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ABSTRACT 

As patients who receive orthopedic implants live longer and opt for surgery at a younger age, the need to extend the in 
vivo lifetimes of these implants has grown. One approach is to pattern implant surfaces with linear grooves, which elicit 
a cellular response known as contact guidance.  Lasers provide a unique method of generating these surface patterns 
because they are capable of modifying physical and chemical properties over multiple length scales.  In this paper we 
explore the relationship between surface morphology and laser parameters such as fluence, pulse overlap (translation 
distance), number of passes, and machining environment.  We find that using simple procedures involving multiple 
passes it is possible to manipulate groove properties such as depth, shape, sub-micron roughness, and chemical 
composition of the Ti-6Al-4V oxide layer.  Finally, we demonstrate this procedure by machining several sets of grooves 
with the same primary groove parameters but varied secondary characteristics.  The significance of the secondary 
groove characteristics is demonstrated by preliminary cell studies indicating that the grooves exhibit basic features of 
contact guidance and that the cell proliferation in these grooves are significantly altered despite their similar primary 
characteristics.  With further study it will be possible to use specific laser parameters during groove formation to create 
optimal physical and chemical properties for improved osseointegration.  
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1. INTRODUCTION 
 
 Modern surgical techniques enable the replacement or supplement of worn bones and joints with biomedical 
implants in order to avoid the lifestyle limitations of bone degradation.  Unfortunately, like human bone itself, the 
interface between these implants and the human skeletal structure degrades over time.  It is not uncommon for implant 
loosening to cause significant pain and malfunction after 10-15 years requiring dangerous implant retrievals and 
difficult revision surgeries to remove or reattach surgical implants.  Problems are so common that younger, more active, 
or heavier patients are often advised against surgeries and forced to live with chronic pain for years because doctors fear 
the patients will outlive their implants.  Because of these failures, efforts to increase cell adhesion at this biomaterial 
interface have spread throughout the field of bioengineering.   
 

Current research focuses on the initial stages of cell adhesion when young osteoblast cells lay the groundwork 
for cell adhesion.  During healing, new osteoblast cells must gather, adhere, and proliferate in the empty regions 
between the implant and original bone to ‘seal’ the implant into place. The early activities of new osteoblast cells that 
migrate to the surgery site lay the groundwork for mature bone cells that will exist in that region in the future [1]. Thus, 
coaxing or controlling young osteoblast cells to both attach properly and grow in ‘natural’ ways can increase the 
chances of successful osseointegration. 
 

There are several techniques used to alter the attachment scheme of young osteoblast cells and aid in successful 
osseointegration.  First, material selection plays a large role in implant success since non-biocompatible materials will 
cause macrophage proliferation at the bioimplant surface, resulting in swelling, irritation, and bone loss.  Titanium is 
one of few completely biocompatible metals and for this reason, coupled with its excellent fracture toughness, fatigue 
resistance, and Young’s Modulus near that of bone, Ti-6Al-4V (Ti64) is the most common metal biomaterial used in 
dental and hip implants. 
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Once an appropriate material is selected for a bioimplant, surface engineering is used to increase cell adhesion 

specifically at the cell-surface interface.  One common strategy is to introduce chemical stimulants at the surface to 
increase surface wetability or the cells affinity to the surface.  A second strategy involves modifying the surface 
topography of the interface to increase adhesion strength. 

 
The topography of a biomaterial interface is important at multiple length scales.  Individual cell microfilaments 

and microtubules interact to form focal adhesion complexes at the nanoscale, cells and individual cell features align at 
the micron and submicron scales, and full organs and tissues interact with larger surface contours at the macroscale.  
Currently, implant surfaces are roughened through randomized processes such as sand blasting to encourage cell growth 
and improve osseointegration. Such techniques are relatively inexpensive and easy to perform on complex surfaces [2, 
3], but cells that grow on these surface typically do so equiaxially and tend to be randomly oriented  

 
In contrast, contact guidance, where cells align with micron-sized linear grooves patterned onto a surface has 

the potential to improve osseointegration and increase longevity in implants for a number of reasons. From a 
mechanical perspective, the grooves can physically interlock the implant with new bone, improving stability and 
increasing longevity [4-8]. Also, the increase in surface area provides more opportunities for focal attachment. From a 
biological perspective, contact guidance may elicit a number of cell responses that promote healthy regeneration of bone 
and tissue due to the cells elongating within the grooves. Since bone consists of sheets of parallel cells, initiating bone 
healing with parallel cells may improve the healing process [9]. Also, cells grown on substrates with linear grooves 
exhibit organized regrowth, possibly decreasing scar tissue formation during healing [10].  

 
Generating micron-sized grooves rapidly and with precision on non-planar surfaces is not easily done using 

traditional lithographic patterning.  Recent developments in photolithography for applications in microelectronics 
processing allow for the creation of grooves on many polymeric substrates [11]. These surfaces can then be coated with 
various materials for in vitro cell testing.  While photolithography allows for the precise study of topology on a single 
size scale, other techniques, such as lasers direct writing, can more easily be applied to implant surfaces and can 
generate features on multiple length scales [12].  Lasers provide excellent controllability, agility, and efficiency at 
removing small amounts of metal from a surface. However, local heating during laser machining results in more subtle 
physical and chemical changes that may influence cell behavior. 

 
To begin to understand the effects of laser irradiation on biological surfaces, large-area masking techniques 

and excimer laser generated groove geometries have been examined [10].  They found features such as molten packets, 
bubbles, and cracks that had formed in the grooves. While this type of work provides evidence of the surface changes 
from laser machining, a large-area masking technique cannot be applied to the contoured surfaces of an implant. 
Instead, a direct-write processing technique can be used where small diameter pulses (~10 µm) sequentially 
administered remove material to generate grooves.  

 
In this paper, we present results using laser direct write patterning to create multiscale features on Ti64.  

Primary and secondary groove structures are controlled through the incident laser parameters and characterized for their 
morphological properties.  Preliminary results for osteoblast growth on such surfaces are presented demonstrating the 
importance of multiscale texturing.   

 
2. PROCEDURE  

 
 A laser direct-write system composed of a pulsed frequency tripled Nd:YVO4 laser (355 nm), UV corrected 
focusing objective, and a three axis computer controlled translation system were used for this study.  Ti64 discs were 
polished using a series of polishing clothes (400 grit, 600 grit, 800 grit, 1200 grit) culminating with 0.05 micron 
colloidal silica on a synthetic velvet pad. The purpose of polishing the samples prior to laser micromachining was to 
create a uniform surface such that the morphological changes induced by the laser could be measured.  Laser machining 
parameters that were varied in this study included laser energy (between 0 and 300 µJ), translation distance (∆, the 
distance moved between each laser pulse, 2-10 µm), number of passes over the same groove (1-2 passes), and 
machining environment (air, water, and silicon oil).  The laser focusing parameters remained fixed in this study.  For the 
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purposes of calculating fluence, we assumed a beam diameter of 10 µm, which was measured at a pulse energy of 50 
µJ. 
 

Sample morphology was characterized using optical microscopy, stylus profilometry, and scanning electron 
microscopy.  A stylus tip radius of 2 µm was used, giving us the ability to profile the bottom of the micromachined 
grooves obtaining depth and roughness parameters.  SEM imaging using secondary electrons provided confirmation of 
the groove parameters and classification of the secondary features formed in the grooves.  Cross sectional information 
was obtained by dicing the Ti64 disks with a diamond saw and repolishing along the fresh cut.  Additionally EDS was 
used to give compositional information about the surface regions in and around the groves.  

 
For cell growth studies, samples were cleaned to remove any loose debris and or biocontaminants generated 

during the micromachining process.  The discs were sanitized and passivated in a series of rinses of nitric acid, ethanol, 
and distilled water. Human osteosarcoma cells were cultured and allowed to grow for various time periods before being 
partially dehydrated and observed.  Cells without staining were grown for 0.5 or 2 hours and observed by the SEM, 
while cells stained with rhodamine phalloidin for actin, and primary and secondary vinculin antibodies were grown for 
24 hours and observed with a fluorescence imaging microscope.  

 
3. RESULTS 

3.1 Primary Microscale Groove Parameters 
 

The two fundamental primary properties of grooves are the groove depth and groove width, and to a lesser 
extent the slope of the groove wall.  As shown in Fig 1b, the width of grooves as measured between the peaks in the 
surface structure is not affected significantly by either the number of passes or the distance between pulses.  Rather, for 
fixed focus location, it is a function of the pulse energy.  As the peak energy increases, the volume of material above the 
ablation threshold increases and therefore the width of the groove increases.  Simple attempts to model width as a 
function of laser energy are difficult since the width between ridges includes effects of recast and redeposited species.  
For the purposes of this study, the width, including the ridges is more appropriate for the cell attachment studies and is 
therefore included.  However, it suffices to say that we can accurately manipulate the width of a groove by modifying 
only laser energy. 

 
Groove depth is affected by translation distance, laser energy per pulse, and number of passes.  We can 

accurately predict depth of a groove if we assume a simple model for the ablation process that requires the material 
removed on each pulse is independent of previous pulses.  The amount of material removed on each pulse can be 

Laser Fluence
(J/cm2)

Translation Distance 
(microns)

D
ep

th
  

(m
ic

ro
ns

)

∆

⋅
=∆=

)ln(
),(

1
thE

Ec
EfDepth(a)

Laser Fluence
(J/cm2)

Translation Distance 
(microns)

D
ep

th
  

(m
ic

ro
ns

)

∆

⋅
=∆=

)ln(
),(

1
thE

Ec
EfDepth

Laser Fluence
(J/cm2)

Translation Distance 
(microns)

D
ep

th
  

(m
ic

ro
ns

)

∆

⋅
=∆=

)ln(
),(

1
thE

Ec
EfDepth(a)

  
0 50 100 150 200 250 300

10

15

20

25

30

35

40

45

50

55
Comparison of Results

D
ep

th
 (m

ic
ro

ns
)

Laser Energy (uJ)Laser Energy (µJ)

W
id

th
  (

m
ic

ro
ns

)

(b)

0 50 100 150 200 250 300
10

15

20

25

30

35

40

45

50

55
Comparison of Results

D
ep

th
 (m

ic
ro

ns
)

Laser Energy (uJ)Laser Energy (µJ)

W
id

th
  (

m
ic

ro
ns

)

0 50 100 150 200 250 300
10

15

20

25

30

35

40

45

50

55
Comparison of Results

D
ep

th
 (m

ic
ro

ns
)

Laser Energy (uJ)
0 50 100 150 200 250 300

10

15

20

25

30

35

40

45

50

55
Comparison of Results

D
ep

th
 (m

ic
ro

ns
)

Laser Energy (uJ)Laser Energy (µJ)

W
id

th
  (

m
ic

ro
ns

)

(b)

 
 
Figure 1:  (a) Groove depth measurement as a function of translation distance and laser fluence.  2-d surface shows 
fit of data points to given equation. (b) Groove width as measured from ridge maximum to ridge maximum as a 
function of laser energy.   
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represented by a standard Beer’s law relation.  The resulting equation gives the groove depth proportional to the inverse 
the translation distance (1/∆) and the natural log of pulse energy over some threshold energy needed for ablation 
(ln(E/Eth)) (Fig. 1a).  Adding a second pass without changing the focal plane tends to increase depth, but it does not 
double the depth of the groove as would be expected by this simple model.  Rather, the effects of pre-existing surface 
structure and changes in position of focus relative to surface cause a reduction in observed depth increases the depth by 
only 10-15%.   
 

The slope on edge of the grooves can be observed in cross-sectional microscopy as shown in figure 2.  As the 
translation distance decreases, the groove depth increases more than the width increase.  The result is a groove with 
steep walls.  Conversely, at large translation distance, the groove is shallower and the resulting slopes are lower.   
Additionally, the laser energy affects both the width and depth of the grooves, but it does not change both with the same 
functional dependence.  Therefore it is possible to gain additional control over the groove wall slope through 
independent control of laser energy and translation distance.   

 

3.2 Secondary Micro and Submicroscale Features 
 

 
Figure 2:  Size and slope of groove walls decreases with increasing translation distance generated at 56 J/cm2.  
Upper left shows translation distance of 2 µm, upper right, 4 µm, lower left, 6 µm, and lower right 8 µm.  Scale bar 
in all images is 20 µm. 
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