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Topographies of grit-blasted, etched, grit-blasted and etched, and microfabricated and etched surfaces
of commercially pure titanium have been investigated. Such surface topographies vary across the
scale range of interest for dental implants, extending from nanometers to millimeters. The complete
characterization of topography requires the use of complementary methods. This study compared the
topographic characterization methods of non-contact laser profilometry, interference microscopy,
stereo-scanning electron microscopy (stereo-SEM), and atomic force microscopy. Non-contact laser
profilometry was shown to be a useful method to characterize topographic features in the micron to
millimeter range, whereas interference microscopy and stereo-SEM can be employed down to the sub-
micron range. Stereo-SEM is particularly useful for quantifying topographies with complex, strongly cor-
rugated (“sharp”), and high-aspect-ratio features and was shown to be complementary to non-contact
laser profilometry and interference microscopy. Because of tip-related envelope problems, atomic
force microscopy was not found to be suitable for the type of surfaces investigated in this study. Inde-
pendent of the method used, the commonly used “integral” amplitude roughness parameters, such as
R, Ry or R, were often of limited value in the description of actual implant surfaces. The application
of the wavelength-dependent roughness approach was shown to be an effective method for the
description of surface topographies in the complete range of characteristic roughness and is also a
useful means of examining the effects of surface treatment processes. (INT J ORAL MAXILLOFAC
IMPLANTS 2001;16:163-181)
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he chemical and topographic properties of
implant surfaces are believed to be major factors
in determining the interaction of implants with the
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biological environment, because these properties
influence the formation of the foreign material/tissue
interface and thereby the long-term success or fail-
ure of tissue integration.!-3 Typical dental implant
surfaces include topographic features in the millime-
ter to the nanometer range that are all believed to be
relevant to the biological response of the host.3

The effects of surface topography on cell adhe-
sion vary with the type of cell. More human gingival
fibroblasts attach to electropolished surfaces than to
etched or blasted surfaces.# In contrast, osteoblast-
like cells demonstrate significantly higher levels of
cell attachment to rough surfaces than to smooth
surfaces.’ Furthermore, studies in cell culture have
demonstrated that the geometric dimensions of
microstructured surface features, as well as their
orientation, influence cell adhesion, morphology,
orientation, proliferation, differentiation, and pro-
duction of local factors.6-10

Of particular interest are studies examining the
behavior of osteoblastic cells on commercially pure
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titanium (cpT1) that have demonstrated that prolifer-
ation decreases with increasing surface roughness,
whereas differentiation increases.11-14 In vivo, sur-
face topography has been found to influence the evo-
lution and properties of the implant-tissue interface
such as the degree of foreign body response and the
percentage of new bonelike tissue close to the
implant surface.l5 Surface roughening of dental
implants has either been achieved adventitiously dur-
ing the fabrication process or by subsequent treat-
ment, and the processes involved include machining,
particle-blasting, titanium plasma-spraying, chemi-
cal/electrochemical etching, or particle-blasting and
chemical etching. Such treated dental and hip joint
implants have been found in experimental studies to
promote bone integration and long-term stability of
implants.15-24 Surface roughness has also been
reported to determine the shear strength of the
implant-bone interface—important for long-term
fixation.16,19.20.23 Given the importance of surface
roughness on implant performance, it appears
important to employ appropriate and precise meth-
ods to characterize rough surface topographies.

A large number of 2-dimensional (2-D) and 3-
dimensional (3-D) measurement techniques are
available to characterize surface topography, includ-
ing the mechanical stylus, non-contact laser pro-
filometry (LPM), interference microscopy (IM),
confocal laser-scanning microscopy (CLSM), scan-
ning tunneling microscopy (STM), and atomic force
microscopy (AFM).25-28 All measuring systems have
vertical and lateral limitations in terms of measuring
range and resolution.?5-27 These limitations are
related to the physical basis of the methods; that is,
the “true” surface topography, with information
about surface wavelengths from zero to infinity, will
never be obtained.2” Furthermore, the problem of
distortion of the true surface?5-28 (eg, envelope
effects26,29) and the surface deformation30 are issues
in mechanical contact mode techniques such as AFM
and the mechanical stylus. Optical artifacts are prob-
lematic in optical instruments such as LPM, IM, or
CLSM because of microgeometry, inclination, and
reflectivity of the surface.283! Although 3-D rough-
ness values have recently been introduced?832 and
data published for dental implants,!5,33 the problem
of accurately characterizing surfaces is further com-
pounded by the lack of appropriate standards for 3-
D surface roughness measurements.34

In most investigations, surface topographies are
either characterized qualitatively using scanning
electron microscopy (SEM) or one of the character-
ization techniques listed above, and data are pre-
sented in the form of numeric standard (“integral”)
surface roughness parameters, such as R, R, or
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R,.11,12,1417,19 These parameters provide information
about feature height, but they are often of limited
value in describing more complex surfaces.25-28,35
An adequate description of surface roughness
requires parameters that quantify amplitude, spac-
ing, and hybrid information!5.25-28,33,35 (‘Table 1).
Only a few studies in the biomaterials field, how-
ever, have included spacing parameters!6.20.36-39 or
both spacing and hybrid parameters!5:33,35 in addi-
tion to amplitude parameters.

The topographic features of commercially avail-
able dental implants vary widely.15,33 The work of
Buser and associates!” and Cochran and coworkers2+
suggests that, at least for dental implants under
experimental conditions, surfaces with an average
roughness R, of 3 pm to 4 pm provide excellent sub-
strates for this purpose. In contrast, Wennerberg!s
found that an R, of about 1.5 pm with an average
spacing of 11.1 ym and an area ratio (effective
area/geometric area) of 1.5 gave the firmest bone fix-
ation among the surface structures tested. The dif-
ferences in these conclusions could result from the
variety in design and topography of the different
implant systems used. Another problem, however, is
that different methods (mechanical stylus versus
CLSM) with different resolutions were used to
describe the topographies. Also, the measured scan
length and area were different.

There is a general problem in the characteriza-
tion of surface topographies with conventional,
“integral” roughness parameter sets, because these
parameters are scale-dependent?6.27,40; that is, the
values will depend on the measurement scale and the
sampling interval. Sayles and Thomas*0 demon-
strated that the square of the standard deviation of
the height distribution, o2, or R ?, of a profile is pro-
portional to the measured distance along the surface.
Moreover, the roughness values depend on the cut-
off wavelength applied,25,33,35,41 which separates
roughness from waviness and form before calculat-
ing roughness.25 Therefore, roughness values have
to be presented together with their scan lengths or
areas and information about the chosen cutoff filter.
Furthermore, “integral” roughness parameters are of
very limited value in describing the complex surface
structures present on surface-treated titanium
implants,3 because the fine surface roughness fea-
tures in the low micron or nanometer range, which
may be important for interaction of the surface with
adsorbed cellular entities and proteins, are often hid-
den by the coarser contributions to roughness and
cannot be separated by calculations in accordance
with standards such as DIN 476842 and DIN 4777.43
Moreover, 2 technical surfaces with entirely differ-
ent topographies and behaving very differently in a
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Table 1 Definition of Selected Standard (“Integral’’) 2-D Roughness
Parameters with Respect to Amplitude, Spacing, or Combined
Amplitude and Spacing Characteristics

Roughness
parameters Definition Type*
R, (um) 13 A
R, =—) |z(x; )
ez )
Rq (um) im, A
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Description

The arithmetic average of the absolute values of
all points of the profile; also called CLA (center
line average height)

The root mean square (RMS) of the values of all
points of the profile

The maximum peak-to-valley height of the entire
measurement trace

The arithmetic average of the maximum peak to
valley height of the roughness values z(x,) to
z(xs) of 5 consecutive sampling sections over
the filtered profile

Arithmetic average spacing between the falling
flanks of peaks on the mean line

Amplitude distribution skew

S, = 0: amplitude distribution is symmetric

Sy < 0: profile with “plateaus™ and single-deep
valleys

S, > 0: profile with very intense peaks

The relationship of the stretched length of the
profile L, to the scanned length L,

*A = amplitude; S = spacing; H = hybrid parameter (combined amplitude and spacing).

given biological situation may have the same R, and
R, values. One approach to overcome these disad-
vantages is to calculate “differential” scale-depen-
dent roughness functions using the wavelength-
dependent roughness method to replace the
“integral” roughness values with “window-related”
parameters describing the various contributions to
roughness in different dimensional ranges.3541 This
method also enables the comparison of surface
roughness values obtained with different instru-
ments in the same wavelength range.3’

The present study focused on comparison of the
topographic surface analysis methods LPM, IM,
stereo-SEM, and AFM, using both common “inte-
gral” roughness parameters and wavelength-depen-
dent roughness evaluation. The window roughness
parameters were calculated in predefined wave-
length ranges. Grit-blasted, etched, grit-blasted and
etched, and microfabricated and etched surfaces
were investigated to illustrate the effect on commer-
cially pure titanium (cpTi) surfaces of consecutive
surface-structuring processes. The grit-blasted and
etched surface closely resembles one that has been
recently developed for the SLA-ITT dental implant
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(Straumann, Waldenburg, Switzerland), which
appears to be particularly effective for bone integra-

tion and stability.17,19,20,23,24

MATERIALS AND METHODS

Materials

Commercially pure titanium (cpTi) surfaces were
investigated in the form of discs 15 mm in diameter
and 1 mm in thickness. A stamping procedure was
used to produce the Ti discs out of a grade 2 cpTi
sheet (ASTM F67) in an annealed condition, fol-
lowed by 1 of 4 surface treatment protocols:

1. Grit-blasting with alumina beads under industrial
particle-blasting conditions (average particle size:
250 pm).

2. Acid-etching in a hot solution of hydrochloric
acid/sulfuric acid (HCI/H,SO,).

3. Grit-blasting with alumina beads under indus-
trial particle-blasting conditions (average particle
size: 250 pm) and etching in a hot solution of
HCI/H,SO,.
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Table 2 Advantages and Limitations of the Techniques Used in this Study to Characterize Surface

Topographies

Method
(environment)

Non-contact laser profilometry
(air)

Interference microscopy (air)

Scanning electron microscopy
(high vacuum)

Stereo-scanning electron
microscopy (high vacuum)

Atomic force microscopy (air,

Advantages

Non-contact, non-destructive

Fast for 2-D profiles (minutes)

Resolution: vertical about 50 nm, lateral about
1pum

Scanning over mm to cm possible

Non-contact, non-destructive

Fast (3-D images, minutes)

Resolution: vertical about 1 nm, lateral about
0.2 pm

High resolution: vertical 1 nm, lateral 10 nm

High depth of focus

Morphologic information

Local chemical analysis (electron dispersive
spectroscopy)

High depth of focus

High dynamic x,y,z-range (mm to nm)

Resolution: vertical 0.5 pm to 0.1 pm, lateral

20 nm to 50 nm

Quantitative topographic information (2-D)

Highest resolution in both lateral and vertical

Limitations

Artifacts (optical effects at sharp edges,
reflections at locally shiny areas)
Time-consuming for 3-D images (h)

Only small area measured at high lateral
resolution

For larger areas, adjacent images with high
resolution have to be combined

No quantitative topographic information

Not widely used

Unsuitable for smooth surfaces

Only small area at high lateral resolution

For larger areas, adjacent micrographs with
high resolution have to be combined

Limited z-range (problems with rough

liquid, vacuum) directions (atomic to nm)

surfaces)

Artifacts (envelope effect because of tip
shape, surface deformation), particularly for
high-aspect-ratio surfaces

4. Microfabrication by photolithography and elec-
trochemical micromachining in a 3 mmol/L
H,SO4/methanol electrolyte using a negative
polyimide-based photoresist (Waycoat HNR 80,
Olin Hunt, Norwalk, CT),# followed by etching
in a hot solution of HCI/H,SO,. Before etching,
the microfabricated surface is characterized by a
regular array of hemispherical pits with diame-
ters of 30 pm and depth of 15 pm.

Methods

Four different methods—LPM, IM, stereo-SEM,
and AFM—were used to characterize the topogra-
phies of the grit-blasted, etched, grit-blasted and
etched, and microfabricated and etched surfaces.
Table 2 summarizes the surface characterization
methods used, together with their advantages and
limitations.

Non-Contact Laser Profilometry. Two-dimen-
sional profiles and 3-D surface topographies were
determined with a non-contact laser profilometer
(UBM Messtechnik, Ettlingen, Germany), using a
Microfocus sensor based on an autofocusing system.
It operates with an optical head incorporating a
780-nm wavelength semiconductor laser, yielding a
measurement spot size of about 1 pm. The nominal
lateral and vertical resolutions of the system are 1
pm and 50 nm, respectively. Two-dimensional pro-
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files were randomly obtained over a distance of
4.096 mm with a lateral resolution of 1,000 mea-
surement points/mm. Area measurements were
done over a 150 X150-pm square and resolution in
x- and y-directions of 1 pm and 2 pm, respectively.
Laser profilometry is limited to lateral topographic
features of = 2 pm size.

Interference Microscopy. Three-dimensional sur-
face topographies were determined by optical inter-
ference microscopy using a WYKO NT 2000
white-light interference microscope (Veeco Instru-
ments, Tucson, AZ) based on phase shifting and
vertical scanning interferometry. The WYKO NT
2000 system is equipped with a Michelson interfer-
ometer and objectives with magnifications of X5,
X10, and X50. The nominal lateral and vertical res-
olutions are 1.5 pm to 0.2 pm and 1 nm, respec-
tively. Area measurements were done over
94.3X124.0 pm. To characterize larger areas of the
different surfaces using IM, adjacent images were
combined. In these instances, the measured areas
were 282.9X372.0 pm.

Stereo-Scanning Electron Microscopy. Scanning
electron microscopy (Philips XI.30, FEI Company,
Eindhoven, The Netherlands) was applied to all sur-
faces at 20 keV accelerating voltage. The advantages
of SEM include a large depth of focus, high lateral
resolution down to the nm range, the feasibility to

CoPYRIGHT © 2001 BY QUINTESSENCE PuBLISHING CO, INC. PRINTING
OF THIS DOCUMENT IS RESTRICTED TO PERSONAL USE ONLY. NO PART OF
THIS ARTICLE MAY BE REPRODUCED OR TRANSMITTED IN ANY FORM WITH-
OUT WRITTEN PERMISSION FROM THE PUBLISHER.



WIELAND ET AL

study structures with high aspect ratio, and direct
production of images of the surfaces. Micrographs
produced by SEM easily give a 3-D impression of
the surface. However, quantitative topographic
information cannot be obtained from a single micro-
graph. Therefore, viable non-destructive techniques
for extracting surface microtopography from SEM
micrographs were developed.*+5-48 In this study,
reconstruction of the stereo-SEM micrographs and
computation of the height profiles, both based on
the work of Desai,4 were obtained using the analy-
SIS Pro software (Version 2.11, SOFT Imaging Sys-
tem, Miinster, Germany). Stereoscopic pairs of
micrographs were obtained by tilting the object by
-3 degrees (left image) and +3 degrees (right image)
out of the initial position at 2 magnifications of
X1,000 and x2,000 (lateral resolution of 0.064 pm
and 0.032 pm, respectively). Because the direction of
the tilt axis is parallel to the micrograph, the tilt can
only yield horizontal shifts X, between the position
of a point on the first and the second micrograph
expressed by the parallax P. A simple relationship
exists between the height h of any point and its X-
shift X:

_ Xsh X Xsc (Equation 1)
~ 2sin(w/2)
P

N S (Equation 1a)
X cos(w/2) d

For Equations 1 and 1a, X, = X-scale of the micro-
graph and o = total tilt angle. This approach yields
only 2-D profiles. In this study, profile lengths of
130 pm and 65 pm were computed. Such profiles,
however, can be obtained comprehensively over an
area by scanning and 3-D characterization.

Atomic Force Microscopy. Atomic force
microscopy (Nanoscope E, Digital Instruments,
Santa Barbara, CA) was used to measure the
topographies of all investigated surfaces. Area mea-
surements were done using the standard contact
mode over a 144.4X144.4 pm square with a scan
rate of 2 Hz.

Roughness Calculation Procedures. “Integral”
Roughness Calculation. Before “integral” roughness
parameters can be calculated, the waviness has to be
separated by a phase-correct filtering in accordance
with standards such as DIN 4768.42 The cutoff
wavelength, N\, is used to separate the roughness,
waviness, and form of a profile or an area. To cor-
rectly compare surface roughness values obtained
with different instruments, it must be ensured that
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the same filter and cutoff wavelength apply to the
profiles and areas for all roughness calculations,
independent of the instrument used.34 Furthermore,
the same software must be used to eliminate “soft-
ware effects.”3’ In practice, the cutoff is chosen by
the instrument with the largest working area, which
in this study was the LPM. If a smaller cutoftf is
used, part of the roughness may be lost. Therefore,
in this study a Gaussian filter and an attenuation
factor of 50% at the cutoff wavelength, N\, of 0.58
mm were applied to the LPM profiles using the
software provided with the LPM (UBM version
1.5). After that, the roughness parameters were cal-
culated within the UBM software. For stereo-SEM
and IM, profiles were exported and read in by the
UBM software, and the same calculation procedures
as described above were applied to the data.

Wavelength-Dependent Roughness Evaluation. In
metrology, it is well known that many types of sur-
faces used in engineering practice have random fea-
tures, including form, roughness, and waviness. Two
characteristics are needed to define completely such
surface topographies: one related to the roughness
height distribution or amplitude of the waveform and
the other related to the spacing or wavelength.50,51
The power spectra and the autocorrelation function
give information related to wavelength and height
distribution of the surface, whether periodic or ran-
dom, and that allows form, roughness, and waviness
to be separated from each other.25-27.50,51 Both func-
tions are based on the Fourier transform and are
scale-dependent. Other scale-dependent functions
are the cutoff filtering in the form of an infinitely
sharp cutoff, RC (resistor capacity), or Gaussian fil-
ter,25,26,50,51 which are used in surface metrology for
separating the waviness and form from the roughness
of the surface. Fractal analysis is another method
used to characterize surface topographies. The essen-
tial difference between fractal analysis and other
approaches is that fractal analysis describes a surface
with the fractal dimension’2—a single scale-indepen-
dent parameter.

The concept of the wavelength-dependent evalu-
ation procedure applied in this paper differs from
commonly used procedures in the sense that it
treats the low-wavelength (\) and high-wavelength
(\p) cutoffs as variable parameters. Therefore, it is a
scale-dependent evaluation. Details of the evalua-
tion based on the relationship between the Fourier
coefficients A, and B, and the roughness parameter
R, have been discussed earlier.35:41 The data points
of obtained profiles or areas are limited according
to the resolution and measuring range of the
method used. Therefore, the roughness defined as
R,? corresponds to the sum of the squared Fast
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Fourier Transformation (FFT) coefficients in the
corresponding range / to b:

n=h
Rz (k) = ﬁzﬁlEAﬁ +B2  orapproximately
2 2 n=l
n=h
Rz (hh) =1 Af + B (Equation 2)
2 n=l

since the term i%) is generally negligible.
2

Equation 2 is defined as “window roughness,”
where / and b are the range of the Fourier coeffi-
cients, corresponding to the range of wavelengths
and defining a certain “window” to be chosen accord-
ing to application-oriented considerations.35:41 The
lowest meaningful value / is, according to the Nyquist
theorem,?’ twice the lateral distance between experi-
mental points; the highest meaningful value 4 is 0.2
times the scan length.

The concept of scale-dependent roughness has 2
main advantages. First, it allows one to calculate
roughness values within different preset wavelength
ranges. The window can therefore be chosen accord-
ing to the specific situation under consideration. The
second advantage is that it enables one to compare
data of the same surface determined by different
techniques, or of different surfaces determined with
the same technique.35 In such a situation it must be
ensured that the different measurements are evalu-
ated using the same low- and high-frequency cutoft.

The wavelength-dependent roughness evaluation
using FFT was performed within the software pro-
gram Maple (Version Maple V, Release 5). First, the
raw z(x) profiles obtained by the LPM are filtered
using the UBM software to separate the waviness
according to DIN 47684 using a Gaussian cutoff fil-
ter (A, = 0.58 mm) with an attenuation factor of 50%
and then exported as an ASCII file and read in by
Maple. After that, the FFT of each profile is calcu-
lated. In the next step, the upper cutoff wavelength
(\p) is steadily decreased from 0.2 times the profile
length to 2 times the step size of adjacent data
points, while the lower resolution length (\)) is fixed
at 2 times the resolution limit of the particular char-
acterization technique used.354! After each decreas-
ing step, Ry? is calculated according to equation 2,
and finally the square root of R;? is determined.
The result demonstrates the dependence of the
roughness R, on the profile wavelength, \ (R, = f(\);
see Results). For window-roughness calculations of a
particular window of interest, both the low- and the
high-wavelength cutoff are set accordingly.33,41 The
back-transformed real profile is again imported in
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the UBM software, where the window-roughness
parameters in the chosen scale range are calculated.
Also, 2-D profiles or 3-D areas may be shown, which
correspond to the selected wavelength (or scale)
ranges (see Results).

In the case of the computed stereo-SEM profiles
and the IM profiles, profiles were first exported and
read in by the UBM software to separate the wavi-
ness. Then the profiles were again exported and
read in by Maple, and the same procedures as
described above for the LPM profiles were applied
to the stereo-SEM and IM data.

Statistics

Different roughness parameters obtained from the
“integral” as well as window roughness calculations
were tested for statistical significance using Bonfer-
roni in a 1-way analysis of variance. That is, values
of each roughness parameter calculated from the
profiles obtained from each method were averaged
to give the mean. After that, pairwise multiple com-
parisons were used to test the differences between
each pair of means of a given roughness parameter
ata level of P < .05.

RESULTS

"To compare the topographic surface analytic meth-
ods of LPM, IM, and stereo-SEM, the same area of
the grit-blasted and etched surface, as well as of the
microfabricated and etched surface, was investi-
gated. The microfabricated and etched surface, pro-
duced by a precise microfabrication technique and
subsequent etching process, had pits of 30 pm diam-
eter and 15 pm depth before etching. Figures 1a to
1f show the surface topographies of the grit-blasted
and etched as well as the microfabricated and etched
sample obtained by SEM, IM, and LPM. Scanning
electron micrographs (Figs 1a and 1b) show topo-
graphic features such as edges and pits more clearly
and give a better 3-D impression than the IM or
LPM images (Figs 1c and 1d and le and 1f, respec-
tively). However, IM and LPM images can easily be
viewed computationally as 3-D plots. In the case of
SEM, the method of stereo-imaging can be used.
Figures 2a to 2c show the reconstructed stereo-
SEM micrograph of the microfabricated and etched
surface (Fig 2a) as well as the corresponding 3-D
plots of the IM and LPM images (Figs 2b and 2c).
The SEM micrograph (Fig 1a) and especially the
stereo-SEM micrograph (Fig 3) of the grit-blasted
and etched surface clearly demonstrate 2 topo-
graphic contributions, one in the range of 20 to 40
pm (primarily produced by the alumina-blasting
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Figs 1a to 1f The same areas of a grit-blasted and etched surface and of a microfabricated and etched surface were investigated using
scanning electron microscopy, interference microscopy, and non-contact laser profilometry. In particular, the SEM micrographs show sur-
faces with 2 different, superimposed surface topographies.

Fig 1a Grit-blasted and etched surface investi- Fig 1b Microfabricated and etched surface investi-
gated using SEM. gated using SEM.

Fig 1c Interference microscopic examination of Fig 1d Interference microscopic examination of
grit-blasted and etched surface. microfabricated and etched surface.

Fig 1e Non-contact laser profilometric examina- Fig 1f Non-contact laser profilometric examination
tion of grit-blasted and etched surface. of microfabricated and etched surface.
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Fig 2a Reconstructed stereo-SEM micro-
graph of the microfabricated and etched sur-
face. An optical stereo-effect can be achieved
by using a red (left eye)/green (right eye) pair
of glasses.

-

. -~

11.292" 29.020
(mm) (mm)

Fig 2b Corresponding 3-D plot of the IM image (all measure-
ments in ym).

process and subsequent removal of the particles by
the chemical etching process), and the other in the
range of about 0.5 to 2 pm (produced by the chemi-
cal etching process). In the case of the microfabri-
cated and etched surface, both the SEM and the
stereo-SEM micrograph (Figs 1b and 2a) also
demonstrate 2 topographic contributions, one from
the pits (30 pm in diameter, 15 pm in height) and
the other again in the range of about 0.5 to 2 pm
(produced by the chemical etching process).

Atomic force microscopic studies showed that the
grit-blasted and etched and the microfabricated and
etched surfaces had height distributions that were too
large for accurate use of the technique. For example,
Fig 4 shows an AFM scan of the grit-blasted and
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Fig 2c Corresponding 3-D plot of the LPM image.

etched surface over an area of 141.6X141.6 pm
square. The true surface is strongly distorted because
of limitations in the z-direction and tip envelope
effects. Therefore, no AFM studies were performed
on such surfaces.

“Integral” Roughness Calculation

For the quantitative description of the surfaces
shown in Figs la to 1f, 7 profiles of the grit-blasted
and etched surface were selected parallel to the
x-direction of the 3-D data set determined with
LPM and IM. Furthermore, 7 profiles were com-
puted from the reconstructed stereo-SEM micro-
graph. To describe the pattern of the microfabricated
and etched surface, a profile was selected along the
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Fig 3 The grit-blasting and etching
processes of the grit-blasted and etched sur-
face result in a topography with 2 characteris-
tic contributions in the ranges of 0.5 to 2 ym
and 20 to 40 pym as shown in this stereo-SEM
micrograph. An optical stereo-effect can be
achieved by using a red (left eye)/green (right
eye) pair of glasses.

diameter of the pit, and the roughness parameters R,
and S,, were calculated. Table 3 summarizes the
results of the “integral” roughness evaluation using
the UBM software. The selected profile length was,
in all cases, 85 pm. In the case of the grit-blasted and
etched surface, the R,, R, R, R,piy, Sy Spo and L,
values (see Table 1) were chosen to represent ampli-
tude, spacing, and hybrid parameters.15,25-28,33,35,41
The microfabricated and etched surface was used
as a reference surface. The heights and diameters of
the pits of this surface, expressed by the roughness
parameters R, and S, were calculated for the profiles
obtained from the 3 methods. The results for R,
(between 14.93 pm and 18.84 pm) and S, (between
32 pm and 34 pm) were in the expected ranges, given
by the height (15 pm) and diameter (30 pm) of the
pits before etching. The conclusion is that IM as well
as stereo-SEM can be used in addition to LPM to
characterize surface topographies in that range. How-
ever, the topographic features produced by the subse-
quent etching could not be separately characterized.
In the case of the grit-blasted and etched surface,
the results show that the L, value differed signifi-
cantly (P < .05) between the measurement methods
IM and stereo-SEM, as well as between LPM and
stereo-SEM. L, was lower in the cases of LPM and
IM, which can be explained by the lower resolution
of these methods (lateral resolution of 1 ym for LPM
and 0.2 pm for IM) and the “smoothing” of the true
profile in comparison with the stereo-SEM tech-
nique (lateral resolution of about 0.064 pm under the
chosen condition). To illustrate these effects, a part of
the same profile of the grit-blasted and etched sur-
face was selected from the 3-D data set of the LPM
and IM measurements as well as from the computed
profile of the stereo-SEM micrograph (Figs 5a to 5¢).
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Fig 4 Atomic force microscopic image of the grit-blasted and
etched surface. The height distribution of that surface is too large
for AFM studies. Some parts of the surface were too deep to be
measured.

No other significant differences could be found for
all other calculated “integral” roughness parameters.
However, there was a tendency toward higher values
for the amplitude parameters R,, R,, and R,y in
the following order: calculated from stereo-SEM
profiles < IM profiles < LPM profiles (Table 3). This
observation is likely to be related to optical artifacts
of the laser (LPM) and light (IM) reflection at sharp
topographic discontinuities.25:28 In the case of the
mean groove distance S, one would expect from
Figs 1a and 3 that S, would be much smaller for the
stereo-SEM profiles because of the fact that SEM is
able to resolve the fine etch structure (in the range of
0.5 to 2 pm), in contrast to LPM and IM. However,
there are 2 major problems: (1) In the case of the
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Table 3 Roughness Values Calculated from LPM, IM, and Stereo-SEM Profiles

Grit-blasted and etched surface Microfabricated and etched surface
Roughness LPM IM Stereo-SEM LPM IM Stereo-SEM
parameters profiles profiles profiles profiles profiles profiles
R, (Hm) 3.93+0.93 3.41+0.78 3.10 = 2.06 — — —
Rq (um) 4.69 +1.19 4.08 = 0.99 3.71£2.13 — — —
R (um) 15.00 £ 2.11 1241 +£1.72 1276 £4.1 18.84 15.51 14.93
R,om (Mm) 6.83 £ 0.82 6.62 + 1.50 5.89 +1.17 — — —
S, (mm) 0.027 £ 0.005 0.031 £0.007 0.021 £+ 0.008 0.032 0.034 0.032
Sk 0.14+0.09 -0.13+0.44 0.03 +0.15 — — —
L, 1.81+0.14 1.52 £0.10 257 +0.55 — — —

Selected from 3-D data sets or computed from stereo-SEM micrographs shown in Figs 1 to 3. All calculations were
performed with UBM software using a Gaussian filter with an attenuation factor of 50% at the cut-off wavelength A, =
0.58 mm (n = 7 for the grit-blasted and etched surface [means + SDJ; n = 1 for the microfabricated and etched surface).

Fig ba Parts of the 2-D profile of the grit-
_ 61 blasted and etched surface selected from the
g 3-D LPM data set.
s 2
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Figs 6a and 6b Scanning electron micrographs of (left) the grit-blasted and (right) the etched surfaces.

stereo-SEM profiles, small features of the fine etch
structure are filtered out when calculating the spac-
ing parameter according to a norm such as DIN
4768, with the consequence that S, reflects only the
spacing of the grit-blasted surface structure (which is
resolved by all experimental techniques); and (2) In
the case of LPM and IM, there is insufficient resolu-
tion to determine the small features.

Regardless of the instrument used, the smaller
topographic contribution in the range of 0.5 to 2 pm
(produced by the etching step) could not be suffi-
ciently characterized with the “integral” roughness
parameters for both the grit-blasted and etched and
the microfabricated and etched surface, although
the lateral resolution of stereo-SEM and the vertical
resolution of all methods were high enough to
resolve these features. Therefore, another procedure
must be used for the characterization of surface
topographies. In the next section, the wavelength-
dependent roughness evaluation will be proposed as
a possible method to characterize small surface fea-
tures independent of the rougher contributions.

Wavelength-Dependent Roughness Evaluation
"To obtain more specific information on the effect of
each treatment step, grit-blasted, etched, and grit-
blasted and etched titanium surfaces were investi-
gated. Seven 2-D profiles of each surface type were
obtained with LPM, IM, and stereo-SEM. The
measured profile lengths were 4.096 mm (LPM),
372 pm (IM), and 130 pm and 65 pm (stereo-SEM).
The corresponding SEM micrographs are shown in
Figs 1a and 6.

Figure 7 presents a comparison of wavelength-
dependent roughness evaluations of the grit-blasted
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and etched surface obtained with LPM, IM, and
stereo-SEM. According to Equation 2 (see Rough-
ness Calculation Procedures), the highest R (\)
value for each curve R, = f(\), which is the averaged
curve of the 7 measured profiles, includes all calcu-
lated wavelengths of the profiles and corresponds to
the “integral” R, value. Decreasing the upper wave-
length limit results in a decreased R, (\) value.
However, in the case of LPM, the curve R, = f(\)
was constant up to the cutoff wavelength of 0.58
mm. Above 0.58 mm, the curve shows no additional
contribution to the roughness, because these fea-
tures were filtered out by the previous separation of
waviness and roughness with the Gaussian filter at
the cutoff wavelength of 0.58 mm. Below 0.58 mm,
the curve decreases, with a decreasing upper wave-
length limit. Between a wavelength of about 40 pm
and 4 pm, the curves R, = f(\) of the LPM and IM
profiles are congruent. That means that in this
range, the 2 techniques provide similar data. The
curves of the IM profiles and the stereo-SEM pro-
files cross each other at a wavelength of about 1 pm.
Above 1 pm, the curve of the stereo-SEM profiles
shows slightly but consistently lower wavelength-
dependent R (N) values compared to IM and LPM.
The different physical principles of detection and
possible artifacts are probable reasons for this differ-
ence. However, the stereo-SEM curve is sufficiently
similar to the others to justify combining all 3
curves to reflect the whole range. For each curve,
the roughness values drop dramatically at twice the
lateral resolution limits of the methods, whether
instrumental (LPM and IM) or acquisitional (stereo-
SEM). According to Nyquist’s theorem,?5 the lowest
wavelength that can be defined corresponds to twice
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Fig 7 Comparison of the wavelength-dependent roughness evaluations of the grit-blasted and etched surface

using 7 profiles measured with LPM, IM, and stereo-SEM.
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Fig 8 Comparison of the dependence of the roughness Ry(\) on the profile wavelength for etched, grit-blasted,
and grit-blasted and etched surfaces using 7 profiles of each type of surface measured with LPM and stereo-SEM.

the lateral resolution. The resolution of the SEM
profiles can be improved using a higher magnifica-
tion to resolve smaller features as shown in Fig 8 for
the etched surface.

Figures 1a and 3 demonstrate that the grit-
blasted and etched surface has 2 superimposed
topographies in different scale ranges: one resultant

174 Volume 16, Number 2, 2001

to the grit-blasting process (20 to 40 pm) and a sec-
ond, 1 to 2 orders of magnitude finer (0.5 to 2 pm),
that is related to the etching process. Specific infor-
mation about each treatment step is given in Fig 8,
which shows the averaged curves R, = f(\) of the
grit-blasted, etched, and grit-blasted and etched sur-
faces, each calculated from 7 LPM and stereo-SEM
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profiles. For all 3 curves R, = f(\) calculated from
the LPM profiles, the R (\) values are constant up
to the cutoff wavelength of 0.58 mm. These R (\)
values correspond to the “integral” R, values. Below
the cutoff wavelength of 0.58 mm, the curves
steadily decrease with decreasing upper wavelength
limit. The resolution limit of the LPM is again evi-
dent at the wavelength of 2 pm, as discussed above
(see also Fig 7). The curve of the grit-blasted and
etched surface crosses the curve of the grit-blasted
surface twice at wavelengths of 65 pm and 7.4 pm,
respectively. The wavelength-dependent roughness
within that window (65 pm and 7.4 pm) shows lower
Ry(N) values for the grit-blasted and etched surface
compared to the grit-blasted surface. The probable
explanation is that the etching process removed the
alumina beads left over from the grit-blasting
process and smoothed the sharp edges of the surface
at the same time.

For the grit-blasted surface data obtained with
stereo-SEM, the curve R, = f(\) decreases with
decreasing upper wavelength limit and starts at the
wavelength of 26 pm with a higher value than the
grit-blasted and etched surface. A similar result was
found in this range for the 2 curves calculated from
the LPM profiles. Between wavelengths of 10 pm
and 4 pm, the curves for the 2 surfaces are congru-
ent. Below 4 pm, the wavelength-dependent rough-
ness demonstrates lower R (\) values with decreas-
ing upper wavelength limit for the grit-blasted and
etched surface compared to the grit-blasted surface.
In the case of the etched surface description
obtained by stereo-SEM, the curve starts at a wave-
length of 13 pm with a smaller R (\) value as com-
puted from the LPM profiles. Below 4 pm the
curves of the grit-blasted and etched surface and the
etched surface are congruent.

These data indicate that in the range below 4 pm,
only the effects of the etching process are evident on
the etched and the grit-blasted and etched surfaces.
Furthermore, the results of the wavelength-depen-
dent roughness evaluation demonstrate the depen-
dence on magnification of the resolution limit of the
stereo-SEM data. The etched surface was deter-
mined with a magnification of X2,000, whereas the
magnification used on the grit-blasted and grit-
blasted and etched surfaces was X1,000. Therefore,
the curve of the etched surface dramatically drops
off at a lower wavelength than the other 2 curves.
These results demonstrate that the wavelength-
dependent roughness evaluation is limited only by
the resolution of the instrument used and its limited
measuring range or by the acquisition conditions. If
the resolution of the instrument were in the atomic
range (AFM) or in the nanometer range (high-reso-
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lution SEM), topographic features in the range of a
few nanometers could be characterized as well.

Another application of the wavelength-depen-
dent roughness evaluation is the calculation of win-
dow roughness. In this method, the roughness R (\)
for each surface in the various scale ranges of inter-
est is calculated. For example, one could calculate
roughness separately in the topographic ranges pro-
duced by grit-blasting (20 to 40 pm) and chemical
etching (0.5 to 2 pm). It is also possible to calculate
additional amplitude and spacing as well as hybrid
parameters in the different wavelength ranges of
interest. To perform this calculation, the measured
or computed profiles have first to be FFT trans-
formed and then inverse transformed with iFFT
into specific wavelength ranges of interest, as dis-
cussed earlier. The results are window-specific,
scale- or wavelength-dependent profiles, from
which roughness parameters can then be calculated.
An example is given for the grit-blasted and etched
surface. The same 7 profiles obtained with LPM,
IM, and stereo-SEM were used for the window
roughness calculation, as used above for the wave-
length-dependent roughness curve (R, = f(\)) evalu-
ation. The roughness parameters were calculated
with the UBM software as described earlier. Table 4
lists the roughness parameters R, R, R, R,pin Spn
Si, and L, calculated for the different windows 0.4
to 3 pm, 3 to 10 pm, 10 to 50 pm (in the case of
stereo-SEM: 10 to 26 pym), and 50 to 500 pm and
for the original full-scale profiles. The roughness
values shown are meaningful considering the resolu-
tion of the techniques and the finite measuring
length. Figures 9a to 9d show part of one original
IM profile together with its iFFT-filtered profiles in
the wavelength ranges 0.4 to 3 pm, 3 to 10 pm, and
10 to 50 pm.

The roughness values calculated from the origi-
nal profiles correspond to the “integral” roughness
values. However, the values for the original IM and
stereo-SEM profiles are shown in parentheses,
because they correspond to profiles taken along
very short distances of 372 pm and 130 pm, respec-
tively, and reflect the “total roughness” across the
limited scale ranges of 0.4 pm to 74.4 pm and 0.12
pm to 26.0 pm, respectively. Because of this limited
range, the amplitude parameters are correspond-
ingly lower by a factor of 2 to 3 in comparison to
the LPM profiles; the latter were taken over a dis-
tance of 4.096 mm that also included the important
range of 50 pm to 500 pm.

The roughness values calculated for the different
windows indicated that the amplitude parameters
R, Ry Ry, and R,y and the spacing parameter S,
systematically decreased as the window range was
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Table 4 Roughness Values Calculated from LPM, IM, and Stereo-SEM Profiles of the Grit-Blasted

and Etched Surface

Roughness
Method parameters 0.4 to 3 um 3to 10 um 10 to 50 pm™> 50 to 500 pm Original profilest
LPM R, (um) — 0.98 + 0.02 2.01+0.22 4.47 +0.39 5.09 + 0.39
Rq (um) — 1.25+0.02 2.56 £ 0.28 5.66 £ 0.45 6.40 £ 0.50
R; (um) — 9.29 + 0.62 18.42 + 4.38 31.90 + 3.52 40.28 +£5.43
R,on (HM) — 8.06 £ 0.14 14.17 £2.27 23.25+£1.97 31.18 £ 2.87
S, (mm) — 0.006 £+ 0.000 0.028 £+ 0.003 0.127 £ 0.018 0.030 £ 0.003
Sk — 0.07 = 0.05 0.06 +0.14 -0.11+0.35 -0.06 £ 0.20
L, — 1.71 £0.01 1.18 £ 0.02 1.05 £ 0.01 1.81+£0.01
IM R, (um) 0.15 + 0.02 0.86 +0.10 2.68 +0.94 — (4.61 +1.08)
Ry (M) 0.26 = 0.07 1.19+£0.20 3.33+1.13 — (5.76 £ 1.45)
R; (um) 6.22 + 3.26 12.16 £ 6.51 15.78 £5.25 — (25.34 £ 6.08)
R,on (Hm) 2.89 +0.83 7.09 + 1.68 11.29 + 3.06 — (16.60 + 3.35)
S, (mm) 0.001 + 0.000 0.005 + 0.001 0.029 + 0.004 — (0.022 + 0.005)
Sy -0.02 £0.18 0.20 £ 0.10 -0.13+£0.41 — (-0.22 + 0.25)
L, 1.70 £0.13 1.87 £0.15 1.22 +£0.08 — (2.06 £ 0.12)
Stereo-SEM R, (um) 0.14 +0.02 0.76 £ 0.01 1.84 +£0.46 — (2.44 £ 0.63)
Rq (um) 0.22 + 0.06 0.97 £ 0.02 2.31+0.59 — (3.17 £ 0.92)
R; (um) 3.59 +2.22 7.43+0.51 10.65 + 3.06 — (18.76 + 5.34)
R,pin (MmM) 2.14 +1.05 5.01 +0.13 6.92 + 1.59 — (10.87 = 1.48)
S, (mm) 0.001 + 0.000 0.005 + 0.000 0.029 + 0.002 — (0.013 + 0.005)
Sy -0.14 £ 0.24 0.08 £ 0.27 0.14 £ 0.46 — (-0.20 £ 0.37)
L, 1.84 £0.19 1.66 + 0.05 1.12 £ 0.04 — (2.32 £0.28)

Roughness values (ranges)

The values are given for the original profiles and the 4 different wavelength ranges 500 to 50 pm, 50 to 10 pm, 10 to 3 pm, and 3 to 0.4 um, respec-
tively. All calculations were performed with UBM software using a Gaussian filter and an attenuation factor of 50% at the cutoff wavelength of 0.58

mm. n = 7 for each surface; mean values + standard deviations shown.
*For stereo-SEM, a range of 10 to 26 pm was used.

tParentheses for IM and stereo-SEM indicate profiles taken along very short distances of 372 pm and 130 um, respectively, and reflect the “total

roughness” across the limited scale ranges.

shifted to smaller dimensions. This is because ever-
decreasing dimensions of height and spacing were
evaluated in this procedure. The hybrid parameter
L,, on the other hand, increased when the window
was moved to smaller dimensions, because smaller
dimensions more effectively contribute to the
increase in specific length than coarser dimensions.

Another advantage of the wavelength-dependent
roughness concept is the visualization of the
topographies in selected wavelength ranges by digi-
tal processing using iFFT filters in the desired
ranges. Figures 10a to 10d show the original SEM
micrograph together with the iFFT-filtered SEM
micrographs in the 3 selected wavelength ranges 50
to 10 pm, 10 to 3 pm, and 3 to 0.4 pm. The filtered
SEM micrographs allow visual judgment of the
effects of different surface treatments separately, eg,
of the alumina blasting and etching process in the
case of the grit-blasted and etched surface.

176 Volume 16, Number 2, 2001

DISCUSSION

The same area of a grit-blasted and etched surface
and a microfabricated and etched surface was inves-
tigated using LPM, IM, and stereo-SEM. The LPM
method best measures the topographic features in
the range of a few microns to millimeters, since this
technique is limited to lateral topographic features
larger than 2 pm. To extend the information to the
submicron range, stereo-SEM micrographs and IM
images were taken of the same surfaces and compu-
tationally transformed to quantitative line profiles.
Interference microscopy has particular value in mea-
suring topographic features in the range of 0.5 pm
to 300 pm. Stereo-SEM is useful for quantifying
topographies with complex, strongly corrugated
(“sharp”), and high-aspect-ratio properties, with
only a small risk of artifacts and “distortions” of the
true profiles or areas in the range of around 50 nm
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Figs 9a to 9d Part of original IM profile and its iFFT-filtered profiles of the grit-blasted and etched surface in different wavelength ranges.

Wavelength-dependent roughness parameters are calculated from these profiles.

Fig 9a Original profile.

__ 15.01
€
2
P 75
o
ks
3 0.0+
©
@J -7.54
(]
T
-15.0 T T T v
0 0.05 0.10 0.15 0.20
Profile length (um)
Fig 9b Profile filtered in wavelength range
50 to 10 pm. 15.0 =
€
2
- 1.51
RS
©
3 0.01
©
W —7.51
(]
T
-15.0 T T T 1
0 0.05 0.10 0.15 0.20
Profile length (um)
Fig 9c¢ Profile filtered in wavelength range
10 to 3 ym. 15.0 .

~
o1
A

Height deviation (um)
I
o

-7.5+
-15.0 T T T 1
0 0.05 0.10 0.15 0.20
Profile length (um)
Fig 9d Profile filtered in wavelength range 3
to0 0.4 pym. 15.0 _
IS
2
P 7.5 |
RS
g s
3 0.0 —Juinimrmi =iy ¥ il
©
W 7.5
()
T
-15.0 T T T 1
0 0.05 0.10 0.15 0.20

Profile length (um)

CoPYRIGHT © 2001 BY QUINTESSENCE PUBLISHING CO, INC. PRINTING
OF THIS DOCUMENT IS RESTRICTED TO PERSONAL USE ONLY. NO PART OF
THIS ARTICLE MAY BE REPRODUCED OR TRANSMITTED IN ANY FORM WITH-
OUT WRITTEN PERMISSION FROM THE PUBLISHER.

The International Journal of Oral & Maxillofacial Implants

177



WIELAND ET AL

Figs 10a to 10d Scanning electron micrograph of the grit-blasted and etched surface, and iFFT-filtered surfaces based on the window
roughness evaluation concept in different wavelength ranges to show topographic contributions of the different ranges.

Fig 10a Original SEM micrograph of the grit-blasted and Fig 10b iFFT-filtered image in the wavelength range 50
etched surface (Fig 1a). to 10 pm.

Fig 10c iFFT-filtered micrograph in the wavelength Fig 10d iFFT-filtered micrograph in the wavelength
range 10 to 3 um. range 3 to 0.4 uym.
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to 100 pm. The techniques LPM, IM, and stereo-
SEM generally complement each other across a
wide range of dimensions, as shown in the wave-
length-dependent roughness studies.

A significant difference was found for the “inte-
gral” hybrid roughness value L, between the tech-
niques LPM and stereo-SEM, as well as between
IM and stereo-SEM (see Table 3). However, there
were no other significant differences for any other
calculated “integral” roughness parameter between
the 3 techniques measuring the same profiles. This
lack of difference may partly be the result of rela-
tively high standard deviations of the measurements,
which are a consequence of the short scan length of
85 pm used in this study. A full description of the
surface was not possible with this relatively short
scan length, because some parts of form, waviness,
and roughness could not be detected and therefore
were lost. For example, it is known that the ampli-
tude value R_ is linearly related to the square root of
the measured distance along the surface.26 The
short scan length is a practical limitation of the
stereo-SEM and IM and results in smaller ampli-
tude roughness values compared to those calculated
from the original LPM profiles (see Table 4).

Furthermore, the results of the “integral” rough-
ness calculation demonstrated that, independent of
the method used, these roughness parameters are of
limited value in describing the surface structures of
2 superimposed topographies of different scale
ranges. For example, the grit-blasted and etched
surface, which is used in I'TI implants,17,19,20,23,24
has one feature related to the grit-blasting process
and a second feature, produced by etching, that is 1
to 2 orders of magnitude finer. Standard “integral”
amplitude roughness parameters do not adequately
describe this structure, as the fine roughness fea-
tures are hidden by the coarser contributions to
roughness, whereas for the spacing parameter S,
there is a computational problem related to the def-
inition of this parameter. The calculation of S, is
highly dependent on the threshold settings, with
the consequence that small features of the fine-etch
structure were filtered out when calculating S,
according to the norm.

Wavelength-dependent roughness evaluation is
useful in describing surface topographies produced
by 2 consecutive surface-structuring processes,
because the contributions in different wavelength
ranges can be separately calculated. Furthermore,
the results indicate that more than one instrument is
needed to characterize such a surface because of the
lateral and vertical resolutions, as well as artifacts and
limited measuring range of the methods. This study
shows that LPM, IM, and stereo-SEM must be used
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to characterize the whole range of topographies
present from the macro- to the nano-range. A wave-
length-dependent roughness evaluation enables the
comparison of the different instrumental methods in
the same wavelength range. This is an extremely
important issue in comparing different methods that
is overlooked by far too many users of roughness
measurement equipment.34 Another advantage of the
wavelength-dependent roughness concept is the
visualization of iFFT-filtered profiles and images, as
shown in Figs 9 and 10. Particular aspects of selected
topographic features such as area, form, depth, and
their statistical distribution, as well as information on
homogeneity/heterogeneity and isotropy/anisotropy
across the surface, may be quantitatively evaluated
with the help of image analysis software.

CONCLUSION

An important question in implant-related therapies
is, how does the topography of a surface influence
the biological response? Topographic features in dif-
ferent size ranges would be expected to influence
such processes as protein adsorption or cell adhe-
sion. The complete characterization of complex sur-
face topographies of commercial implants requires
more than one method to describe the whole surface
topography, from the macro- to the nano-range.
The proposed description of roughness in discrete
windows provides the opportunity to correlate in
vitro and/or in vivo biological performance data
with surface topographic data over various size
ranges that are relevant to the interaction of the sur-
face with biomolecules such as proteins, with cells,
and with tissue. In addition, wavelength-dependent
roughness evaluation is very valuable in surface
quality assurance and may serve as a useful indicator
of the quantitative effect of surface treatment
processes. It is particularly valuable for describing
separately and quantitatively the topographic out-
come of each individual treatment step in multi-step
surface fabrication procedures.3’
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