
surfaces showed increased metabolic activity at all time-points. Cells
were modulated by the topography with stretched morphology and
oriented growth throughout the 7 days of culture.

The groove and grid-like patterned surfaces were found to promote
a directional cell adhesion and increased proliferation towards the de-
veloped microtextures with increased cell-cell contact after 7 days,
when compared to the non-treated surface. Femtosecond laser proces-
sing is an attractive tool to develop micro-features on the surface of
hard bioceramics, improving the biological response to these materials
and elicit specific responses from cells, dependent of the surface topo-
graphy. Thus, further exploitation of this method of material processing
is significant, particularly for biomedical applications. The develop-
ment of high-performance ceramics with adequate mechanical char-
acteristics and tailored surface, capable of modulating host-implant
interactions, could greatly improve the current available strategies.
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