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Abstract  

In recent years, the trend in miniaturization of products has been pervasive in areas such as information technology, 
biotechnology, environmental and medical industries. Micro-machining is the key supporting technology that has to be 
developed to meet the challenges posed by the requirements of product miniaturization and industrial realization of 
nanotechnology. Micro-machining techniques can be carried out by techniques based on energy beams (beam-based 
micro-machining) or solid cutting tools (tool-based micro-machining). Beam-based micro-machining has some 
limitations due to poor control of 3D structures, low material removal rate and low aspect ratio. Moreover, these 
processes require special facilities and the maximum achievable thickness is relatively small. Some of these limitations 
can be overcome by tool-based micro-machining techniques using ultra precision machine tools and solid tools used as 
cutting elements to produce the micro-features with well controlled shape and tolerances. In this paper, an attempt has 
been made to present the recent development contribution in tool based micro/nano machining process from National 
University of Singapore. 

 
1. Introduction 

Tool-based micro-machining techniques essentially include precision machining processes such as turning, milling, 
grinding and electrical discharge machining (EDM), whereby material removal is done at the micron level. The 
advantages of such processes are that almost every material such as metals, plastics and semiconductors can be machined 
with no limitation for high aspect ratio. On the contrary, microstructures produced by photolithography have the 
limitations of low aspect ratio and quasi-3D structure [1, 2]. It is possible to fabricate high-aspect-ratio components with 
submicron structure by Lithographie Galvanoformung und Abformung (LIGA) process (from the German – a 
combination of lithography, electroplating, and molding process) using the synchrotron radiation process and focused ion 
beam (FIB) machining process. However, present laboratory-scale and industrial fabrication techniques using LIGA 
require special and extremely expensive facilities like a synchrotron system and require machining of expensive masks 
which has imposed a hindrance on quick and economical fabrication of microparts. Furthermore, the dimensional ranges 
that such processes cover are sometimes not required which is illustrated in Fig. 1[3]. It can be observed from the figure 
1 that tool-based micromachining has a unique place for performing micromachining operations at the lower boundary of 
micromachining range (between 5 μm and 50 μm) to bridge the gap between mechanical machining, photolithography, 
and LIGA process for dimensional range and aspect ratio [4, 5]. 
 

 
 

Figure 1: Illustration on dimensional range and aspect ratio of several machining processes. [3] 
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The major drawback of the tool based process is the limit of machinable sizes, however, some limitations of machinable 
sizes can be overcome through hybridized/Compund machining process. In order to achieve meaningful implementation 
of compound micro-machining techniques three important areas are required to be addressed. These are: development of 
machine tools capable of performing compound micro-machining (i.e. micro turning, micro milling, micro EDM, etc. on 
the same machine and setup), understanding of process physics to provide relevant background for modeling, 
measurement, identification of control parameters and application of feedback control in order to control compound and 
hybrid manufacturing processes and development of compound and hybrid processes. An integrated effort in these areas 
is needed for successful implementation of tool-based micro-machining, which can only be achieved through a paradigm 
shift in thoughts and processes conventional machining. This shift can be materialized only through revolutionary 
innovation rather than evolutionary one. In this paper, the development contribution in micro/nano-machining based on 
solid tools (tool-based micro/nanomachining) in National University of Singapore are highlighted. In the area of 
micromachiningachievements in the development of machine tools for combined/hybrid micromachining, machining 
process development integrating few tool based approach like micro-EDM, micro-EDG, micro-ECM, micro-turning and 
micro grinding to produce miniature parts/patterns is presented. In the area of nano machining process success in the 
development of machine tools   to achieve economical nano surface generation, machining techniques from image to 
surface patterning, development of a novel cutting process named as Synchronized Tool and Roller (STR) diamond for 
direct diamond turning of radial frensel lens structures on a roller mould, and recent research in the area of ductile mode 
machining of brittle materials is presented. 
 

2. Compound and Hybrid Micro/Nano Machining 

In recent years, compound and hybrid micromachining has become the most promising technology for the production of 
miniaturized parts and components. This technology is becoming increasingly more important and popular because of a 
growing demand for industrial products, with an increased number not only of functions but also of reduced dimensions, 
higher dimensional accuracy, and better surface finish. Compound and hybrid machining is the combination of processes 
and/or machines to produce parts in a more efficient and productive way [6]. In NUS our research in compound and 
hybrid machining is divided into two major areas including development of machine tools for compound and hybrid 
micromachining, development of machining process for compound and hybrid micromachining. 
 
2.1. Development of Machine Tools for State-of-the-art Compound and Hybrid Micro Machining 

Although micromachining is the key supporting technology that has to be developed to meet the challenges posed by the 
requirements of product miniaturization, in many cases a single micromachining process cannot fulfill all of the 
requirements due to the limitation of that process.One of the main difficulties in compound micromachining is the 
availability of an appropriate machine tool that can be used for the development of compound and hybrid 
micromachining processes. Most machine tools capable of nonconventional machining are not designed to perform 
conventional machining processes. Furthermore, most of the machine tools do not facilitate the measurement of 
fabricated products on machine, which has the potential to be used as feedback and to compensate tool trajectory online. 
Another constraint is imposed by the precision required for such fabrication, which most conventional computer 
numericalcontrol (CNC) machine tools cannot fulfil. Mechanical and thermal deformation, chatter vibration, tooling, and 
its clampingusually constrain making small, super precise parts with large, conventional machines. Ultra-precision 
machines that provide a highdegree of motion accuracy are extremely expensive and mostly do not include facilities for 
compound processes. Therefore, the firstand the most important requirement for the development of compound and 
hybrid machining processes is the development ofa multipurpose machine tool or the integration of facilities for 
performing two or more manufacturing processes in one single setupand platform. In order to achieve effective 
implementation of compound and hybrid micromachining techniques, four important areas need to be addressed as 
shown in the Fig. 2 below[7] 

 
Figure 2: The technologies required for successful development of compound and hybrid micromachining processes.[8] 
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To meet the above mentioned requirements, World’s First Integrated Multi-Process Machine Tool for Micro Machining 
is developed in National University of Singapore (Machine Model: DT – 110).  Multiple types of micro machining, e.g., 
micro turning, micro milling, micro EDM, micro ECM, etc. can be carried out on the same machine (Fig. 3).  This highly 
flexible machine ensures high rigidity for precision machining. Some of the special features of the developed machine: 
(a) Miniature machine design, (b) Low noise and low heat generation, (c) High resolution with full feedback (resolution 
of 0.02 µm and accuracy of +/-1.0 µm) and (d) Capable of handling multiple processes, µ-EDM, µ-ECM, µ-Milling, µ-
Turning and µ-Drilling. This technology is Patented and Licensed to Mikrotools Pte Ltd, a Spin-off company of National 
University of Singapore. 

 

 

 

Figure 3: World’s First Integrated Multi-Process Machine Tool for Micro Machining. (Machine Model: DT – 
110).  [7] 

 

Figure 4: Micro EDM with on-machine tool fabrication, and on machine tool inspection steps in DT – 110 machine.[9] 
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2.2. Development of Innovative Compound and  Hybrid Micro Machining Process 

Usually, if a manufacturing engineer is asked to fabricate a micro shaft that is50 µm in diameter and 10 mm in length, 
engineer will argue that it is impossible. The usual reasons why such a narrow shaft cannot be machined are insufficient 
stiffness of the product which will deflect due to the cutting force because the engineer will think only of a turning 
process from the free end of the blank up to the desired length by longitudinal turning and in this process these 
dimensions cannot be achieved.  However, engineers tend to forget that both the problems of deflection and cutting force 
can be taken care of applying the fundamental engineering knowledge.  As shown in equations (1) and (2) they can 
control the deflection by calculating the step size for which will ensure that even a  50 µm shaft will be able to withstand 
the deflection without yielding.  If step turning is carried out as shown in Fig. 5a – Path B instead of Path A, it can be 
easily performed. Machined shafts are shown in Fig. 5b[4]. 

    Deflection,   ߜ = ிయ

ଷாூ
= ସிయ

ଷగாௗర
 …..   (1)              Bending stress,  ߪ = ଷଶி

గௗయ
   ………… (2) 

 
 

 
Figure 5: (a) Two possible ways to do turning, (b) Micro Shafts of diameter 50 microns[[4] 

 

 

 
Figure 6: Bending of micro shafts in conventional turning  

 

Although Step cutting force could be applied to control the deflection in a certain range, in conventional machining full 
straight shaft below 100μm diameter is difficult to achieve. However, through hybrid machining deflection can be 
controlled up to very narrow diameter (5μm).This section presents some of the hybrid machining process innovations in 
NUS.    
 

 

 

 

 



5 
 

2.2.1. Micro-EDM and Micro Turning 
 

Micro turning has the capability to produce three-dimensional (3D) structures on a microscale. The major drawback of 
the micro turning process is the limit of machinable sizes and the fact that the cutting forces influence machining 
accuracy. It is very difficult to achieve straight shaft below 100 mm diameter, and in many cases the tool either breaks or 
starts to wobble due to excessive radial cutting force on the micro shaft. Therefore, a compound process has been 
developed[10] where the commercial cutting tool is modified using the micro-EDM process to reduce the force 
component responsible for breaking of the shaft.  

 

Figure 7: (a) Modification of a conventional cutting tool using the micro-EDG (variant of micro-EDM) process; and (b) 
a schematic representing the compound process combining modification of a cutting tool by micro-EDM and turning of a 
micro shaft by a modified tool tip.[10] 

 

This compound process is the combination of micro-EDM and micro turning in a single setup. First, a commercially 
available polycrystalline diamond (PCD) tool is modified by the micro-EDG process to reduce the nose radius of the 
cutting tool, thus minimizing the force component that causes shaft deflection during micro turning. Commercially 
available PCD inserts, designed for a light finishing cut, have a relatively large tool nose radius (e.g., 100 μm). This tool 
nose resolves the cutting force on the shaft into two components, namely Fx and Fy, as can be seen in Fig. 7(a). The Fy 
component of the cutting force does the actual cutting, while the Fx component causes deflection of the micro shaft. A 
commercially available PCD insert is modified using the micro-EDG process to achieve a very sharp cutting edge, so as 
to reduce the Fx component of the cutting force significantly. This modification of the cutting tool makes it possible to 
achieve a straight shaft of much smaller diameter. The compound process combining micro-EDG and micro turning is 
presented schematically in Fig. 7(b). A dual-cutter setup is arranged for micro turning, one with a round nose for initial 
turning up to 100 μm, then a sharp tool for a final cut up to 20 μm.  

After the micro turning process, the fabricated microelectrodes are used in machining of small and higher aspect ratio 
micro holes by micro-EDM on the same machine (Fig. 8). Therefore, this compound process is in fact a combination of 
three steps- 

 

Figure 8: Compound process of fabricating a microelectrode using micro turning and applying a fabricated 
microelectrode in the micro-EDM drilling.[11] 
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Modifying the cutting tool using micro-EDG, fabricating micro shafts using micro turning, and applying fabricated shafts 
in micro-EDM drilling. Fig.9 illustrates the concept of the micro turning–micro-EDM compound machining process. An 
electrode of required dimension is first fabricated by micro turning prior to micro-EDM . Using this compound process, 
clamping error can be avoided, and deflection of electrode can be minimized; consequently, the accuracy of machining 
can be improved. The fabricated microelectrode and machined micro holes using the microelectrode are presented in 
Figure 9(a) and 9(b), respectively. 

 

 
Figure 9: (a) A 19 mm graphite electrode of 0.5 mm length fabricated by a micro-EDG–micro turning compound 
process; and (b) fabricated micro holes (up to 6.5 µm hole in 50 µm plate) through hole with the microelectrode 
obtained by the micro turning–micro-EDM drilling compound process. [7] 

 
2.2.2. Micro-EDM and Micro Grinding 

The fabrication of a miniaturized (sub-100 μm) grinding tool for difficult-to-cut materials like PCD and tungsten carbide 
(WC) is necessary for machining of microchannel with improved surface finish. The micro-EDM process is found to be 
capable of machining any difficult-to-cut materials down to the desired dimension. Therefore, a compound process is 
developed[10] to solve the issues by combining the micro-EDM process with the micro grinding process. In this 
compound machining process, a PCD tool is fabricated on a machine in a desired shape using the block micro-EDG 
process. The PCD tool contains randomly distributed protrusions of diamond particles with dimensions around 1 μm that 
serve as the cutting edges for micromachining on glass. When the dimension of the PCD tool is reduced to the required 
dimension of the grinding tool by the micro-EDG process, the binder materials (usually nickel or WC) are removed 
because they are conductive, thus protruding the diamond particles, which are nonconductive. PCD with a cobalt binder, 
which can be shaped with micro-EDG, is emerging as a tool material for micro grinding of hard and brittle materials. The 
cobalt binder provides an electrically conductive network that can be removed with EDM. The diamond cutting edges are 
exposed as the discharges erode away the cobalt binder. Fig.10 shows the different steps of the micro-EDM–micro 
grinding compound process with a machining example in BK-7 glass. As can be seen from Figure 10(c) and 10(d), the 
fabricated slot has a very fine and smooth surface, which is comparable to the surface obtained from ductile mode cutting 
of glass in macroscale.  

6.5 µm through hole 
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Figure 10: (a) A schematic diagram showing the block micro-EDG process (a variant of micro-EDM); (b) a PCD tool 
before the micro-EDG process; (c) fabrication of a micro grinding tool with the micro-EDG process; (d) micro channels 
on glass machined by the micro grinding process with a fabricated PCD tool; and (e) surface finish of the microchannel 
in glass. [10] 

 
2.2.3. Simultaneous EDM and ECM Process (SEDCM) 

With the ceaseless demand towards smaller, thinner and lighter products, much innovation has been made in macro-
machining for micro and nano applications. Among these processes, micro-EDM and micro-ECM have the advantage of 
negligible cutting force due to the non-contact nature of the processes. Notwithstanding this advantage, each process has 
some undesirable effects which limit its capability. By appropriate combination of these two processes, their adverse 
effects could be significantly mitigated. However, micro-EDM operates in non-conductive dielectric fluid whereas 
micro-ECM employs conductive electrolyte. Due to these divergent requirements, micro-EDM and micro-ECM are 
usually used sequentially. This requires the repetitive change of machine tool or machining fluid hindering its practical 
use for micro-machining. Hence, to overcome the aforementioned issues a  process combining micro-EDM and micro-
ECM is developed in NUS[12] to achieve improved performance on both surface finish and dimensional accuracy. This 
hybrid machining process is named as Simultaneous Micro-EDM and Micro-ECM (SEDCM).To resolve the machining 
fluid issue, low resistivity deionized water was used, which has both characteristics of a conductive fluid and a dielectric 
fluid. In addition, short voltage pulses are also applied to localize material dissolution zone for higher precision. By 
examining the effect of different pulse parameters, it is found that pulse-on time is the main factor affecting the 
effectiveness of localization or suppression of material dissolution. Material removal phenomenon of micro-EDM in 
low-resistivity deionized water is then investigated. It is observed that there is a conversion from mere micro-EDM to 
hybrid micro-EDM/ECM (SEDCM) when the federate is reduced.  

 

Figure 11: Simultaneous EDM and ECM (SEDCM) Process Carried out in each cycle (EDM during on-time and ECM 
during off-time) to improve the surface finish to mirror finish (Machine Model: DT – 110).  [12] 
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SEDCM was applied to milling to fabricate intricate 3D micro-shapes with enhanced surface finish and dimensional 
accuracy. Micro shapes with surface roughness as low as 22nm Ra have been obtained as shown in Fig 11. For predicting 
suitable machining conditions for SEDCM milling, an analytical model is proposed and developed which can indicate 
critical conditions for transitions of micro- EDM/SEDCM/micro-ECM milling in low-resistivity deionized water. 

 

3. Diamond turning  

Ultra precision machining using single point diamond tool (SPDT) is a technique which removes materials from a few 
microns to sub-micron level to achieve ductile mode machining on hard-to machine materials such as electroless-nickel 
plating, silicon, quartz, glass and ceramics with no subsurface defects. Diamond turning machines are often equipped 
with fast tool servo (FTS) for its advantages in surface finish, precision level .In FTS-Diamond turning area research in 
NUS is divided into two major areas including machine tools development for FTS - diamond turning, development of 
innovative machining process using diamond turning. 

 

3.1. Development of Ultraprecision Lathe 
 
 

 
 

Figure 12: FTS- High speed diamond turning machine. (UPL –Series)[13] 

 
The trend in ultra precision machining is such that surface finish and form error requirements are moving towards the 
nanometer level and submicron level respectively. Over the years, a lot of development has taken place in the machine 
tool industry for ultra precision machining whereby the resolution of machine movement has reached one nanometer. 
The challenge of making an affordable ultra precision machine tool has not been adequately addressed, and no significant 
research has been carried out in this area. Hence, a project was initiated to design, develop and fabricate a highly 
affordable ultra precision machine tool in NUS[13]. This is to be achieved by incorporating a fast/fine tool servo (FTS) 
system on a precisionmachine that is to be designed and fabricated using mainstream components at low cost. A high 
speed and low cost desktop ultra precision lathe has been developed. It features a high speed aerostatic work spindle of 
15,000 rpm in a T-base 2-axis system mounted on a granite base. The arrangement of the machine components and 
elements are as shown in Fig. 12. Piezoelectric actuator which can actuate forward and backward in very high resolution 
is used to drive the FTS system in the z-axis direction. The FTS developed has been applied for waviness errors 
compensation in ultra precision lathe.  
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Figure 13: Machining profile of brass workpiece with and without fine tool servo compensation.[13] 

 
A position sensing detector (PSD) is integrated in the FTS design, which is able to measure the straightness error of the 
translational stage accurately in real-time. For better tracking performance, proportional-integral (PI) feedback controller 
was implemented and tested in this study. 
 
3.2. Development of Innovative Machining Process for Diamond turning  

Conventional FTS diamond Turing process is not capable of machining steep circular grooves on the roller, due to their 
fixed tool–workpiece relative position and limited degrees of freedom.Moreover, in conventional FTS diamond Turing 
process fabrication of freeform surfaces is a tedious job due to the requirement of mathematical models based on non-
uniform rational basis spline (NURBS). To resolve these issues new machining techniques using FTS diamond Turing 
process has been developed in NUS. 

3.2.1. Development of Synchronized Tool and Roller (STR) Diamond machining 

A radial Fresnel lens is an optical component which has a wide variety of applications, e.g., advanced lighting systems 
and concentrated solar power systems, due to its light weight, small size and excellent optical performance. It is able to 
realize light collimation and concentration with much less lens materials compared to a conventional spherical lens by 
collapsing the continuous surface profile of the spherical lens onto a plane.  

 

 

 

 

Figure.14: Use of Radial Fresnel lens for light concentration 

Radial Fresnel lenses are usually fabricated by ultra-precision diamond machining , or by plastic injection moulding. 
Roll-to-Roll (R2R) embossing provides an advanced solution for continuous manufacturing of various optical films such 
as brightness enhancement film, lenticular diffuser film, and linear Fresnel lens film. Through utilizing high-precision 
roller moulds patterned with micro/nano surface structures, R2R embossing is able to replicate such structures onto 
flexible film substrates with significantly higher throughput and lower cost compared to conventional injection moulding 
technology [14, 15]. In general, the roller moulds applied in R2R embossing of optical films should be prepared by ultra-
precision diamond machining, in order to achieve high profile accuracy and mirror-like surface finish of the machined 
feature. But a radial Fresnel lens is comprised of a series of central-symmetric steep circular grooves. So, direct diamond 
turning of radial Fresnel lens structures on a roller mould was considered infeasible, due to their fixed tool–workpiece 
relative position and limited degrees of freedom. So, none of the existing technique was not capable of machining 
steepcircular grooves on the roller. Fig. 15 schematically describes the incapability of ultra-precision diamond turning 
approach in generating radial Fresnel lens structures on a roller. The dark shaded zone represents the portion where the 
work material cannot be removed due to the steep circular groove profiles and the fixed cutting angle. 
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Stretched Cross-section view

Roller mould

 

 

 

 

 

 

 

Figure. 15. Incapability to machine radial Fresnel lens on a roller using ultra-precision diamond turning method.[16] 

 A novel process named  Synchronized Tool and Roller (STR) diamond machining is developed in NUS  & SIMTech 
joint project [16] to solve the problem illustrated above which is currently faced by the industry. A four- axis 
synchronized tool–workpiece interactive motion is designed to realize precise machining of the radial Fresnel lens 
microstructures containing steep circular grooves on the outer cylindrical surface. The tool path generation algorithm has 
been developed from geometrical modelling considering the lens design, the tool geometries and the roller parameters.  

 

Figure. 16: 4-Axis Integrated Tool-Workpiece Motion[16] 

The potential of the STR diamond machining process has been demonstrated by direct machining of a radial Fresnel lens 
structure with 10 mm diameter and 8.25 nm surface roughness  on a roller mould in 8 h, which satisfies the industry 
requirement of high-precision optical roller moulds.[16] 

  

3.2.2. Development of Free form Surface Patterning technique  
ICOMM 

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 [17]. From the traditional NURBS method to fabricate surface features, have some limitations. Firstly, the 
process to convert the desired freeform feature into mathematical equations is a complex and challenging task that is not 
mastered by any layman; moreover, irregular features like hand-drawn features are hard to be defined into mathematical 
equations. Hence, in order to tackle the limitations mentioned, in NUS a novel process has been developed [18]in that 
process feature can be directly converted into the machine code (CNC code) for fabrication using FTS diamond Turing. 
The process for the proposed method is summarized in four main steps: 
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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 using FTS diamond turning. 

 

 

 

 

 

 

 

 

 
 

Figure 17: Machining surface with digital image[18] 
 

The proposed methodology has been experimentally validated by the successful machining of freeform features based on 
any digital image. This process allows even a layman to customize a feature without working out any mathematical 
equations. 
 

4. Ductile mode Machining of Brittle Materials  

If a manufacturing engineer is asked to machine glass which a brittle material in ductile mode he will also argue that it is 
impossible.  However, Nano-indentation results proved that every practical material, no matter how brittle it is, has some 
plasticity[19]. So, if he is given some clues explaining the fundamental properties of brittle materials that every brittle 
material has a ductile layer on it as shown in Fig.18 [19], he will be able to unravel the challenge and be easily able to 
machine brittle materials in ductile mode. In this area in NUS research is mostly focused on the Ductile Mode Machining 
of Brittle Materials by Micro-End Milling. 
 

 
Figure 18: Nano-indentation results of the Plasticity of brittle materials[19] 
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4.1. Ductile Mode Machining of Brittle Materials by Micro-End Milling 
 

Perhaps, the most significant advantage of micro or nano-scale machining has been realized in machining of brittle 
materials. Brittle materials such as glass and ceramics are considered as difficult-to-machine materials because of their 
high tendency towards brittle fracture during machining. The most important challenge in machining these brittle 
materials is to achieve the material removal by plastic deformation rather than characteristic brittle fracture. Ductile-
mode machining is a promising technology to achieve crack-free machined surfaces on brittle materials. Ductile-mode 
machining is mostly performed by single edge cutting process which is usually diamond turning. However diamond 
turning has limited capability to machine three dimensional shapes and asymmetrical features on work-material. Micro-
endmilling is a versatile machining process capable of machining complex shapes, cavities, asymmetrical profiles and 
prismatic surfaces on work material. In NUS comprehensive research on Ductile Mode Machining of Brittle Materials by 
micro-end milling machining process is conducted[20, 21] to understand the underlying mechanism of material removal 
in end milling of brittle materials and influence of machining parameters on the machining mechanism have been 
investigated both analytically and experimentally. Experimental results have established that fracture-free slots can be 
machined in glass by micromilling process within the controlled set of cutting conditions.The analytical work was 
focused on the determination and prediction of critical conditions for ductile-brittle transition in milling process of brittle 
material in terms of process parameters such as unreformed chip thickness and feed per edge. The feed per edge and the 
axial depth of the cut have been identified as the critical factors for the ductile–brittle transition in micro cutting of glass 
by milling process. Three modes of machining achieved as shown in Fig 19.  

 

 

 

 

 

 

 

 

Figure 19: Three Modes of Machining Achieved-a Typical example of transition of machining modes from brittle to 
ductile depending on cutting conditions on Silicon. (Machine used: DT-110) 

(The cutting speed was constant = 9.42 m/min during all experimental conditions. The feed per edge for brittle mode 
=1.5 micron, for partial mode = 1 micron, ductile = 1 micron. The critical chip thickness for all cases is ~0.3 micron. The 
first brittle point occurs at about 28 degree angle in upmilling cut.) 
 
5. Conclusion  

A multi-purpose miniature machine tool has been developed for high precision micro machining in NUS. The machine is 
capable of performing micro-EDM, micro-ECM, micro-WEDG, micro-turning and micro-milling. Special process 
developed for the machine included the fabrication a high-aspect-ratio micro-structure using micro-EDM. This is 
possible through fabrication of a very fine electrode on-machine by sacrificial electrodes or micro-turning, and then 
micro-EDM is performed to fabricate a micro-structure using the electrode. A series of micro features have been 
successfully fabricated using the technique developed. A desktop ultra precision lathe incorporating a high speed spindle 
and fast/fine tool servo system has also been developed in order to achieve economical nano surface generation by 
diamond turning. Attempt to develop a novel image patterning process, and Synchronized Tool and Roller (STR) 
diamond machining process have been successful. Developed Synchronized Tool and Roller (STR) diamond machining 
process is capable of direct machining of a radial Fresnel lens structure on roller moulds. All of these research is 
expected to make significant contribution towards miniaturization. 
 

 

Radial depth of cut= 150µm, feed 
rate=6 mm/min  

Radial depth of cut=350µm, feed 
rate= 4.0 mm/min 

Radial depth of cut=275 µm, feed 
rate= 4 mm/min  

Brittle Partial ductile Ductile 



13 
 

References: 

1. Okuyama, H. and H. Takada, Micromachining with SR and FEL. Nuclear Instruments and Methods in Physics Research 
Section B: Beam Interactions with Materials and Atoms, 1998. 144(1–4): p. 58-65. 

2. Rajurkar, K.P. and Z.Y. Yu, 3D Micro-EDM Using CAD/CAM. CIRP Annals - Manufacturing Technology, 2000. 49(1): p. 127-
130. 

3. Asad, A.B.M.A., Micro-EDM Process for Tool-based Compound Micromachining. Ph.D. Thesis, National University of 
Singapore, 2012. 

4. Azizur Rahman, M., et al., CNC microturning: an application to miniaturization. International Journal of Machine Tools and 
Manufacture, 2005. 45(6): p. 631-639. 

5. Rajurkar, K.P., et al., Micro and Nano Machining by Electro-Physical and Chemical Processes. CIRP Annals - Manufacturing 
Technology, 2006. 55(2): p. 643-666. 

6. Lauwers, B., Surface Integrity in Hybrid Machining Processes. Procedia Engineering, 2011. 19: p. 241-251. 
7. Rahman, M., et al., A multiprocess machine tool for compound micromachining. International Journal of Machine Tools and 

Manufacture, 2010. 50(4): p. 344-356. 
8. Rahman, M., Y.S. Wong, and M.D. Nguyen, 11.06 - Compound and Hybrid Micromachining: Part II – Hybrid Micro-EDM and 

Micro-ECM, in Comprehensive Materials Processing, S.H.F.B.J.V.T. Yilbas, Editor. 2014, Elsevier: Oxford. p. 113-150. 
9. Mikrotools, http://mikrotools.com/. 2015. 
10. Asad, A.B.M.A., et al., Tool-based micro-machining. Journal of Materials Processing Technology, 2007. 192–193: p. 204-211. 
11. Lim, H.S., A.S. Kumar, and M. Rahman, Improvement of form accuracy in hybrid machining of microstructures. Journal of 

Electronic Materials, 2002. 31(10): p. 1032-1038. 
12. Nguyen, M.D., M. Rahman, and Y.S. Wong, Simultaneous micro-EDM and micro-ECM in low-resistivity deionized water. 

International Journal of Machine Tools and Manufacture, 2012. 54–55: p. 55-65. 
13. Rahman, M., et al. Compound Micro/Nano Machining–A Tool-Based Innovative and Integrated Approach. in Key 

Engineering Materials. 2010. Trans Tech Publ. 
14. Hansen, H.N., R.J. Hocken, and G. Tosello, Replication of micro and nano surface geometries. CIRP Annals - Manufacturing 

Technology, 2011. 60(2): p. 695-714. 
15. Linfa, P., et al., Micro hot embossing of thermoplastic polymers: a review. Journal of Micromechanics and 

Microengineering, 2014. 24(1): p. 013001. 
16. Huang, R., et al., Ultra-precision machining of radial Fresnel lens on roller moulds. CIRP Annals - Manufacturing Technology, 

2015. 64(1): p. 121-124. 
17. Brecher, C., et al., NURBS Based Ultra-Precision Free-Form Machining. CIRP Annals - Manufacturing Technology, 2006. 

55(1): p. 547-550. 
18. Neo, W.K., et al., Novel Machining Technique for Surface Patterning by Diamond Turning. 
19. Lawn, B.R., T. Jensen, and A. Arora, Brittleness as an indentation size effect. Journal of Materials Science, 1976. 11(3): p. 

573-575. 
20. Arif, M., M. Rahman, and W.Y. San, Ultraprecision ductile mode machining of glass by micromilling process. Journal of 

Manufacturing Processes, 2011. 13(1): p. 50-59. 
21. Arif, M., et al., An experimental approach to study the capability of end-milling for microcutting of glass. The International 

Journal of Advanced Manufacturing Technology, 2011. 53(9-12): p. 1063-1073. 

 

http://mikrotools.com/.



