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      Abstract — The Atomic Force Microscope (AFM) is a very 

important instrument for use in nanotechnology and biology 

since it can be used to measure a wide variety of objects, such as 

nano-particles and cells, either in air or liquid. However, the 

images that are measured using AFM are distorted because of 

the influence of the tip geometry and the dynamic response of 

the instrument. This influence means that the images do not 

accurately represent the real shape of the measured particles or 

cells. Therefore, it is necessary to reconstruct the AFM tip 

shape. This paper proposes a new approach (impulse response 

technique) to reconstruct the AFM tip shape from a square 

pillar sample that is measured using AFM. Once the tip shape is 

known, a deconvolution process is carried out between the 

estimated tip shape and typical AFM ‘distorted’ images in 

order to reduce the distortion effects. The experimental results 

and the computer simulations validate the performance of the 

proposed approach, in which it illustrates that the AFM image 

accuracy has been significantly improved. The blind tip 

estimation approach is the industrial and research standard 

algorithm for the restoration of AFM images. We therefore also 

compare the proposed algorithm with the blind tip estimation 

algorithm, via the use of both computer simulations and real 

AFM images, and our algorithm gives enhanced results.  

Index Terms—Atomic force microscope, AFM, image 

restoration, deconvolution, and image morphology.    

 

I. INTRODUCTION 

HE Atomic Force Microscope is a very useful tool in the 

biomedical engineering [1] and microelectronics 

industrial [2] sectors. An AFM image is a distorted 

representation of the sample, due to the convolution effect 

which is produced by the finite size of the AFM tip and the 

dynamic response of the instrument. The image restoration 

problem has been studied by many researchers in terms of 

firstly determining the cantilever tip shape for the AFM and 

subsequently using it to restore the AFM images using some 

form of deconvolution algorithm. 
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This static formulation of the image restoration problem 

ignores other dynamic parameters that affect the image 

acquisition process in the AFM, such as the scanning speed, 

the response of the x, y and z piezo materials, and the 

bandwidth of the feedback loop system. As is well-known in 

digital image processing theory, the impulse response of a 

linear time invariant system “fully characterises” this system. 

This implies that our proposed algorithm‟s aim of finding an 

estimate of the impulse response of the AFM should 

inherently take all these parameters into consideration and 

should produce a better and more faithful image restoration 

algorithm than those that already exist in the literature.  

The first essential step at the front-end of digital image 

processing systems is that of capturing digital images. Many 

distortions occur during the image acquisition process and 

these distortions should be eliminated, or alleviated, by using 

image restoration algorithms. Examples of systems where 

these distortions occur are in astronomical imaging using 

telescopes, in confocal microscopy, computed tomographic 

(CT) scanners and many other applications. These are similar 

research problems to that of the image restoration of AFM 

images [3]-[5].  

In this paper we propose a new method (referred to here as 

the impulse response technique), which is suitable for 

estimating the AFM tip shape from the AFM image of the 

square pillar sample. Both computer simulation and 

experimental results were used for estimating the AFM tip 

shape. In both computer simulation and experimental results, 

a Lucy-Richardson deconvolution process was used between 

the estimated AFM tip shape and the AFM image in order to 

obtain a more accurate AFM image [6]. 

II. THE ALGORITHM 

It is proposed here that the determination of the three- 

dimensional impulse response of the AFM could be 

performed by taking the following steps. A standard AFM 

calibration sample that contains a grid of square pillars, with 

dimensions that are accurately known a priori to their 

measurement, is first measured using contact mode AFM for 

a region of interest that encompasses a single raised square 

pillar. The height of the square pillar is 100 nanometers. The 

3D topographical image that is produced by the AFM for the 

sample contains the square pillar‟s surface profile, however 

this is broadened due to the convolution process between the 
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cantilever tip and the square pillar sample. Digital image 

processing algorithms are then used to determine the exact 

location of the square pillar within the image. As its height is 

known a priori, those pixels that belong to the square are 

subsequently subtracted and are thus removed from the 

image, as follows. Firstly, the four sections that represent the 

impulse response of the AFM were numbered, as shown in 

Fig. 1(a). Then, sections 1 and 2 were translated towards 

each other. Next, sections 3 and 4 were also moved towards 

each other. Finally, we moved both sections 1, 2 and also 

sections 3, 4 simultaneously towards the centre of the square, 

as shown in Fig. 1(b). The resultant image can be considered 

to be a representation of the three-dimensional impulse 

response of the AFM.  

 

 

III. AFM TIP ESTIMATION 

This paper presents a new technique for estimating the 

AFM tip shape from the square sample using a new impulse 

response method. The proposed approach uses a tip 

characterizer (square pillar sample) [7-9]. The AFM image 

of the square pillar sample is considered to be produced as a 

result of a convolution between the shape of the sample and 

the AFM tip. Thus, the AFM tip can be reconstructed by 

eliminating the effects of the tip characterizer topography 

from the AFM image of the square sample, at the same time 

taking into account dynamic effects. We have used a tip 

characterizer that consists of a standard square pillar sample 

and the impulse response approach for eliminating the effects 

of the tip characterizer geometry and dynamics from the 

AFM image. In this paper we will show that the proposed 

approach of using an impulse response method is effective 

for estimating 3-D tip geometry, which then can be used in 

the restoration of more accurate AFM images. 

 

A. Computer Simulation 

In the computer simulation, we have constructed computer 

models for both the AFM tip and the sample, in which the tip 

has a pyramidal shape and the sample has the shape of a 

raised square pillar, as depicted in Figs 2(a) and 2(b) 

respectively. An AFM image of the square pillar sample 

would be represented by a convolution process between the 

sample topography and the pyramidal tip. It is clear from 

Fig. 2(c) that after applying a convolution process between 

the simulated sample and simulated tip, the AFM image is 

now distorted by the AFM tip shape and no longer accurately 

represents the true sample topography. In order to improve 

the AFM image, it is therefore necessary to obtain 

information about the AFM tip shape. Once the tip shape is 

known, the reverse process of the convolution procedure 

(which is a deconvolution) can be applied between the 

distorted AFM image and the reconstructed tip shape in 

order to remove this distortion. The image of the simulated 

square pillar sample is then thresholded. The goal of this 

thresholding is to segment the grey level image into two 

regions, namely the background and the square pillar object 

itself. The optimal threshold value can be considered to be a 

grey level that separates an object region and a background 

region, without compromising the object‟s integrity [10].  

 Next, the outer boundary of the square pillar was 

determined using the edge Canny detection algorithm, which 

is well known as being an optimal edge detector. Once the 

outer boundary is detected, as illustrated in Fig 2(d), the 

pixels that belong to the image of the square pillar are 

eliminated. At the same time the data associated with the 

effects of the AFM tip, which are present around the outer 

perimeter of the eliminated square, are translated towards a 

position at the centre of the previously removed square. The 

resultant image, which is illustrated in Fig. 3, is an 

approximation of the impulse response of the AFM. 

Any real experimental AFM topographic image may be 

regarded as being the result of the „true‟ surface topography 

of the object that has been degraded by instrumental noise. 

Thus the AFM image can be represented as being a 

convolution of the actual topographic image        and a 

)(a

)(b

Fig.  1. Depicts the process of eliminating the square pillar from the 

image using the impulse response technique. (a) The selected four 
regions 1,2,3,4 that contain information about the AFM tip; (b)  

moving the four sections 1, 2, 3, 4 towards the middle of the central 

square. This results in eliminating those pixels that belong to the 
square pillar and the remaining result is an approximation of the 

impulse response of the AFM.  
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degrading, or impulse response function, as in the following 

equation. Where x, y are the indices of pixels in the image. 

 

                                                          (1) 

 

Where        is the degraded AFM image,        is the 

original „true‟ sample topography, (*) indicates the 2D 

convolution effect between the sample and the tip, and 

       is a noise term. 

 

 

    Fig. 4(a) shows the two dimensional image of the square 

pillar sample that is analogous to a real AFM image, as it is a 

convolution between the pyramidal tip and the object‟s 

surface topography. Fig 4(b) shows the reconstructed image 

after applying a Lucy-Richardson deconvolution process 

between the reconstructed AFM tip shape and the blurred 

image of the square. The result of the deconvolution process, 

which comprises the reconstructed image, is slightly 

improved when compared with the original image.  

 

  B.   Experimental results for estimating 3-D AFM tip shape 

The three-dimensional impulse response of the AFM 

could be determined by performing the following steps. 

Measuring the topography of a standard AFM calibration 

sample using the AFM, as shown in Fig 5(a), that contains a 

raised square pillar with accurately known dimensions a 

priori to measurement. The 2-D topographical image 

produced by the AFM for the sample contains the square 

pillar‟s profile, but this is broadened due to the convolution 

effect between the 3D tip shape and the square pillar‟s true 

topography. Digital image processing techniques, such as 

thresholding and canny edge detection, were used to 

determine the exact location of the square in the image, as 

illustrated in Figs 5(b) and 5(c), respectively. As the height 

of the square is known a priori, the pixels that represent the 

square pillar may be eliminated by moving the inherent 

image distortions, that have been introduced due to 

convolution effects, to the centre of the image of the square. 

The resultant image may be considered to represent the 

three-dimensional AFM tip shape using the impulse response 

Fig. 3. Illustrates the simulation results showing the 3D image 
of the reconstructed tip shape. 

 

Fig. 2. Shows the simulation results for the impulse response 

technique using a square pillar sample. (a) the square pillar 

sample; (b) the AFM tip; (c) the image of the square sample that is 
produced by the convolution effect between the square pillar 

sample and the original AFM tip; (d) the outer boundary of the 

square pillar sample.. 
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method, and this is illustrated in Fig 5(d). Also, this image is 

considered to approximate the impulse response of the AFM. 

 

 

IV.     RESTORATION OF EXPERIMENTAL AFM 

IMAGES 

Restoration of images that are subsequently produced by 

the AFM can be carried out by performing a deconvolution 

process between the raw AFM image that is acquired directly 

from the instrument and the approximated AFM impulse 

response that was described in the previous section. Many 

algorithms can be applied here to perform this task, such as 

the Wiener, Regularized filter, Lucy-Richardson, and Blind 

deconvolution algorithms [11]. 

The widely used Lucy-Richardson algorithm uses the a 

priori information of non-negativity and flux conservation. It 

produces a restored AFM image through an iterative method. 

The idea is to imagine that the ideal AFM image is 

convolved with the impulse response of the AFM. The Lucy-

Richardson Algorithm maximizes the likelihood function of 

the image, which is modeled using Poisson statistics. The 

Lucy-Richardson algorithm uses such an iterative algorithm, 

as shown in (2). 

 

                  
               

                         
             (2) 

Where          is the transpose of the impulse response 

of the system,         is the previous estimate of the AFM 

image,        is the impulse response of the AFM system, 

and           is the current estimate of the AFM image.  

    The derivation and theory of operation of this algorithm 

has been described in detail in the original papers by Lucy 

[12] and Richardson [13].  

Figs. 6(a) and 6(b) respectively, illustrate the simulations 

of the blurred AFM image and also the resultant restored 

AFM image that was produced by applying the 

deconvolution process. As a result of applying the 

deconvolution algorithm, it can be seen from Fig 6(b) that 

the quality of the restored AFM image has been improved by 

removing the effects of the AFM tip from the original 

blurred image. 

 

 

)(a )(b

Fig. 6.  Illustrates the experimental results for the impulse response 
technique using a Lucy-Richardson deconvolution algorithm for 

reconstructing a real AFM sample that contains raised square pillars. 

(a) The 2D image of a real sample that contains a grid of raised 
square pillars measured using AFM; (b) The 2D image of the same 

sample after applying a Lucy- Richardson deconvolution algorithm 

(the restored image). 

 

)(a )(b

)(c )(d

Fig.  5.  Shows the experimental results for the impulse response 
technique, produced using a real AFM characterizer sample that 

contains raised square pillars. (a) The square pillar sample; (b)  
Thresholding a standard sample that contains a single square pillar with 

known dimensions; (c) Determining the location of the square pillar in 

the image by defining the outer boundary for removing the pixels that 
belong to the square pillar from the image; (d) Extracting the tip shape 

of the AFM. 

 

)(a

)(b
Fig. 4. Depicts simulation results for the impulse response 

technique. (a) The image of the sample due to the convolution 

between the square sample and the tip; (b) the image of the square 
sample after applying a Lucy-Richardson deconvolution.  
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Fig. 7 (a) shows an AFM topographical image of a single 

selected square pillar, produced by measuring a sub-region 

of the real sample that contains a grid of square pillars that 

was presented in Fig. 6. The restored AFM image after 

applying a Lucy-Richardson deconvolution algorithm is 

depicted in Fig. 7(b). As a result it can be seen that the level 

of distortion in the restored image has been reduced when 

compared with the original raw AFM image. 

 

V. BLIND TIP ESTIMATION ALGORITHM 

Blind tip estimation algorithms rely on set theory and 

morphological operations [14], [15]. Here we introduce 

Villarrubia's method, which is based upon set theory. Using 

this technique, where the surface topography is unknown, it 

is possible to estimate the tip shape from the original AFM 

image of the sample. The image of the object is obtained by 

the dilation of the sample and the reflection of the tip P. 

 

I = S   P                         (3) 

Where I is the image of the sample, S is the genuine 

surface topography, and (P = -T) is the reflection of the tip T. 

In the case where the actual surface topography is known, 

then using erosion, the estimated tip topography is; 

 

                               (4) 

Where    is the estimated 3D surface of the tip. Sample 

reconstruction by erosion can be written as; 

 

                                 (5) 

Where     is the reconstructed sample. The iterative 

process for blind tip estimation is defined by the following 

equation: 

 

                                                     (6) 

In Equation (6), the calculation of the         iteration 

result is based on the       result. Where    is a point of 

interest in the image I. 

 

  
                                        (7) 

  
     is a set of points in    that can contact the image I 

at a point of interest   , with the apex point contained in the 

image I. 

At convergence, the result of the estimated tip shape    

can be determined as being; 

 

                                    (8) 

Upon convergence, the final result gives the best estimate 

of the tip shape that has been obtained by blind 

reconstruction. 

 

A. Experimental Results 

    A real sample that contains  a grid of raised pillars was 

measured using an Asylum MFP-3D-IO AFM. The original 

image was captured by using contact mode AFM, where the 

tip scans across the sample surface. Fig. 8 shows the 

experimental results for the blind tip reconstruction 

algorithm. Fig. 8(a) illustrates the 3D reconstructed tip shape 

image. The original image of a real raised columnar grid 

sample that was measured by AFM is depicted in Fig. 8(b). 

This image has been created due to the dilation of the sample 

by the real AFM tip which was used to measure the sample. 

Finally an erosion operation by the estimated tip shape has 

been performed upon the original image (dilated image) in 

order to reconstruct the AFM image of the sample that is 

shown in Fig. 8(c). As a result, it can be seen that the 

restored image that was achieved as a result of the blind 

reconstruction approach is only slightly improved, when 

compared with the original image.  

 

V.  CONCLUSION 

The impulse response technique using the square pillar 

sample has been demonstrated to be a useful tool in restoring 

AFM images. Both computer simulation and experimental 

results have shown improvements in the quality of AFM 

images after the application of the Lucy-Richardson 

deconvolution algorithm. Finally we have compared our 

algorithm with a standard existing approach to AFM image 

restoration that uses blind tip estimation and the results 

shown here indicate that application of the proposed 

algorithm leads to measurement results that are superior in 

quality to those that are produced by the blind tip estimation 

algorithm.  

 

 

 

 

 

)(a )(b

Fig. 7. Illustrates the experimental results for the impulse response 
technique using a Lucy-Richardson deconvolution method to restore 

the image of a real sample, consisting of a single raised square pillar.  

(a) The original image of the square pillar sample that was measured 
using the AFM; (b) the restored image of the square pillar sample 

after applying a Lucy-Richardson deconvolution algorithm. 
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Fig. 8.  Shows the experimental results of blind tip reconstruction using 

a real sample that contains a grid of cylindrical pillars. (a) The 3D 

image of the reconstructed tip using a blind tip estimation algorithm; 
(b) the 2D raw original AFM image of a real sample that contains 

cylindrical pillars; (c) the restored AFM image after applying the blind 

tip estimation algorithm. 
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