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Abstract: Implant failure due to poor integration of the implant with the surrounding bioma-

terial is a common problem in various orthopedic and orthodontic surgeries. Implant fixation 

mostly depends upon the implant surface topography. Micron to nanosize circular-shaped 

groove architecture with adequate surface roughness can enhance the mechanical interlock and 

osseointegration of an implant with the host tissue and solve its poor fixation problem. Such 

groove architecture can be created on a titanium (Ti) alloy implant by laser peening treatment. 

Laser peening produces deep, residual compressive stresses in the surfaces of metal parts, 

delivering increased fatigue life and damage tolerance. The scientific novelty of this study is 

the controlled deposition of circular-shaped rough spot groove using laser peening technique 

and understanding the effect of the treatment techniques for improving the implant surface 

properties. The hypothesis of this study was that implant surface grooves created by controlled 

laser peen treatment can improve the mechanical and biological responses of the implant with 

the adjoining biomaterial. The objective of this study was to measure how the controlled laser-

peened groove architecture on Ti influences its osteoblast cell functions and bonding strength 

with bone cement. This study determined the surface roughness and morphology of the peen-

treated Ti. In addition, this study compared the osteoblast cell functions (adhesion, proliferation, 

and differentiation) between control and peen-treated Ti samples. Finally, this study measured 

the fracture strength between each kind of Ti samples and bone cement under static loading. 

This study found that laser peen treatment on Ti significantly changed the surface architecture 

of the Ti, which led to enhanced osteoblast cell adhesion and differentiation on Ti implants and 

fracture strength of Ti–bone cement interfaces compared with values of untreated Ti samples. 

Therefore, the laser peen treatment method has the potential to improve the biomechanical 

functions of Ti implants.

Keywords: titanium, cement, interface, PMMA, fracture strength, orthopedics, laser peen, 

orthodontics

Introduction
The use of fixed, cemented implants was an innovation that provided more long-term 

stability than uncemented implants; however, clinical loosening of the cemented 

replacements has been reported. In USA, ~600,000 cases of poor union and 100,000 

cases of nonunion of implants with the surrounding tissue are reported every year.1 

Many manufacturers have recalled their hip implants (including Johnson & Johnson 

[New Brunswick, NJ, USA], DePuy [West Chester, PA, USA], and Zimmer Durom 

[Warsaw, IN, USA]).2 A patient’s age, sex, weight, diagnosis, activity level, surgery 

condition, and implant choice influence the longevity of the device. The primary cause 

of failure of cemented joint replacements is aseptic loosening of the components, 
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which may arise from mechanical failure of the cement 

mantle surrounding the implant.3 It has been pointed out that 

the debonding of stem–cement interface enables gapping and 

sliding between the stem and the cement.4,5

A wide variety of surface modification techniques have 

developed with the aim of solving the implant fixation problem. 

Many papers have been reported the nanoscience techniques, 

such as plasma sintering, plasma nitridation, for obtaining a 

rough surface on an orthopedic or orthodontic implant.6,7 The 

augmentation of the surface roughness or surface energy allows 

for developing mechanical interlock of the implant and bone 

cement interface, which can improve the bonding characteristics 

of the implant–cement interface.8 Hosein et al9 pointed out that 

circumferential-grooved stems offered improved stability under 

compression relative to the smooth stems. It has been revealed 

that porous coating of the femoral stems dramatically improved 

push-out strengths and fatigue properties of the stem–cement 

interface through increasing surface roughness.10 In addition, 

various implant coatings, including titanium dioxide with inte-

grated copper ions, plasma polymerized allylamine, calcium 

phosphate, and titanium nitride have been investigated regard-

ing the adhesion strength and wear resistance.11 Shot peening 

is one of the most frequently used treatments for obtaining a 

rough surface of an orthopedic or orthodontic implant.12 Shot 

peening is used to bombard implant surfaces with chemically 

stable materials that will not negatively affect the biological 

behavior of the implant.13

Laser peening, on the other hand, is an engineered 

process that uses beneficial residual stresses by spot groov-

ing to provide strong, reliable products. Laser peening has 

been shown to increase service lifetimes of components by 

more than ten times that of the as-manufactured condition, 

and that of parts treated with other conventional surface 

enhancement methods.13,14 Shot or laser peening induces 

a residual stress layer in the treated material because of 

the local plastic deformation of the metal.14 Although the 

variables of shot blasting are not exhaustively controlled, 

as opposed to laser peening, the stressed superficial layer is 

in compression and, consequently, an increase in the fatigue 

resistance of the peen-treated implant is expected. In the 

case of laser peening, the rapid rise of pressure generated at 

the surface of the workpiece by the high energy laser pulse 

creates a shockwave in the part. The pressure pulse typically 

has a length of 2–2.5 times that of the laser pulse.15 As the 

shockwave travels into the object, some of the energy of the 

wave is absorbed by the plastic deformation and beneficial 

residual stress accumulates in the object area. The indented 

surface area, dislocations, and nanocrystallization, which are 

typically instigated onto the implant surface by laser peening, 

are chemically stable materials that should not stimulate a 

negative response of the biological behavior of the implant. 

Rather the implant surface grooves created by laser peening 

may provide favorable depth for cell adhesion and enhance 

mechanical interlock between the implant and the cement, 

which will improve the union between the implant and the 

cement. The influence of the laser-peened treatment on the 

cell adhesion and fracture strength of Ti–cement was studied 

in this research.

Materials and methods
Materials
This study used titanium alloy, 6Al-4V ELI as the titanium 

implant. Among the various Ti alloys, 6Al-4V ELI was used 

in this study because of its better physical and mechani-

cal properties compared with pure Ti.16 The 6Al-4V ELI 

titanium alloy round rod has been referred in this study as 

the Ti rod. Two sets of round 6Al-4V ELI Ti rods (ASTM 

B 348 standard, grade 23, ultimate tensile strength 125 ksi, 

yield strength 115 ksi) having same diameter (9.565 mm), 

but different lengths (8 and 76 mm) were purchased from 

Titanium Metal Supply, Inc., Poway, CA, USA. In this study, 

9.565 mm diameter and 8 mm height Ti rod was referred to 

as sample set 1, whereas 9.565 mm diameter and 76 mm 

height peen-treated Ti rod was referred to as sample set 2. 

The above two sizes of Ti rods without laser peening was 

referred to as control. Sample set 1 Ti rods were used for cell 

proliferation and differentiation tests on the Ti. Sample set 2 

Ti rods were used for mechanical tests on the Ti–poly(methyl 

methacrylate) (PMMA) bone cement samples.

Among the many potential bone cement materials, PMMA 

bone cement has been successfully used in orthopedic surger-

ies, mostly because of its strong mechanical bonding with 

implant. PMMA bone cements are provided as two-component 

materials, a powder (PMMA beads) and a liquid (MMA 

monomer). These two components are mixed in a 2:1 ratio and 

polymerization occurs. Cobalt™ HV bone cement (Biomet 

Inc., Warsaw, IN, USA) was used as the bone cement.

Polishing protocols
Both control and laser-peened Ti samples were polished to 

have uniform surface morphology for both cell adhesion and 

mechanical tests. For sample set 1 Ti rod samples (Figure 1A), 

Buehler MetaServ® 250 Grinder-Polisher (Buehler, Lake 

Bluff, IL, USA) were used for the flat-end face polishing. The 

polishing process was recommended by Buehler. There were 

three steps for polishing all the Ti rods. The first step was to 
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polish using Buehler CarbiMet 2 Abrasive Discs (Buehler) 

for 5 minutes. During the first polishing step, a 9 µm MetaDi 

Supreme Diamond Suspension (Buehler) was used to spray on 

the contact surface of the Ti rod and the polishing disc. The 

second polishing step used an Ultra Pad with 0.05 µm MetaDi 

Supreme Diamond Suspension (Buehler) for an additional 

5 minutes as well. The last step was using MicroCloth and 

MasterPrep Alumina (Buehler) for 5 minutes as well. After 

each step, Ti rods were cleaned by ethanol.

For sample set 2 Ti rod samples (Figure 1B), the previous 

three polishing steps were followed for the circumferential 

polishing on the Ti rods. A custom-made polishing system 

(Figure 2A) based on IsoMet Low Speed saw (Buehler) was 

used for 12 mm circumferential polishing from an edge. 

The blades of IsoMet Low Speed saw were replaced by a 

custom-made round disc (Figure 2B). The polishing pads 

(CarbiMet 2, Ultra Pad, and MicroCloth) were secured 

around the circumference of the round disc. Sample set 2 Ti 

rod samples were fixed with the shaft of a direct current (DC) 

motor in a custom-made holder. The rotations of polishing 

disc and Ti rod were controlled by the IsoMet cutter speed 

and DC motor voltage, respectively. The rotational friction 

between Ti rod and round disc was used to polish uniformly 

the circumference of the Ti rod. For all three sets polishing, 

Buehler IsoMet cutter speed was set to 600 rpm and DC 

motor voltage was set to 6.8 V.

laser peening treatment on Ti
Laser peening was conducted on sample set 1 and 2 at the 

locations as schematically shown in Figure 1A and B using 

Procudo™ laser peening systems (LSP Technologies, Inc., 

Dublin, OH, USA). LSP Technologies, Inc. is an AS9100 

certified provider of laser peening. Sample 1 Ti rods were 

polished on the flat-end face, where sample set 2 Ti rods 

were polished circumferentially up to 10 mm from an edge. 

Sample set 1 had treatment applied at grid intersections (~27 

intersections per face). Sample set 2 had ten separate bands 

of treatment applied to each sample at points 30° around 

the circumference (12 points per band). A custom machine 

control program was developed for the laser peening proce-

dures. All Ti rods (control and peen-treated) were sterilized 

by autoclaving for further experiments.

experiments
surface roughness and morphology
Surface morphology is an important parameter that plays a 

significant role in implant–cement and implant–bone adhe-

sion. So, the influence of laser peen treatment to surface 

morphology was evaluated by a Leica DCM8 (Leica Micro-

systems, Wetzlar, Germany) surface metrology instrument 

using 20× bright field confocal control condition. A line 

scan was conducted on both samples. Roughness and depth 

profile along the scanned line were compared.

Osteoblast culture and preparation
Rat osteoblast cells (R-OST-583; Lonza, Basel, Switzerland) 

were cultured at log phase growth in standard culture condi-

tions (37°C in a 5% CO
2
 incubator on tissue culture dishes) 

using Dulbecco’s Modified Eagle’s Medium/high glucose +5% 

fetal bovine serum and 1% Antibiotic Antimycotic (Sigma-

Aldrich Co., St Louis, MO, USA). Cells were dissociated using 

1× trypsin/ethylenediaminetetraacetic acid solution (Sigma-

Aldrich Co.) for 5 minutes at room temperature, followed by 

serum inactivation. Cells were counted using a hemocytometer, 

collected by centrifugation, and resuspended at a concentration 

of 35,000 cells per 400 µL of growth media.

Figure 1 schematic of laser peening treatment sites.
Note: (A) sample set 1 that was used for cell adhesion tests, and (B) sample set 2 that was used for mechanical tests.

Figure 2 (A) custom-made polishing setup using Buehler IsoMet low speed saw. 
(B) Disc used for polishing.
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cell adhesion and proliferation tests
Sample set 1 was used to test the effect laser peen-treated Ti 

on osteoblast adhesion and proliferation. Custom-designed 

silicone molds (Figure 3) were used to hold the Ti samples 

(control and laser peen-treated) and work as a cell culture 

well plate. Thirty-five thousand osteoblast cells were seeded 

on each Ti sample and returned to culture. Before adding the 

cells, 200 µL of culture media was added onto each Ti samples 

in the silicone mold to minimize cell attachment to the edge. 

After 24 hours of culture, cells were cultured for an additional 

24 hours with a modified nucleotide (ethynyl deoxyuridine, 

20 µM) to determine proliferation, as previously described17 

using a purchased kit (Click-iT; Thermo Fisher, Carlsbad, 

CA, USA). Samples were fixed for 20 minutes with 4% 

paraformaldehyde, and stained as per the Click-iT kit instruc-

tions. Nuclei and proliferated cells were identified using 

images captured with an Olympus IX-71 inverted fluorescent 

microscope (×10 magnification), Olympus DP72 camera, and 

CelSens software (Olympus Corporation, Shinjuku, Tokyo, 

Japan). The quantitative measurements of cell adhesion and 

proliferation on the control and treated Ti surfaces were 

determined from the captured images. The number of cells 

adhered and the number of cells proliferated after adhesion 

to each samples were determined from the captured images 

using the ImageJ software program (http://imagej.nih.gov/ij/).  

The adhered cell density was calculated by dividing the 

number of cells adhered per image by the calculated area 

of the image (calculated to be 1.473 mm2 by ImageJ). The 

percentage of proliferation was calculated by the following 

equation: (the number of cells proliferated after adhesion/the 

number of cells adhered to surface) ×100%.

cell differentiation test
Parallel samples similar to those tested for proliferation were 

cultured for 7 days and prepared for immunostaining to 

determine hydroxyapatite mineralization. Half of the culture 

media was changed and replaced with fresh media after 3 days. 

Cells were fixed with 4% paraformaldehyde for 20 minutes. 

To stain these samples, OsteoImage™ Mineralization Assay 

kit from Lonza was used according to vendor protocol. Stained 

samples were immersed in 80% glycerol in phosphate buffered 

saline containing 1 µM solution of DAPI (4′, 6-diamidino- 

2-phenylindole). Samples were viewed with an IX-71 epifluo-

rescent inverted microscope. Images were captured with an 

Olympus DP72 camera and CelSens software. The qualitative 

measurements of cell differentiation on the control and treated 

Ti surfaces were determined from the captured images.

Mechanical tests on Ti/cement samples
Sample set 2 control and laser peen-treated Ti rods were used to 

find the effect of laser peen treatments on the bonding strength 

between the Ti rods and cement under static loading. A Test 

Resources (Shakopee, MN, USA) universal testing machine 

(UTM) was used for the mechanical tests. The top gripper of 

the UTM held the Ti rods (Figure 4). A 3D printed (Dimension 

elite 3D printer; Stratasys, Edina, MN, USA) cylindrical-

shaped cement holding cup was fabricated to encapsulate the 

Figure 3 Titanium with cells in silicone molds. Figure 4 static tests setup on universal testing machine.
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Ti rod with ~2.8 mm thick and 12 mm height PMMA cement 

layer. The cup was placed at the center of the bottom base of 

the UTM with the help of another 3D printed plate, referred 

in the Figure 4 as cement press plate. The plate has a tube 

extruded from the center of the plate. The dimension of the 

inside and outside diameter of the tube was such that the Ti 

rod and cup fit within the tube. The plate slid onto the Ti rod. 

The Ti rod with the plate was jogged down until the Ti rod 

touched the bottom surface of the cup. According to Cobalt 

HV bone cement manufacturer package recommendations, 

PMMA cement should be prepared by hand mixing 2.2 g 

of PMMA powder with 1.1 mL of MMA monomer using 

powder:monomer ratio of 2:1. PMMA cement paste was 

poured into the gap between the Ti and cup. The plate was 

pressed by hand to encapsulate the bottom end of the Ti rod 

with cement. The plate was bolted with the bottom gripper of 

the UTM. After curing the cement for 15 minutes, static tests 

were conducted at strain rate 0.05 mm/s on the sample to find 

fracture strength of the Ti/PMMA samples. Load and displace-

ment data during the test were recorded. The maximum pull-

out force, F, was determined from the recorded data. The cup 

was cut in half to measure the height of the cement layer of 

the Ti/PMMA samples (Figure 5). The average cement layer 

height, L, was measured. Fracture strength of the Ti/PMMA 

interface was calculated by dividing the maximum pull-out 

force by the surface area of the implant in contact with the 

cement (πDL), where D is the diameter of the Ti rod.

statistical analysis
A one-factor analysis of variance with subsampling assuming 

unequal variances was performed in SAS v. 9.3 (SAS Institute 

Inc., Cary, NC, USA) using proc mixed to determine if there 

is a significant difference in the mean cell densities of the con-

trol and peen-treated groups. An independent samples t-test, 

assuming unequal variances, was performed using SAS v. 9.3 

to determine if there is a significant difference in the mean 

fracture strength of the control and peen-treated groups.

Results
Figure 6A–D shows the stereomicroscope images of a con-

trol and laser peen-treated sample sets 1 and 2 used for the 

osteoblast cell function and mechanical tests, respectively. 

Figure 5 Measurement of the cement height by cutting cement holding cup into  
half using the band saw machine.

Figure 6 laser-peened Ti samples. 
Notes: sample set 1 used for osteoblast cell function studies: (A) control and (B) peen-treated sample set. sample set 2 used for static tests: (C) control and (D) peen-
treated samples.
Abbreviation: Ti, titanium.
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A clear difference of surface topography between the control 

and laser peen-treated samples can be seen from the images. 

Laser-peened indentation sites were clearly visible for both 

kinds of samples. Confocal laser microscopic image of 

a peen-treated sample used for cell studies shows a clear 

topographical difference between non-peen-treated and peen-

treated sites (Figure 7A). The depth (z-axis height) line profile 

along a vertical path that covered both non-peen-treated 

and peen-treated sites (Figure 7B) showed the quantitative 

difference of surface indentation depth between the sites. 

Figure 7B shows a difference of 1.49 µm in the average depth 

values between non-peen-treated and peen-treated sites for 

same linear distance (190.30 µm). In addition, the surface 

roughness of laser-peened samples was found to be higher 

compared to control samples (Table 1).

Cells adhesion and proliferation successfully occurs on 

the surface of all types of Ti samples as shown in Figure 8. 

Both samples demonstrated nonproliferating cells (blue 

nuclei) and proliferating cells (green nuclei). There is 

significant difference in the mean cell densities (combined 

blue and green nuclei) of the control and peen-treated 

Ti sample groups (F(1, 34)=5.81, P=0.021) as shown in 

Figure 9. These results suggested that laser peen treatment has 

a positive influence on the osseointegration with the Ti sur-

face. Because osteoblasts are anchorage-dependent, increased 

roughness of surface area would allow the osteoblasts to 

adhere more often and tighter, allowing a higher rate of 

attachment, and perhaps persistence, to occur.

Figure 10 shows that cells successfully differentiate 

between both control and a peen-treated Ti samples. Untreated 

Ti samples demonstrated a weak pericellular stain near many 

osteoblast nuclei (Figure 10A). Peen-treated Ti samples dem-

onstrated a brighter pericellular staining pattern near most 

osteoblast nuclei (Figure 10B) as previously reported.18

The comparison of the load–displacement plots of a 

control and peen-treated specimen is shown in Figure 11. 

A sudden increment of load was observed for all specimens 

at the initial stage. Such high initial load was higher for peen-

treated samples compared to the control samples. After the 

high initial load, the slope of the load versus displacement 

value for all control samples was higher at the initial stage 

than the slope at failure stage (1.66 vs 1.36 N/mm, 1.13 vs 

1.06 N/mm, and 1.69 vs 1.04 N/mm). In contrast, after the 

high initial load, the slope of the load versus displacement 

value for all laser peen-treated samples was lower at the initial 

stage than the slope at failure stage (1.2 vs 2.1 N/mm, 2.64 vs 

3.12 N/mm, and 1.11 vs 1.24 N/mm). This result occurs due 

to the surface topographical variation between the control and 

laser peen-treated samples. The increment of load with dis-

placement behaved linear until the onset of cracking, which is 

Figure 7 (A) confocal area scan (876.55 µm ×659.83 µm) image of laser peen-treated sample. (B) confocal Z scan (130 µm) to find the depth profile along a vertical line 
indicated in (A).
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observed in the figure by the nonlinearity (fracture initiation) 

point of the load–displacement curve. Also, Figure 11 shows 

that the peen-treated specimen required more fracture load 

than the control specimen. Results show that the amount of 

displacement before the initiation of crack at the interface 

is different between control and peen-treated samples. The 

values of fracture strength of both samples were calculated. 

The specimen static tests, experimental parameters, and 

mean fracture strengths for the control and peen-treated 

groups are displayed in Figure 12 and Table 2. There was a 

significant difference in the mean fracture strengths of the 

Table 1 Difference of roughness between control and laser 
peen-treated samples

Descriptions Control (µm) Peen-treated (µm)

Profile length 178.09 365.13
ra 0.10 0.66
rq 0.13 0.72
rp 0.28 1.18
rv 0.35 1.15
rz 0.63 2.33

100 µm

A

100 µm

B

Figure 8 Fluorescent microscope image after cell adhesion and proliferation 
experiments on a (A) control and (B) peen-treated Ti sample.
Abbreviation: Ti, titanium.

Figure 9 Mean cell adhesion density and percentage of proliferation after attachment 
for the control and laser peen-treated samples.
Note: *P,0.05 (compared to control).

Figure 10 Fluorescent microscope image after cell differentiation experiments on a 
(A) control and (B) peen-treated Ti sample.
Abbreviation: Ti, titanium.

groups (t=4.24, P=0.036). Since higher fracture strength of 

a bimaterial interface means better union of the interface, 

therefore, the previous results suggested that peen treatment 

has a positive influence on the union between Ti and cement 

interfaces.
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Figure 11 load–displacement curves of three samples during the static tests on 
Ti–cement interfaces.
Abbreviation: Ti, titanium.

Figure 12 Bar diagram of the variation of fracture strength of control samples (Ti) 
with peen-treated samples.
Notes: Data presented as mean ± standard error of mean; n=3 for control and laser 
peen-treated samples. *P,0.05 (compared to control).
Abbreviation: Ti, titanium.

Table 2 summary statistics for static tests experimental data by 
group

Parameters descriptions Control Peen-treated

No of samples tested 3 3
height of implant–cement interface 10.23±0.18 11.48±0.46
contact area 307.34±5.47 338.76±13.76
Fracture load 329.21±41.05 527.01±39.77
Fracture strength 1.05±0.14 1.54±0.18

Discussion
Laser peening treatment on a Ti alloy demonstrated better 

cell adhesion and bonding strength between the metal and 

cement compared to control. Higher surface roughness, sur-

face energy, pores, dislocation arrangement, and nanocrystal-

lization are some of the potential causes for the biological 

and mechanical improvements.

Surface roughness measurements showed that the rough-

ness achieved by polishing and subsequent laser peening is 

much higher than surface roughness achievable by simple 

polishing (Table 1). Since there is a positive relation between 

surface roughness and cell response,19 the polishing steps 

used in this study might be favorable as a surface treatment 

before using laser peening. Greater osteoblast cell adhesion 

with greater nanosurface features (nanosurface roughness and 

surface energy) could be entirely due incrementally increased 

surface area by the laser peening process. Cells in both control 

and peen-treated conditions were able to bind and persist. 

A recent work by Shen et al20 has shown that osteoblasts 

attach and elongate atop titanium surfaces. In this study, 

similar cell behavior is present, suggesting that osteoblasts 

are able to attach, elongate, and migrate. More cells were 

adhered on the laser peen-treated surfaces than control. The 

enhanced surface roughness and texture due to laser peen 

treatment may be potential reason for this phenomena.

Osteoblasts, like other mesenchymal-derived cells, 

require anchorage in order to survive, proliferate, and dif-

ferentiate. Here we showed that osteoblasts survive and 

proliferate under both test conditions, Ti-only and peen-

treated Ti substrates. The samples were assessed during the 

second day of culture in conditions that favor proliferation. 

Longer term culture would likely slow down proliferation 

after cell–cell contacts become saturated.

Osteoblast differentiation is correlated with deposition 

of mineralized matrix materials such as hydroxyapatite.21 

We demonstrated the presence of mineralized deposits at the 

periphery of cultured osteoblasts in both test conditions after 

7 days of culture. The staining was qualitatively more intense 

in the peen-treated samples. This suggests that the peen 

treatment provides the osteoblasts an appropriate microenvi-

ronment to stimulate bone deposition earlier or greater than 

under nontreated conditions. It is unknown whether longer 

term culture would allow the untreated Ti time to achieve 

deposition similar to the peen-treated samples. Lim et al22 

study suggested that surface energy effects on the osteoblast 

cell differentiation, especially mineralization, may be cor-

related with surface energy-dependent changes in spatial 

cell attachment and growth. It is likely that, in addition to 

mineralization, osteoblasts under the tested conditions will 

secrete bone-related matrix proteins such as osteonectin and 

osteopontin.23 Future studies will determine how protein 

expression is affected by these treatment conditions.

The difference in fracture strength between control and 

laser peen-treated samples is mainly due to the difference 
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in surface texture between laser peen and control samples. 

The surface texture of the metal will allow a mechanical inter-

lock between the metal and cement. This phenomenon was 

made clear from the study conducted by Davies and Harris,24 

which showed that increasing the mechanical interlock of 

the cement to metal by adding indentations to the surface 

or using a porous surface significantly increased the static 

and the number of fatigue push-out cycles required for the 

failure of the metal–cement interfaces. Fracture strength of 

the implant–cement interface can be defined as the maximum 

resistance to the propagation of an interface crack originating 

at the interface. The weakest spots of implant–cement inter-

faces are the natural flaws along the interface created during 

cement polymerization. Implant surface roughness and cement 

mechanical properties on interfaces may affect the propagation 

of these flaws, that is fracture toughness of the implant–cement 

interface.25,26 Increased surface roughness due to laser peen 

treatment led to a decrease of micromovement of cracks at the 

implant–cement interface, thus the load and elongation was 

increased at the fracture. Further improvement of the fracture 

strength of the implant–cement interface can be achieved by 

optimization of the laser peening pattern and depth.

Surface pores, dislocation arrangement, and nanocrystal-

lization are triggered by laser peening.15 Bone ingrowth into 

pores causes interlocking of the surrounding bone tissue 

with the implant, and may result in improved in vivo biome-

chanical stability and higher resistance to fatigue loading.27 

A study by Götz et al28 showed that initial bone ingrowth is 

preferentially directed toward the pores of the implant. Thus, 

an added advantage is that laser-textured implants with open 

pores may provide improved stability during early stages 

of osseointegration. Surface dislocation arrangement and 

nanocrystallization triggered by laser peening can effec-

tively enhance surface mechanical properties such as elastic 

modulus and wear resistance.29 Our previous studies found 

that, the elastic modulus of cement and wear resistance of 

an implant due to nanofiber coating on the implant controls 

the bonding strength between the implant and the cement.25,30 

Thus, laser peen-created surface dislocation arrangement and 

nanocrystallization on Ti-based alloys may affect the bonding 

strength between Ti and cement.

Laser peening can improve the mechanical strength 

and introduce a micropattern into the biomedical implant 

materials such as stainless steel,31 Ti.20,32 The microhardness, 

compressive residual stress, and microstructure introduced 

by laser peening created plastic deformation on the implant 

surface and has higher union capability with joining bioma-

terial (PMMA used in our study) than nontreated implants. 

The laser peening treatment on an implant is permanent and 

cannot be removed during the insertion or the extraction of 

the implant during surgeries. The biomedical performance of 

the patterned surface created by laser peening has higher cell 

attachment than nontreated titanium implants. An enhance-

ment of the abrasion and corrosion resistance of stainless 

steel implant surface is possible with the application of laser 

peening as found by Lim et al.31

The limitation of the study was that the area topography 

scan was conducted using confocal laser microscope on 

only one control and peen-treated samples to evaluate the 

topographical differences between the samples. The reason 

for not using the multiple samples was that laser peen-treated 

samples create distinct circular textures, which are not present 

in control samples. Also line topography scan was conducted 

using confocal laser microscope only one peen-treated sample 

to evaluate the topographical differences between the non-

peen and peen-treated sites. The reason for using one site for 

evaluation was that each of the laser-peened sites was created 

by same amount of energy laser pulse applied to each of the 

sites. Therefore, the authors assumed that all laser-peened 

sites should have the same depth characteristics.

The results of the study go toward the phenomena that the 

increase of the surface roughness increase the effective area 

available for better cohesion. The effect of nano-inclusions on 

materials’ strength and toughness has been reported in several 

literatures.33,34 Charitidis et al33 and Karakasidis et al34 studies 

found that fracture behavior of glass–ceramic materials are 

controlled by the size of crystalline inclusions to the material 

as well as the width of the grain boundary regions, respec-

tively. The laser peen treatment leads also to better fracture 

behavior, which, to a certain extent, goes in the direction of 

experimental and theoretical observations about crack propa-

gation. The crack propagation is affected by the local surface 

area of the inclusion and the matrix and the cohesion energy 

of the inclusions caused by the laser treatment. In addition, the 

results of the study go toward the understanding of currently 

available nanoscience techniques for improving the implant 

surface properties and their effects for the development of 

novel materials for orthopedic applications.6

Conclusion
The objectives of the study were the evaluation of the surface 

morphology, osteoblast cell adhesion, and interface fracture 

strength of Ti due to laser peen treatment on a Ti implant. This 

study concluded that the laser peen treatment significantly 

changed the nanoarchitecture of Ti samples, which lead to the 

enhancement of the osteoblast cell adhesion on Ti surfaces and 
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mechanical stability of Ti with PMMA bone cement. These 

studies concluded that laser peen treatment on the Ti alloy 

can potentially improve the union between titanium–cement 

interfaces. Since the cell adhesion of all anchorage-dependent 

cells is related to protein adsorption,35 future studies will dem-

onstrate the importance of nanosurface roughness to induce 

greater cell adhesion through the adsorption of multiadhesive 

proteins like osteonectin and osteopontin. In addition, future 

studies will determine the effect of laser peening on the fatigue 

life of the titanium and bone cement interface.
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