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ABSTRACT 

This paper presents a novel method of machining image sur-

face by diamond turning with fast tool servo (FTS). In the 

proposed methodology, three-dimensional pixel data [X, Y, 

Z] are extracted directly from a digital image via MATLAB 

image processing tool, which are pre-processed and super-

imposed onto a three-dimensional spiral tool trajectory. The 

proposed methodology has been experimentally validated by 

the successful machining of freeform features based on any 

digital image. The freeform features can be designed in a 

manner in which is otherwise generated from complex equa-

tions. It allows even a layman to customize a feature without 

working out any mathematical equations. 

INTRODUCTION 

Engraving is an act of incising a design on to a hard, usually 

flat surface, by curving grooves into it. This could be used for 

a decorative object or an intaglio plate for printing images on 

paper as prints or illustrations. Since ancient times, people 

have been engraving to honor their gods and rulers. Earliest 

evidence of stone carvings has been found to be dated as long 

as 500,000 years ago [1]. With today technologies, hand en-

graving techniques have been evolved into automated en-

graving techniques such as etching, laser engraving, CNC 

milling and ultrasonic engraving for rapid mass produc-

tion and customization of art works. Thanks to latest 

technologies, these art works also evolve from 

black-white outlines into 3-D photographic images.  

Presently, these photographic surfaces are engraved by 

existing state-of-art technologies such as CNC engraving, 

diamond percussion and laser engraving. However, there 

is a great intense in competition for mass producing of 

customized patterns at the shortest time to market and at a 

most economical cost. These market requirements drive 

the needs for an alternative and cheaper method of 

producing these customized features. 

Diamond turning is another manufacturing technique which is 

often equipped with fast tool servo (FTS) for its advantages in 

surface finish, precision level and pattern complexity. In this 

paper, a novel approach based on FTS diamond turning 

technology to machine an image surface by employing po-

lar/cylindrical coordinates system is discussed. 

FAST TOOL SERVO DIAMOND TURNING 

Diamond turning is one of the ultraprecision machining 

techniques, which has an advantage of producing high accu-

racy features efficiency. It is often coupled with fast tool servo 

(FTS) technologies for machining a freeform surface with 

high degree of complexity due to its beneficial high resolution 

and bandwidth [2]. FTS diamond turning integrates a high 

bandwidth servo unit in an additional W-axis (or superim-

posed Z-axis) with the existing three axes (X, Z and C-axis) in 

ultraprecision turning machine as shown in Fig. 1.  

 

Fig.1: Schematic setup for FTS diamond turning 

Unlike other engraving processes, the tool trajectory for FTS 

diamond turning (as shown in Fig. 2) is commonly defined as 

function of R and  (corresponding to the axes X and C re-

spectively) and is represented by polar/cylindrical coordinates 

system as: 

 θ cos = Rx  (1) 

 θ sin = Ry  (2) 

    θ,,  Rfyxfz   (3) 
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Fig.2: Archimedes spiral tool trajectory 

  

(a) Constant angle (b) Constant arc-length 

Fig. 3: Methods of controlling tool trajectory 

Common method for generating tool trajectory control points 

is angle-equal method as shown in Fig. 3(a). Although the 

number of controls point for every revolution is constant, the 

arc length s between two corresponding points becomes 

sparser as the radial position gets longer. Hence, the machined 

surface quality of the outer portion of the workpiece would be 

worse than that of the inner portion of the workpiece. One way 

of overcoming this is increasing the number of control points 

per revolution to reduce s giving a better surface quality at 

outer portion. However, the control points are restricted by 

close-looped bandwidth of FTS/STS system [3]. Large 

numbers also reduce the rotational spindle speed which may 

lead to difficulty in cutting several materials especially ductile 

metals required high cutting speed. Hence, it is necessary to 

select appropriate sampling number for good tool trajectory 

control. In this paper, a proposed methodology offers an al-

ternative solution to overcome this sparser arc-length issue by 

employing constant arc-length method as described in Fig. 

3(b). This method not only gives a constant value of s but 

also allows uniform surface quality throughout the entire 

machined surface [4].  

The existing methods for FTS diamond turning to fabricate 

freeform surfaces is non-uniform rational basis spline 

(NURBS) based freeform machining. This method utilizes the 

pre-calculated movement table derived from established 

equations [5]. From the traditional NURBS method to fabri-

cate surface features, certain limits can be drawn: 

a) The process to convert the desired freeform feature into 

mathematical equations is a complex and challenging task 

that is not mastered by any layman. Irregular features like 

hand-drawn features are hard to be defined into mathe-

matical equations.  

b) It is tedious to derive a mathematical model for freeform 

surface. In addition, only limited ones can be perfectly 

represented by mathematical models, its industrial ap-

plication is hindered to a considerable extent. Thus cus-

tomization is difficult to be achieved. 

Hence, in order to tackle the limitations mentioned, it would 

be much easier if the desired feature can be directly converted 

into the machine code (CNC code). Nowadays, most of the 

pictures or photographs are stored in digital format. Instead of 

fabricating only surfaces governed by equations, freeform 

surfaces can be fabricated based on digital image. In this pa-

per, an innovative method is proposed to use the color element 

of the picture to transform the digital picture into a mathe-

matical matrix. Tool path is derived from the matrix thereaf-

ter. 

SUPERIMPOSED PROJECTION ALGORITHM 

In the traditional FTS diamond turning application, it is not 

easy to generate tool trajectory in form of Archimedes spiral 

for a digital image. In contrast to traditional engraving 

techniques based on Cartesian coordinates system, a 

superimposed projection algorithm (SPA) is derived to gen-

erate 3-dimensional tool trajectory for a digital image on po-

lar/cylindrical coordinates system. In the proposed SPA, 

three-dimensional pixel data [X, Y, Z] is extracted directly 

from a digital image via MATLab image processing tool. 

Another challenge to be dealt is to convert the 

two-dimensional picture into a three dimensional freeform 

surface.  

The process for the proposed method can be summarized in 

four main steps: 

a. Import the image via MATLAB and convert it into 

grayscale matrix. Thus to obtain the data information, 

represented by a two dimensional matrix. 

b. Project the gridded matrix onto an estimated Archimedes 

spiral trajectory. 

c. Extract the height of feature from the color information 

stored in the matrix. 

d. Simulate the 3D freeform feature and convert to machine 

code for fabrication.  

When any image is read by MATLAB image processing tool, 

the matrix will have a size of [a x b x 3] where the number “3” 

represents the tricolors: red, green and blue (RGB matrix). In 

any image, each pixel has a particular color that is defined by 

the amount of red, green and blue in it. Each of these color 

elements has a range of value from 0 to 255 (8 bits). Hence, an 

image is a stack of three matrices, representing the red, green 

and blue values for each pixel. Fig. 4 demonstrates that it 

would be inappropriate to choose any layer randomly, since 

certain color information will be missing due to the neglected 

two layers. If all the three colors are used simultaneously by 

superimposing the elements, the final three-dimensional fea-

tures will not be as distinguishable as compared to the gray-

scale format. 
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(a) (b) (c) 

Fig. 4: Results of image processing by MATLAB, (a) RGB matrix for original image, (b) simu-

lated machined feature, and (c) pixel differences 

Therefore, it is deemed necessary to convert any image into a 

grayscale matrix with a size [a x b x 1]. A grayscale matrix 

gives only one color layer with a range of 0 to 255 values. 

Hence, the gradual change in feature height is also easier to be 

realized by using grayscale matrix instead of RGB matrix. 

This will in turn be translated into smoother features fabri-

cated. Therefore, the image is converted to grayscale matrix 

before the data manipulation. 

In the proposed SPA, a two-dimensional tool trajectory (x and 

y-axis) is generated in the form of an Archimedes spiral. The 

indices from pixel data [X, Y] are superimposed onto spiral 

tool trajectory points (x, y) as shown in Fig. 5 and can be ex-

plained as the following: 
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Where X
i
 and Y

i
 are the indices in a form of spiral with respect 

to tool trajectory points (x, y), a and b are the column and row 

sizes of image respectively, and Z
i
 contains the pixel values of 

image. These pixel values in the third parameter Z
i
 are later 

normalized to the desired machining depths (i.e. FTS stroke 

length) and defined by: 
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Fig. 5:  Superimposed spiral tool trajectory point 

However, certain level of precision will for sure be compen-

sated using this projection method. Because the Mesh is only 

formed by integers, thus the projected Archimedes Spiral is 

not as smooth as the original one, as shown in Figure 1. In real 

applications, the precision is not compensated by much due to 

a much denser spiral is used.  

Further investigations have also revealed that the color in-

formation of the grayscale matrix is stored in the matrix. With 

pure black color as “255” and pure white as “0”, thus it es-

sentially leads to the solution for the second challenge, con-

verting the two-dimensional picture to a three-dimensional 

8th ICOMM, March 25-28, 2013

141



  

profile. In this way, by normalizing the data range of 0 ~ 255 

to appropriate scale (FTS stroke length), the z-axis 

co-ordinates can successfully be extracted, i.e. the darker the 

color, the larger the z value. 

IDEAL PROJECTION ZONE 

In a case of a rectangular image is superimposed onto the 

Archimedes spiral trajectory, it is realized that a certain 

amount of the image is cropped-off at the corners and some 

features might be distorted due to stretching the rectangular 

image to a square shape, as illustrated in Fig. 6. Thus, a 

pre-processing image is necessary for deriving an ideal pro-

jection zone (IPZ) to allow a full content of the freeform 

feature to be fabricated without being distorted or stretched on 

the sample surfaces. This can be done by manipulating the 

matrices leaving extra spaces when simulating the desired 

freeform features. 

 

Fig. 6: Cropping and distortion of image 

The original picture as shown in Fig. 6 is represented by a 

rectangular box [a, b] and the circles are the effective projec-

tion zones onto the tool trajectory. The enclosed square box 

[d, d] is the expanded matrix to contain the digital image in-

formation as part of the matrix. In this way, IPZ for the full 

content of the desired image can be determined by circum-

scribing its original aspect ratio. 

 

Fig. 7: Calculation of an ideal projection zone 

The expanded matrix before projecting onto the tool trajec-

tory can therefore be defined by the resolution pixels of the 

digital image [a, b]. 

222
b+ac 

 
(7) 
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 ceila  (8) 
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   b2b ceila2a ceild   (10) 

Where c is the diameter of ideal projection zone, a and b 

are the differences between c and the resolution pixels [a, b] 

respectively, and d the size of expanded matrix.  

Thus, an expanded matrix is formed by adding four new ma-

trices with appropriate size to the original image matrix as 

illustrated in Figure 7. Matrix A will have a size of [b, d] and 

is added to the top and bottom of original image matrix. Ma-

trix B will have the size of [(d - 2b), a] and is added to both 

sides of the original image matrix. Both Matrices A and B 

shall share the same color information as the image back-

ground. Thus, a three-dimensional tool trajectory for full 

content of image information is generated by manipulating the 

expanded matrix with IPZ. 

 

Fig. 7: Ideal projection zone with combined matrices 

EXPERIMENTAL SETUP AND RESULTS 

In this paper, a FTS is incorporated in a miniature ultrapreci-

sion turning machine as illustrated in Fig. 8 to operate within 

the given conditions as in Table 1. Several case studies have 

been conducted to study the feasibility of the proposed 

method to fabricate freeform image surface. Fig. 9 is the logo 

of National University of Singapore which is used as the de-

sired feature to be fabricated. 
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(a)  (b) 

Fig. 8: View of the setup for (a) miniature ultraprecision lathe, and (b) the FTS system  

Table 1: Experimental Conditions 

Feedrate 0.005 mm/rev 

Spindle Speed 25 rev/min 

Constant Arc-length, S ~15.3 m 

Workpiece Brass, 3.0 mm radius 

Depth of feature 4.0 m 

 

Fig. 9: NUS logo with resolution of [966, 974] 

This image is then processed in accordance to proposed 

methodology and the size of the expanded matrix is [1304,  

1304]. The color information of 0 ~ 255 (8 bits) in the 

greyscale matrix is being normalised to a feature height range 

of 0 ~ 4 micrometers as specified in Table 1. Fig. 10 illustrates 

the simulation of the desired freeform surface to be machined. 

  

(a) (b) 

Fig. 10: Simulation of the desired surface, 

(a) top view, and (b) slanted view 

 

Fig. 11: Fabricated surface with school logo 

Two more case studies of image surfaces as shown in Fig. 12 

have successfully demonstrated that the precision level is 

highly maintained with digital images of high resolution. 
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(a) Machined images (b) Original features 

Fig.12: Machined surfaces of other case studies 

 

Fig. 13: Comparision between fabricated and original image 

Although the detailed features were too fine to be felt by 

finger tip, the fabricated samples still carried a great amount 

of information, thanks to its high resolution of the features. 

The details presented in the profile picture shown in Fig. 13 

were seen clearly under higher magnification level, and it has 

successfully substantiated the usefulness and precision level 

of the method proposed. Even the smallest features are fab-

ricated in detail, giving sufficient evidence that the proposed 

method successfully projected the two dimensional freeform 

features onto a three-dimensional surface with high precision 

level and good surface finish. 

CONCLUSION 

In conclusion, this paper reports the successful machining of 

freeform image surface with a high photographic quality by 

employing fast tool servo technique and proposed innovative 

methodology. The freeform feature can be designed in a 

manner in which is otherwise generated from complex equa-

tions. It allows even a layman to customize the feature without 

working out any mathematical equations. It also offers an 

alternative solution to fulfill the demands for producing 

customized features. 
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