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Direct Assessment of Profilometric Roughness 
Variability from Typical Implant Surface Types

Sean S. Kohles, PhD1/Melissa B. Clark, MS2/Christopher A. Brown, PhD3/James N. Kenealy, PharmD4

Purpose: Protocols for quantifying the surface roughness of implants are varied and dependent upon
the roughness parameter produced by the particular measurement device. The objective of this study
was to examine the accuracy and precision of typical roughness characterization instruments used in
the dental implant industry. Materials and Methods: The average roughness (Ra) was measured using
2 common surface characterization instruments: an interferometer and a stylus profilometer. Titanium
disks were prepared to represent 4 typical dental implant surfaces: machined, acid-etched, hydroxyap-
atite-coated, and titanium plasma-sprayed. Repeated measurements from multiple sites on each sur-
face were undertaken to establish statistical inferences. Qualitative images of the surfaces were also
acquired using a laser scanning confocal microscope. After surface measurements were conducted,
the disks were diametrically cut and cross-sectional profiles were examined using a scanning electron
microscope (SEM) as a comparative measure of surface topography. An analysis of variance was
applied to isolate the effects of the measurement site, measurement sequence, surface treatment,
and instrument type on Ra values. Results: The results indicated that surface treatment (P = .0001)
and instrument (P = .0001) strongly influenced Ra data. By design, measurement site (diametrical: P =
.9859; area: P = .9824) and measurement sequence (P = .9990) did not influence roughness. In the
assessment of individual instrument accuracy, the interferometer was the most accurate in predicting
SEM-based roughness (P = .6688) compared with the stylus (P = .0839). As a measure of aggregate
precision over all measurements, the most repeatable instrument was the stylus (coefficient of varia-
tion [CV] = 0.108), followed by the interferometer (CV = 0.125) and SEM (CV = 0.273). Discussion:
These results indicate dependencies in accuracy and precision related to the surface characterization
technique. Conclusion: Instrument variability may obscure functional correlations between implant
surface topography and osseointegration. INT J ORAL MAXILLOFACIAL IMPLANTS 2004;19:510–516
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To replace teeth in a partially or completely eden-
tulous patient, the use of dental implants has

become a viable alternative to fixed partial denture
restorations. Endosseous implants gain initial stabil-
ity from a precise fit with the supporting bone. Stud-
ies using commercially pure titanium implants in ani-
mal models have shown that implant anchorage can
be achieved with direct bone contact and enhanced
by increasing the surface roughness of the implant.1–9

The percentage of bone-implant contact has been
shown to relate to successful implant function.10 Ani-
mal studies have demonstrated that regions with can-
cellous bone, such as the posterior maxilla, offer sta-
tistically lower success rates when compared with
locations with denser tissue.11 This is related to the
fact that denser bone increases the amount of bone-
implant surface contact. Although the anatomic sur-
face availability cannot be controlled, the surface
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topography of an implant can be designed to
increase bone-implant contact. Attempts have been
made to improve implant anchorage by increasing
the bone-implant surface contact through porous or
coated implant surfaces. Studies that have examined
the biologic development of the bone-implant inter-
face resulting from a variety of implant surface treat-
ments indicate that long-term fixation, assessed by
mechanics and histomorphometry, can be attained
by increasing roughness of the implant surface,
thereby increasing bone-implant contact.6,8,11,12

A number of implant surface treatments exist
that roughen surface topography and thus offer a
means to improve fixation. Rough surfaces are pro-
duced through the addition or subtraction of
implant surface material. A plasma arc spraying
process can be used to add a coating such as hydrox-
yapatite (HA) or bioactive calcium phosphate
(CaP).13 The coating material is generally fed into a
plasma flame in powder form by a carrier gas, where
it melts, gains high velocity because of high plasma
enthalpies, and is propelled to the substrate
surface.14,15 Alternatively, treatments such as polish-
ing, machining, and acid etching subtract material
from the implant surface. In polishing, an abrasive
material is attached to a flexible backing, such as a
wheel or a belt. The substrate is then brought into
direct contact with the abrasive surface. Usually
polishing is started with a coarse abrasive paper (50
to 220 grit) followed by a finer abrasive (generally
about 600 grit) at a polishing speed of 10 to 30 m/s.
The process of acid etching produces a matte finish
on metallic substrates. This process removes oxide
films and embedded surface contaminants while
roughening the surface. Hydrochloric, nitric, phos-
phoric, chromic, or sulfuric acids are generally com-
bined with salts to achieve a rougher substrate sur-
face.14 Finally, blasting both adds and subtracts
surface material. Abrasive aluminum oxide (Al2O3)
or titanium dioxide (TiO2) particles 0.12 to 0.25
mm in diameter are impinged upon the surface of
the implant. The implant is roughened both by the
barrage and by embedded particles.14,16

A variety of devices exist for characterizing the
resulting roughness of the applied surface treat-
ments. These can be divided into 3 categories of
instruments: mechanical contact profilometers, scan-
ning probe microscopes, and optical profilometers.
Stylus-based profilometers are common. These
devices convert the vertical motion of a phonograph-
like stylus (often diamond-tipped, with a radius of 2
to 20 µm) as it moves across the surface into electri-
cal signals that are plotted against distance traversed.

An atomic force microscope is an example of a scan-
ning probe microscope. It utilizes a stylus mounted
to the end of a cantilever. Atomic forces attract the
fine-tipped stylus (6 to 60 nm radius) to the surface,
and the reaction force generated during cantilever
bending is used to indicate the surface profile.17

Laser confocal profilometers and interferometers do
not mechanically contact the surface; they utilize a
light beam as an optical stylus to obtain a surface
profile.18 The beam width, aperture, and wave length
determine the lateral resolution. Each of these tech-
niques provides a means to quantify and qualify
rough surfaces for biomedical applications.

The potential for variation exists in the measure-
ment of surface roughness resulting from the avail-
able surface preparation techniques. Surface metrol-
ogy indicates that a variety of assumptions and
surface parameters influence a spectrum of rough-
ness metrics.12,19–22 Since implant surface quality
has been shown to affect long-term stability, indus-
try-wide standardization of acceptable levels of
accuracy and precision for each measurement device
is necessary to ensure consistent characterization of
commercially available implants. However, proto-
cols for quantifying the resulting roughness are still
varied and dependent upon the specific parameter
produced by the particular measurement device.23

The objective of this project was to characterize
the accuracy and precision of representative dental
implant profilometry techniques (Fig 1). To satisfy
this objective, 2 common profilometers were used
to quantify 4 different surfaces for comparison with
cross-sectional views analyzed with microscopy. 
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Fig 1 Hypothetical comparison of 4 normally distributed profilo-
metric measurements. If a roughness index of 2.5 is determined
to be the actual measure of surface quality, the 4 sets of profilo-
metric measurements can be categorized as (a) accurate and
precise, (b) accurate but imprecise, (c) precise but inaccurate, (d)
imprecise and inaccurate.
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MATERIALS AND METHODS

Repeated measurements of multiple controlled sur-
face preparations were made using 2 common
instruments: a stylus profilometer and an interfer-
ometer. Commercially pure titanium disks were pre-
pared to represent typical implant surface types:
machined (untreated), acid-etched, titanium plasma-
sprayed (TPS), and HA-coated. The disk shape was
designed to eliminate roughness or measurement
dependencies upon geometry or sampling location.
Seventy-two disks (5 mm diameter � 1 mm thick)
were prepared by Implant Innovations, Palm Beach
Gardens, Florida. Four disks, each with 1 of the 4
surface conditions, were randomly selected for
repeated-measures analysis. The transverse cross
sections were examined using microscopy to estab-
lish an actual value of surface quality to evaluate
accuracy. The accuracy of each measurement tech-
nique was quantified by comparing instrument-
derived values and values derived by measuring
cross-sectional profiles of each surface type created
using a scanning electron microscope (SEM; JSM-
840; JEOL USA, Peabody, MA) at 400� magnifica-
tion. A laser scanning confocal microscope (LSCM;
Biorad MRC 1024ES; JEOL USA) with a krypton-
argon laser also provided qualitative information
about the surface topographies.

A power analysis was applied to initial data sets
to ensure the statistical strength of the final sample
sizes. Using preliminary standard deviation data (�i)
from 5 samples per surface condition (i), it was
assumed that the probability of the measurements
would be within 95% of the sample means (Z�/2 =
1.96) with a margin of error (B) of = 10%. Thus the
normal, standard error of the estimator equation,
comparing 2 surfaces, resulted in a sample size of

for equal sized groups. This power study indicated
that 15 measurements should be collected from
each individual site on each of the 4 surface types.

Multiple measurements were taken of each sur-
face with each profilometer from sample disks. Lin-
ear measurements (2-dimensional data) were taken
along 2 perpendicular diameters using a stylus pro-
filometer (Mahr Perthometer PRK; Mahr Federal,
Cincinnati, OH). A 5-µm-radius stylus tip was used
for all 120 measurements (2 diameters � 15 mea-
surements � 4 surface types). Filtered and unfiltered
data were acquired as the stylus moved across the
surface at 0.50 mm/s. Areal measurements (3-dimen-
sional data) within the 4 quadrants defined by the

stylus bisections were then taken using an interfer-
ometer (NewView 5000; Zygo, Middlefield, CT).
Light and dark fringe patterns were processed from
the optical path difference between a reference
white-light beam and 1 reflected from sample sur-
faces. The measurements were taken with a 20�
objective lens and a 20� instrument magnification,
for a total magnification of 400�, over each 378 �
268-µm quadrant. The camera resolution was 1.2
µm, and a low-pass median filter was used for all 240
measurements (4 quadrants � 15 measurements � 4
surface types). The filter provided a means to opti-
mize the fringe pattern without affecting resolution.
Qualitative information about the surface, ie, images,
was collected using the LSCM at a 20� magnifica-
tion objective and a 16� instrument magnification
for a total magnification of 320� over each 844.6 �
844.6-µm region. All 2- and 3-dimensional quantita-
tive roughness calculations were determined using
software developed for scale sensitive-fractal analysis
(Surfrax; Surfract, Norwich, VT). The validated
software provided consistent analysis between pro-
filometers. It used a patchwork method to determine
area-scale fractal properties of measured surfaces.24

Single representative disk samples of each surface
were then diametrically cut through their geometric
centers (Isomet 11-1180 Low Speed Saw; Buehler,
Lake Bluff, IL, and 220 Grit Diamond Grinding
Wheel; Norton, Worcester, MA). The exposed cross
section was polished to clarify the edge of the ana-
lyzed roughened surface, following published histo-
morphometric techniques.25 Four length segment
images along the cut edge of each roughened surface
were viewed from an orientation orthogonal to the
exposed cross-section under the SEM, and a digital
trace of the surface profile was produced. A magnifi-
cation of 400� was used, which gave a sampling
length of 219 µm. The profile was analyzed using
image analysis software (Scion Image; Scion, Freder-
ick, MD) where maximum and minimum lines were
drawn at the highest peak and lowest valley. The
mean line was determined by equating the areas
defined by the profile curve above and below the min-
imum and maximum lines, respectively (Fig 2). The
distance from the mean line to the contours of this
profile edge (z) as a function of incremental length (x)
was used to directly calculate a center-line average
roughness value (Ra) using the following equation:

along the measurement length (L). This roughness
metric was used as the basis for an accuracy compar-
ison among the instruments.

n = [Z�]2 · [�1
2 + �2

2]
2               B2

Ra = 1�L
|z(x)|dx

L 0
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Descriptive and comparative statistical analyses
tested the effects of specific measurement site, mea-
surement sequence, measurement precision, surface
treatment, and instrument type on all Ra values. An
analysis of variance was applied to determine the
statistical significance of any influence by calculat-
ing how much of the variability in the dependent
variable (roughness) could be explained by each of
the effects in question. The resulting probability (P)
was a guide to how important that effect was in
explaining the behavior of the dependent variable.
Where P � .05, the independent variable was con-
sidered to have influenced the behavior of the
dependent variable. Fisher’s protected least signifi-
cant difference (PLSD) test was applied post hoc for
direct effect comparisons. Although the effect of
repeatability (measurement site and sequence as
nominal independent variables) was statistically ana-
lyzed using analysis of variance, the degree of
instrument precision was quantified using both site-
specific and aggregate coefficients of variation (CV
= standard deviation/mean) for all measurements
made by each instrument. Statistical analyses were
performed using commercially available software
(StatView v5.0.1, SAS Institute, Cary, NC). Rough-
ness values are reported as means and standard
errors (SEs).

RESULTS

Qualitative images from an LSCM indicate the
unique visual characteristics of each implant surface
type (Fig 3). Note the more granular appearance of
HA-coated and TPS surfaces. Cross sections, as
examined using an SEM (Fig 4), provided a means
to directly quantify surface topography from digi-
tized profiles of each implant surface type. This
perspective helped to identify local characteristics
that may have influenced the profilometry-derived
Ra values.

Overall results indicated that surface treatment
(P = .0001) and instrument (P = .0001) influenced
Ra measurements (Table 1). Measurement site as an
assessment of spatial variability did not influence Ra
values (diametrical: P = .9859; area: P = .9824).
Measurement sequence, which assessed a user or
repeated-measure influence, likewise had no effect
on Ra determination (P = .9990). In the assessment
of individual instrument accuracy, the interferome-
ter was the most accurate in the prediction of SEM-
based Ra (P = .6688) compared with the stylus 
(P = .0839). For a description of precision, the most
precise instrument based on an aggregate CV for all
measurements (Table 1) was the stylus (CV =

0.108), followed by the interferometer (CV = 0.125)
and SEM (CV = 0.273). 

DISCUSSION

The objective of this project was to characterize
accuracy and precision associated with representa-
tive dental implant profilometry techniques. To sat-
isfy this objective, mechanical and optical pro-
filometers were used to quantify the roughness of 4
different surfaces and compare them with direct
roughness calculations acquired from cross-sectional
views analyzed using microscopy. Since implant sur-
face quality has been shown to affect long-term sta-
bility, an industry-wide standardization of accept-
able levels of accuracy and precision for each
measurement device is necessary to facilitate consis-
tent comparison of commercially available implants.
The data collected in this study achieved the objec-
tive, providing a means for direct comparisons for
the purpose of statistical assessment.

Roughness data collected from the literature
indicate a broad range of roughness values for simi-
lar surface preparations using similar profilometers.

Fig 2 Illustrated protocol for direct determination of Ra from
test sample disks. (a) An SEM image of a cross-sectional view of
a TPS disk was made (original magnification �400). (b) A digital
contour (red line) was drawn over the roughened surface profile.
(c) The digital contour was isolated for roughness calculation. (d)
Maximum and minimum horizontal lines were drawn from peak
references, while the mean line was set by equating the curve
areas (green shading) above and below it.
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Table 1 Ra Values in µm, Standard Errors (SE), and Coefficients of Variation (CV) for Each Surface Type 

Machined Acid etched HA coated TPS

Mean SE CV Mean SE CV Mean SE CV Mean SE CV

Stylus* 0.365 0.030 0.082 0.699 0.064 0.092 3.353 0.082 0.038 3.755 1.085 0.222
Interferometer† 0.327 0.002 0.054 0.727 0.014 0.144 5.368 0.126 0.073 6.088 0.834 0.228
SEM‡ 1.200 0.184 0.306 2.486 0.286 0.230 4.260 0.795 0.373 5.911 0.539 0.183

*120 total measurements.
†240 total measurments.
‡16 total calculations were made using the Ra equation.

Fig 3 Representative LSCM images of (a)
machined, (b) acid-etched, (c) HA-coated,
and (d) TPS surfaces (original magnification
�320). 
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Fig 4 Representative cross-sectional SEM images of segments
from (a) machined, (b) acid-etched, (c) HA-coated, and (d) TPS
surfaces. The digital contour line (red) was used for direct calcu-
lation of Ra (original magnification �400).



Stylus measurements in the present study were
within a large range of Ra values (0.9 to 28.3 µm)
found in Kitsugi and coworkers,16 Nakashima and
associates,15 and Keller and colleagues.26 Interfer-
ometer measurements were somewhat similar (0.29
to 10.8 µm) to those in Mehl and associates.27 The
difficulty of direct Ra comparisons, because of the
contributions of uncontrolled influencing variables,
highlights the need for standardization.

Although this work provides a unique basis of
comparison using direct cross sections, there were
limitations associated with this effort. These include
the destructive nature of the process of sectioning
the disks for SEM observation, optional filtering
associated with interferometry, the potential
destructiveness of the stylus tip, the difference
between area measurements and linear measure-
ments, variability in the normalized measurement
length (L from the roughness equation), the rela-
tionship between disk geometry and dental implant
geometry, and the direct mathematical calculation
of Ra (SEM) versus the use of software algorithms
(stylus and interferometer). 

Future testing should overcome the limitations
associated with quantifying instrument and sample
variation. Measurements of different sites on
threaded implants (peak, valley, and flank) would
enable geometric influences to be isolated.20 Com-
parisons between sample batches using measure-
ments from the same instrument would provide a
measure of the consistency in surface preparation.
Additional surface treatments such as polishing,
sandblasting, Al2O3 blasting, TiO2 blasting, and CaP
coating would provide an additional range of surface
applications. The number of instruments should be
expanded to include the atomic force microscope and
LCSM. Measures of precision and accuracy could be
investigated using traveling studies (ie, analysis of the
same samples by multiple laboratories) as suggested
by the American Society for Testing and Materials
Committee on Medical and Surgical Materials and
Devices.28 Finally, examination of cell and tissue
adhesion with dental implant surfaces29 should ulti-
mately quantify functional variability. 

Area-scale analysis has been successful in demon-
strating the influence of surface texture or rough-
ness on adhesion.30 The theory is based on a dis-
crete bonding model, in which the macroscopic
adhesive strength is derived from a finite number of
discrete bonds at some finer scale. Each of the dis-
crete bonds occupies some small but finite space on
the substrate, and some small but finite force is
required to rupture it. The discrete bonding model
was found to be a reasonable explanation of the
relation between roughness and adhesive strength

in a recent study using thermal spray coatings.30 In
this study, correlation coefficients approaching 0.9
were found for adhesive strength versus relative
area at a sufficiently fine scale. The relative area is
the normalized area of the rough surface at a partic-
ular scale. The area of a rough surface depends on
the scale of observation31 where more surface area is
observable at finer scales than at larger scales. Nor-
malization is accomplished by dividing surface area
by the nominal, or projected, area of the rough sur-
face. The discrete bonding theory proposes that
there is a scale that corresponds to the area required
for each of the discrete bonds, and this is the scale
of the relative area that will correlate best with the
adhesive strength. This scale can be determined
experimentally30 and used phenomenologically to
advance the understanding of the adhesive mecha-
nisms and their interaction with surface textures.
Future work will address this scale analysis relative
to cellular adhesion with implant surfaces.

The overall results of this study indicate that the
accuracy and precision of profilometers, eg,
mechanical contact profilometers, scanning probe
microscopes, and optical profilometers, may be
strongly dependent upon the surface characteriza-
tion technique. This variability may obscure the
true nature of reported functional correlations
between implant surface topography and osseointe-
gration. Statistical standardization is strongly advo-
cated to strengthen reported relationships.
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