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ABSTRACT 
Aim: This study aims to evaluate and compare the profilometry and atomic force microscopy (AFM) for characterization of 
biomaterial surfaces. Method: The clinically commonly used titanium (Ti) was used as the specimen. Each of the specimen was 
prepared by different grits of sandpapers, including 2000, 1000, 800, 600, 400, 220, 180, and 100 grits. An unpolished Ti plate 
served as the control. Surface characterization of the Ti specimens was examined using profilometry and AFM. Results: Both 
profilometry and AFM were capable of producing two-dimensional (2D) and three-dimensional (3D) topography. The scanning 
speed of profilometry (12 ± 5 s/image) was faster than that of AFM (250 ± 50 s/image) (p < 0.01). The resolution of AFM was 
relatively higher than profilometry. AFM produced more precise value, especially at nano-scale. When the Ti surface roughness 
was less than 0.2 μm, the results of surface roughness measured by profilometry and AFM were similar (mean difference = 0.01 ± 
0.03, p = 0.81). When the Ti surface roughness was more than 0.3 μm, the surface roughness measured by profilometry was 
slightly higher than that by AFM (mean difference = 0.43 ± 0.15, p = 0.04). Conclusion: Profilometry and AFM are both useful 
techniques for the characterization of biomaterial surfaces. Profilometry scanned faster than the AFM but produced less detailed 
surface topography. Both technologies provided similar measurement when the roughness was less than 0.2 μm. When the Ti 
surface roughness was more than 0.3 μm, the surface roughness measured by profilometry was slightly higher than that by AFM. 
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1 Introduction 
Titanium (Ti) and its major medical Ti alloy, are widely used 
in many medical fields as such as dentistry and orthopedics 
due to their excellent biocompatibility, mechanical properties, 
corrosion resistance, anti-microbial properties, and the neutral 
interference during modern imaging techniques, such as 
computed tomography or magnetic resonance imaging [1]. 
The Ti surface properties such as nanotopography and roughness 
affect osteoblast adhesion, proliferation, differentiation, and 
extracellular matrix formation [2]. The surface nanotopography 
and roughness could be measured using many techniques, 
including optical and scanning electron microscopy, contact 
and noncontact profilometry, and the atomic force microscopy 
(AFM) [3–5]. However, many roughness scales and the absence 
of a discernible pattern contribute to the complexity of 
measuring and researching surface roughness. The existence 
of voids and imperfections further complicates the correct 
measurement of surface roughness in ceramics [6]. There is 
no measurement capable of measuring all scales, thus it is 

essential to create methods for combining data from several 
devices. Optical profilometer and AFM measurements are 
ideally suited to cover an extensive variety of topographical 
scales [7]. 

Profilometers utilize a variety of optical concepts, including 
interferometry, focus detection, and light scattering to analyze 
the surface profile of an object. The data that generated by the 
profilometer could be used to create two-dimensional (2D) and 
three-dimensional (3D) surface profile graphs of the object [8]. 
These instruments offer a broad measuring range for amplitude 
and are consequently widely used to test the surface of materials. 
However, it may not provide a good visual description of the 
surface with 2D and 3D measurements [9]. AFM was first 
introduced by Gerd Binnig, Calvin Quate, and Christoph 
Gerber in 1986, as the first effective instrument for imaging, 
measuring, and documenting the structural character of a 
material in real time [10]. It has been widely used in a wide 
variety of scientific areas, including dentistry and medicine. 
AFM provides 3D scanning of the topography of the contact 
surfaces of various materials at the micro and nano levels, 
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producing high-resolution 3D pictures of the data [11]. When 
compared with a traditional profilometer, the resolution of 
AFM has a higher level of accuracy due to its precise tip and 
lower loading force [12]. But the AFM’s greatest measurement 
range is generally restricted to a surface that is 100 μm × 100 μm 
in size [13]. 

Roughness parameters are used to define various surface 
morphological qualities. Areal roughness parameters are defined 
in the International Organization for Standardization (ISO) 
25178 (www.iso.org) series. As the surface characteristics should 
be described as using more than one surface measurement 
parameter, multiple parameters such as height, spatial, hybrid, 
functions and related parameters, and parameters related to 
segmentation could be used, in order to give reliable information 
on the profile shape [6]. 

The aim of this study was to evaluate and compare the 
roughness and topography by profilometer and AFM to 
characterize the surface quality in Ti with different grit of 
sandpapers. 

2 Methods 

2.1 Preparation of specimens 

The clinical commonly used Ti plate (Synthes Maxillofacial 
plate) was cut into nine identical plates. Each of the plates was 
prepared by different grits of sandpapers (2000, 1000, 800, 600, 
400, 220, 180, and 100 grits). An untouched Ti plate was used 
as the control. All specimens were cleaned with an ultrasound 
cleaner and naturally dried before the profilometry and AFM 
measurements and analyses. 

Surface characterization was performed using a profilometer 
(Polytec TopMap Micro.View, Baden-Württemberg, Germany) 
and an AFM (BioScope ResolveTM, Bruker Billerica, 
Massachusetts, USA). Three different regions were evaluated 
in each specimen [6]. With the ScanAsyst mode, the AFM 
adjusted most of the parameters such as set-point, drive 
frequency, scan rate, feedback gains, and other important 
scanning parameters automatically to obtain a given sample 
[14]. The specimen surface was scanned using a triangular 
DNP-10(B) tip (frequency 23 KHz, spring constant 0.12 N/m, 
tip radius 20 nm). Three areas were randomly selected from 
each specimen for measurement, and 2D and 3D AFM images 
were then taken at 50 μm × 50 μm planes, at 256 × 256 
resolutions, and at a scan rate of 0.5 Hz in ScanAsyst mode [15]. 

Surface characterization was made using areal ISO 25178 
(www.iso.org) (Eq. (1)). Sa is the average roughness and defined 
as the average height of all measured points in the measurement. 
It is the extension of Ra (arithmetical mean height of a line) to 
a surface. It is commonly used for surface roughness evaluation. 

 1
Sa , d d

A
Z X Y x y

A
            (1) 

2.2 Statistical analysis 

Data obtained from profilometry and AFM measurements were 
recorded and subjected to statistical analysis on SPSS 28 software 
(SPSS Inc, Chicago, IL, USA), Origin 2022b (Academic) for 
Windows (OriginLab Corporation, Northampton, MA, USA), 
Topography Measurement System 4.2.1.1 (Polytec GmbH, 
Waldbronn, Baden-Württemberg, Germany) and Mountains 9.3 
(Digital Surf, Besançon, France). The results were expressed as 
percentages and numbers. The surface roughness parameters 
were expressed as the mean ± standard deviation (SD) if 
normally distributed, or as the median and interquartile range 
(IQR) if they had a skewed distribution. The measurements  
of profilometry and AFM were compared using One-Way 
ANOVA and Tukey’s post hoc test at α = 0.05. 

3 Results 
Scanning speed of the profilometer (12 ± 5 s/image) was faster 
than that of the AFM (250 ± 50 s/image) (p < 0.01). Both 
profilometry and AFM produced good quality 2D and 3D 
images. The peak and valley could be seen and measured in 
both 2D and 3D images (Figs. 1 and 2). AFM provided images 
with near-atomic resolution and more parameters of surface 
topography compared with the profilometry (Table 1). The 
topography of AFM revealed a non-uniform with distinct peaks 
and deep valleys surface. The resolution of the profilometry was 
less than AFM (Fig. 1). The commonly used height, functional, 
spatial, hybrid, functional volume, and functional (stratified 
surfaces) values of the roughness of the control group are 
presented in Table 2. Spatial and hybrid parameters of roughness 
were not able to obtain from profilometer analysis. Therefore 
the fineness of the material was unable to assess. 

Overall, the AFM produced more precise value than 
profilometer, as AFM could give measurement in nanometer. 
AFM gave slightly lower roughness values (0.03426 ± 0.00183 μm) 
than profilometer (0.10 ± 0.02 μm) in the control (Figs. 3 and 
4). The surface roughness measurement results with different 
polishing grit obtained using the AFM and profilometer are 
shown in Fig. 4. Based on the overall roughness evaluation, 
the AFM has lower value than profilometer (mean difference 
= −0.14, p > 0.05). When the Ti surface roughness was less 
than 0.2 μm, the measurement results of profilometry and AFM 
were similar (mean difference = 0.01 ± 0.03, p = 0.81). When the 
surface roughness was more than 0.3 μm, the measurement 
results of profilometry were higher than that of AFM (mean 
difference = 0.43 ± 0.15, p = 0.04) (Figs. 3 and 4). 

 
Figure 1 3D topographic images of AFM and profilometry of the titanium surface (control). 
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Table 2 Roughness parameters (ISO 25178) in control between 
profilometry and AFM 

ISO 25178 Profilometry AFM 
Height   

Sa  0.10 ± 0.02 μm 0.03426 ± 0.00183 μm 
Sq  0.13 ± 0.02 μm 0.04561 ± 0.00299 μm 
Sz  1.09 ± 0.10 μm 0.83767 ± 0.11849 μm 
Sp  0.43 ± 0.09 μm 0.55623 ± 0.07873 μm 
Sv  0.66 ± 0.04 μm 0.28143 ± 0.05637 μm 

Sku  3.64 ± 0.81 μm 6.11267 ± 1.25056 μm 
Functional   

Smc  0.43 ± 0.09 μm 0.60583 ± 0.05273 μm 
Spatial   

Sal N/A 0.60583 ± 0.05273 μm 
Str N/A 0.85310 ± 0.03952 

Hybrid   
Sdq N/A 0.20193 ± 0.01046 
Sdr N/A 1.34017% ± 1.15656% 

Functional volume   
Vvv  17.59 ± 3.45 μL/m2 5.59100 ± 0.25422 μL/m2 

Vvc  156.68 ± 37.12 μL/m2 50.22000 ± 2.58529 μL/m2

Vmp  5.9 ± 2.30 μL/m2 2.91433 ± 0.40824 μL/m2 
Vmc  120.54 ± 25.26 μL/m2 37.00667 ± 1.63121 μL/m2

Functional (stratified surfaces)  
Sk  0.34 ± 0.06 μm 0.10038 ± 0.00492 μm 

Spk  0.11 ± 0.04 μm 0.05784 ± 0.00765 μm 
Svk  0.16 ± 0.03 μm 0.05170 ± 0.00336 μm 

Smr1  0.08 ± 0.01 0.10960 ± 0.00436 
Smr2  0.89 ± 0.01 0.87893 ± 0.00333 

*Profilometry only can export two decimals at μm scale. AFM can export 
data to 5 decimals at μm scale. 

 
Figure 3 Surface roughness of the titanium treated with different grits of 
sandpapers characterized by profilometer and AFM. 

 
Figure 4 Correlation of the surface roughness characterized by profilometer 
and AFM. 

 
Figure 2 2D topographic images of AFM and profilometry of the titanium surface (control). 

Table 1 Parameters of surface characterization from profilometry and AFM 

 Parameters 
 Height Functional Spatial Hybrid Functional 

volume 
Feature Functional  

(stratified surfaces) 
Feature  

(watershed, shape) 
Profilometry Sq, Ssk, 

Sku, Sp, 
Sv, Sz, Sa 

Smr, Smc Sal, Str, 
Std 

Sdq, Sdr Vmp, Vmc, 
Vvc, Vvv 

N/A Sk, Spk, Svk, Smr1, 
Smr2, Spq, Smq, Svq 

N/A 

         
AFM Sq, Ssk, 

Sku, Sp, 
Sv, Sz, Sa 

Smr, Smc, 
Sdc 

Sal, Str, 
Std, Ssw 

Sdq, Sdr Vm, Vv, 
Vmp, Vmc, 
Vvc, Vvv 

Spd, Spc, S10z, S5p, S5v, 
Sda, Sha, Sdv, Shv, Svd, 
Shh, Shhx, Shhq, Shax, 
Shaq, Shvx, Shvq, Sdd, 
Sddx, Sddq, Sdax, Sdaq, 
Shn, Sdn 

Sk, Spk, Svk, Smrk1, 
Smrk2, Spq, Svq, Smq, 
Sak1, Sak2, Spkx, Svkx 

Shrn, Shrnx, Shrnq, Shff, 
Shffx, Shffq, Shed, Shedx, 
Shedq, Shar, Sharx, Sharq, 
Sdrn, Sdrnx, sdrnq, Sdff, 
Sdffx, Sdffq, Sded, Sdedx, 
Sdedx, Sdarx, Sdarq 

Bold: the different between AFM and profilometry analysis  
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4 Discussion 
Surface characteristics, such as roughness and topography, 
have significant effect on the cell response, for example, Ti 
surface significantly enhances osseointegration [16]. In the 
literature, biomaterial surfaces are often characterized using 
different microscopy technologies, such as profilometry, AFM, 
scanning electron microscopy, and confocal laser scanning 
microscopy [17–19]. Among these technologies, profilometry  
and AFM can provide both quantitative and quantitative 
information of the material surfaces. The current study compared 
the profilometry and AFM for surface characterization of Ti 
and found that the profilometry scanned faster than the AFM 
but provided relatively less detailed information about surface 
topography. The AFM provided images with atomic level 
resolution for measuring surface topography when comparing 
with profilometry. Both technologies provided similar 
measurement when the roughness was less than 0.2 μm. When 
the Ti surface roughness was more than 0.3 μm, the surface 
roughness measured by profilometry was slightly higher than 
that by AFM. 

Profilometers utilise a variety of optical concepts test the 
surface roughness of materials. AFM is a very effective tool for 
measuring and recording the structural properties of a material, 
and it enables the visualisation of the surface topography of  
Ti with a high spatial resolution. Given the benefits of their 
imaging properties and the fact that they do not alter the 
surface of the sample, these instruments are increasingly utilised 
to evaluate the surface characteristics of dental materials [20]. 
The most used parameter for measuring the surface roughness 
of Ti is Sa 

In this study, the Ti surface roughness and topography were 
measured with two different methods and the findings obtained 
by the two devices are compared. Due to differences in the 
measurement sensitivity and working processes of the two 
devices, the identical plates may provide different surface 
roughness values. In this investigation, the overall roughness 
was found to be higher in profilometer than AFM in our study, 
which is consistent with other studies [8, 21]. Regarding the Sa 
parameter, the profilometer and AFM have shown extremely 
comparable patterns when the roughness is less than 0.2 μm. 
They have both demonstrated that certain polished surfaces 
had no discernible variation from the control, which is consistent 
to other studies [6]. Variations in AFM measurements may be 
attributable to the fact that the AFM device gave a better 
resolution picture and conducted nanometric measurement, 
and a more sensitive measurement may produce more 
distinguishable findings [15]. 

The nature of surface topography is 3D. Hence, the 
measurement of 3D surface topography can reflect the intrinsic 
properties of surface. 3D parameters are more realistic    
than 2D profiles. The information that obtained from 3D 
measurement provides a more detailed representation of 
surface topography than 2D measurement [21]. AFM could  
be used for qualitative measurements and delivers data in 3D. 
The differences found between AFM and profilometer suggest 
that AFM could offer more detailed definition of surface 
topography. This may indicate that there is a difference in 
sensitivity between profilometer and AFM. AFM requires 
accurate measurement to examine the surface topography of 
the Ti at the high spatial resolution. Hence, it is more sensitive 
to small topographic changes. Compared to profilometer, the 

AFM with a 20 nm tip radius allows for more precise tracings. 
Therefore it may result in more distinctive results. 

Apart from the surface roughness measurement, AFM was 
developed and has been widely used as a method for imaging 
biomolecules with atomic level resolution under real-time 
physiological condition. It has been used to investigate the 
nanomechanical characteristics of cells, tissues, microorganisms, 
and biological macromolecules like proteins, lipids, mRNA, 
and DNA [19, 22–24]. Profilometer on the other hand is an 
easy to use and compact optical profiler. The main advantages 
of the profilometer are its fast scanning speed, which results in 
a reaction time of the distance sensor that is less than 0.1 ms, 
high bandwidth, a compact size, and low cost [25, 26]. 

Both measurement methods provide comparable and distinct 
outcomes, they somewhat complement one another. In 
general, AFM provided relative more comprehensive surface 
characterization than profilometry but relatively slower speed. 
Since both methods only look at a small part of the surface of 
the sample, measurements that analyse the whole surface 
could give more accurate results. 

5 Conclusion 
Profilometry and AFM are both useful techniques for the 
characterization of biomaterial surfaces. Both techniques yield 
equivalent and unique results. They complement one another 
to some extent. In general, AFM produced a more exhaustive 
surface characteriszation than profilometry, albeit at a slower 
rate. Both technologies provided similar measurement when 
the roughness was less than 0.2 μm. When the Ti surface 
roughness was more than 0.3 μm, the surface roughness 
measured by profilometry was slightly higher than that by 
AFM. As both approaches only examine a small portion of the 
sample’s surface, measurements that examine the entire 
surface may yield more accurate findings. 
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