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Abstract. This paper describes a novel approach to making 3D replicas of near-
ly flat objects using a flatbed scanner and a 3D printer. The surface reconstruc-
tion is based on the fact that the light in a flatbed scanner shines under a given 
constant angle and the CCD sensor records different intensities depending on 
the angle between a local normal vector of a micro-facet and the vector towards 
the light source position. The scanned object is rotated by 90° and thus four dif-
ferent images are obtained. It enables normal vector estimation followed by a 
surface reconstruction based on analogy with solution of partial differential 
equations. 3D replicas are produced using a 3D printer based on the data from 
the surface reconstruction. Due to high resolution of the flatbed scanner, result-
ing replicas are of a high precision as well. This method can be used e.g. in 
making replicas of archaeological parts. 

Keywords: computer graphics; 3D surface reconstruction; 3D printing; digital 
archaeology 

 
 
  

1 Introduction 

Surface reconstruction methods are used in many applications. They are based on 
laser scanning or other similar techniques, like deflectometry. Most of the devices 
have difficulties in scanning small objects or objects with fine details. 

This paper presents a new approach for a surface reconstruction and 3D print of 
nearly flat small objects using a flatbed scanner. The approach is based on normal 
vectors map computation from the scanned image followed by a surface reconstruc-
tion and thereafter construction of a final 3D object representing the reconstructed 
surface. The size of the object is limited by the scanning area – usually A4 or “letter” 
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format. Due to high hardware resolution of a scanner, usually up to 4800 dpi, scan-
ning precision is high and it enables to reconstruct a surface with very fine details. It 
is expected that the given approach can be used especially in producing 3D replicas of 
nearly flat objects, like coins or rough fabrics etc. 

2 Related work 

As for the related work, there are several papers to be mentioned. M.K.Johnson et al. 
[12] from MIT extended his former work cooperating with Adelson [13] and pro-
posed a texture independent method for getting a surface with a fine resolution. On 
the other hand a sophisticated device for using the mentioned method is required. The 
former work of Johnson and Adelson [13] itself uses a special elastomer, which is 
„pushed into a relief“, to get a texture independent surface, which is then reconstruct-
ed using a well-known photometric stereo algorithm. Chen, Goesele and Seidel [14] 
proposed a method for intermediate surface detail reconstruction from specularity. As 
for the prior partially related work, Liu et al. [15] introduced algorithms for synthesis 
of bidirectional texture functions (BTF) for gaining the texture information and thus 
material dependence. Our approach does not require any specially constructed hard-
ware, can be used for reconstruction of either fine cloths or fabrics, as in the men-
tioned papers, and well as for glossy objects like polished coins too. 

3 Scanning 

In photometric stereo, at least three images of the surface are required [1]. Typically, 
more than the minimum three images are used in practice when considering the noise. 
Digital cameras can be used to take multiple images from the same view point illumi-
nated with different light sources of known position. Multiple images of an object at 
different orientations can also be scanned with a flatbed scanner. To make the process 
easier and robust, we take scans rotated by 90 degrees. In order to make the orienta-
tion of the object as accurate as possible along the side of the scanner platen, we uti-
lize a square clamp to fix the scanned object. A planar checkerboard pattern is glued 
on the surface of the clamp and utilized in the multiple scans registration. The check-
erboard corners are automatically extracted in subpixel precision. We find an optimal 
rigid transformation using the corresponding corners in each scan. After aligning the 
other three scans to the first scan, we cut out the image regions that are out of interest. 
Fig.1 shows four registered images of an ‘Yi Jiao’ coin at different orientations along 
the flatbed scanner. 
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(a) 0 degree                (b) 90 degree                   (c) 180 degree              (d) 270 degree 
Fig. 1. Four scans of an ‘Yi Jiao’ coin. 

 

4 Normal vectors reconstruction 

The light source of a flatbed scanner is linear and placed at a fixed angle α with re-
spect to the scanner platen. According to [2], the angle � is approximately � ⁄ 6. 
Each point on the scanned surface has a normal � and albedo ρ. For the scan taken at 
zero degree orientation, we define a left-handed coordinate system as shown in Fig.2, 
whose origin is at the surface point considered. The �-axis is parallel to the CCD 
sensor array at the surface point considered, ��-plane is the scanner platen and �-axis 
points straight down. The light source is approximated by a line segment extending 
from −
 to +
 in the �-axis direction and is offset by � in the �-direction and  in the 

�-direction. We define � = ���, ��, ����
as a normalized surface normal at the point 

and 
 = ��, �, ��/√�� + ��  + �  the normalized lighting direction vector along the 
linear light source.  

 

Fig. 2. Coordinate system at orientation zero degree. 
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where: 

as: 

is an odd (anti-symmetrical) function on the interval 〈– 
, 
〉. 
In the same way, scanning the same surface point with the object rotated by 

90, 180 and 270 degrees, we get: 

�1� = �*�−��� + ��� 

�23� = �*'−��� + ��( 

��4� = �*���� + ��� 

�4� 

 
We arrange the four equations (1) and (4) into a matrix equation which can be 

solved using linear least-squares. Its solution is:  

�*�� = ���4� − �1�� �2 6����⁄  

�*�� = ��� − �23�� �2 6����⁄  

�*�� = ��� + �1� + �23� + ��4�� 4⁄  

�5� 

where: tan � = � ⁄ . Finally, the normal � at this point of the surface is obtained and 
normalized. 

Fig.3 shows the computed normal maps of the Yi Jiao coin, a game coin and a 
piece of a fine fabric. To visualize the normal map, ��, �� and �� values of the sur-
faces’ normals are mapped to RGB components respectively, i.e., ��  maps from 
�−1.0,1.0� to red �0,255�, ��  maps from �−1.0,1.0� to green �0,255� and ��  maps 
from �0.0,1.0� to blue �0,255�. 
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Fig. 3. Normal map of two coins and a piece of a fine fabric. 

When the normal map is computed, there is a question of how to reconstruct a sur-
face of the object.  

5  Surface reconstruction 

Surface reconstruction is usually based on points given by scanning etc. However, we 
have a slightly different task as we have a map of normal vectors and a boundary of 
the given object. This is a classical formulation of the boundary problem known from 
the partial differential equations, namely from computational physics field, e.g. heat 
diffusion computation etc.  

It can be seen that for each row or column we have values at the boundary of the 
object and inside of such an interval we have only normal vectors, e.g. derivatives. 

Derivatives can be estimated using centered difference as: 

=>
=� ? >�� + @, �� 	 >�� 	 @, ��

2@  

=>
=� ?

>��, � � @� 	 >��, � 	 @�
2@  

�6� 

 
where @ is an increment in the � and � axis and in our case it is set as @ � 1. 

When using a direct solution, we can reformulate the problem as: 

2>� � >�� � 1, �� 	 >�� 	 1, �� 
2>� � >��, � � 1� 	 >��, � 	 1� 

�7� 

Let us consider a normal map of a size A B C. Avoiding normals at the border 
leaves us �A 	 2� B �C 	 2� inner points to compute the surface for. There are two 
equations for each inner point, adding the boundary conditions gives us an overdeter-
mined system of linear equations with approximately 2 ⋅ �A ⋅ C� equations for A ⋅ C 
points to be computed. 
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Even though the size of the linear system is very large, it can be solved efficiently 
considering that the matrix is sparse. It can be seen that for this linear system of equa-
tions to be solved, least square error estimation must be applied, while minimizing: 

minGH>� 	 >�H� �8� 

 

6 3D print 

Surface generation itself is quite simple as the surface reconstruction produces a 2 2�I 

height field on a rectangular grid. Therefore tessellation to a triangular mesh is 
straightforward.  

For 3D print a closed volume is actually needed. It means that additional surfaces 
have to be added, i.e. a surface representing a border of the given object of a specified 
height and also bottom surface of the object. It should be noted that such final surface 
has to be print-ready, i.e. consistent orientation of facets, with no holes etc.  

Now the scanned object is represented as a triangulated surface having its volume 
and can be printed out on a 3D printer. 

7  Experimental results 

Normal vectors reconstruction from scanned objects on a flatbed scanner was verified 
on several types of objects. For a surface reconstruction a simple approach based on 
an analogy with partial differential equations (PDE) with boundary condition formu-
lation was used.  

Our approach to surface reconstruction using a flatbed scanner was verified on dif-
ferent coins. Fig.4, 5 and 6 show our results, from left to right the original scan, a 

normal map, a reconstructed 2 2�I surface and a resulting up-scaled copy printed on a 

3D printer. 

 

Fig. 4. Results of a ‘Yi Jiao’ coin. Left to right: original, normals, reconstruction, 3D print. 
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Fig. 5. Results of a ‘2 Kč’ coin. Left to right: original, normals, reconstruction, 3D print. 

 

Fig. 6. Results of a ‘20 Kč’ coin. Left to right: original, normals, reconstruction, 3D print. 

 

 

It should be noted that we set @ � 1 in the difference estimation for simplicity of 
computation. The actual height of the reconstructed surface is to be adjusted manual-
ly.  

Table 1. Experimental data for a coin reconstruction with 1683 B 1557 points. 

 Normal map computation Surface reconstruction 

64 bits 68 [ms] 18 959 [ms] 

32 bits 110 [ms] 24 289 [ms] 

 
For experiments a standard PC was used – 3.16 GHz 12 GB RAM 64 bits, Win-

dows 8 Professional x64 and a standard scanner with only 600 dpi was used. As for 
the computation times, as shown in Table 1, the normal map acquisition is of an algo-
rithmic complexity J�C�, where C is the number of elements of an image, and there-
fore very fast in contrast with the surface computation, where a linear equations sys-
tem of C~2	LM
. is solved.  A 32 bit version of the software is available too; available 
on a request. For 3D print the ZPrinter 650 powder based 3D printer was used with 
0.1 mm particle size. 
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Fig. 7. User’s interface. 

 
Fig.6 presents users interface of the developed application. After loading 4 scanned 

images, each rotated by 90°, the normal map is computed followed by surface recon-
struction and data export for 3D print. A comparison of a slice with an exact meas-
urement is available too. 

8 Comparison of the reconstruction with original 

Additional experiments were made to compare the reconstructed surface to the real 
surface. Exact slices of coins used for this experiment were measured with a precision 
of 5 micrometers, which is sufficient for the used scanner having 600 dpi resolution. 

Fig.8 to Fig.11 show a comparison of slices of the original coins and slices of their 
corresponding reconstructed models. An average error for all four coins can be found 
in Table 2. 

Table 2. Average absolute error of the reconstruction compared to the original coin. 

 2 Kč 20 Kč 5 Kč 10 Kč 

Average error 0.0342 mm 0.0399 mm 0.0409 mm 0.0270 mm 
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Fig. 8. Comparison of reconstruction of a ‘2 Kč’ coin. 

 
 

 

Fig. 9. Comparison of reconstruction of a ‘20 Kč’ coin. 

 
 

 

Fig. 10. Comparison of reconstruction of a ‘5 Kč’ coin. 
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Fig. 11. Comparison of reconstruction of a ‘10 Kč’ coin. 

9  Future work 

As experiments proved there is a simple method for making duplicates of nearly flat 
objects on a 3D printer. However, for a practical commercial or non-commercial use 
several issues have to be solved, especially: 

Due to high resolution of a scanner over 4800 dpi large images have to be pro-
cessed. An object of a size 4 B 4 M�N@O* means solving a system of nearly 369 LM
. 
equations. Resolution used is a critical factor and should be set accordingly to the 
scanned object. Computed normal map should be preprocessed using some filters to 
avoid unnecessary distortion and possibly get more precise results. 

Texture mapping from the scanned images to the model with a final 3D print with 
a texture. 

To represent and respect material properties of a scanned object, which influences 
the normal map computation, e.g. surface roughness. 

 

10  Conclusion 

A novel approach for 3D surface reconstruction and making 3D nearly flat objects 
replicas using 3D printer is presented. Experiments made proved expected basic prop-
erties of the proposed approach. Experiments also proved high precision of recon-
struction even when a cheap commodity flatbed scanner is used. 

Several types of objects were successfully reconstructed, including glossy coins or 
fine fabrics. 

Presented algorithms were implemented on .NET platform for 32 and 64 bits and 
software is available on a request.  

Future work will be concentrated on application of Radial Basis Function approx-
imation and optimization of computation. 
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