CURRENT TENDS IN MICRO FORMING



Abstract:
Micro manufacturing technologies have witnessed significant advancements in recent years, playing a crucial role in various applications ranging from high-level industrial sectors like automotive and aerospace to everyday electronics components and medical devices. Among the diverse micro manufacturing technologies, this chapter focuses on micro forming technologies due to their numerous advantages over other methods, including minimal material waste, excellent mechanical properties, and suitability for high-volume production. This chapter article presents an overview of the primary research conducted in the field of micro forming technologies, categorized into four main groups: Application, process, tools, and equipment. The challenges associated with miniaturization within each of these primary groups are also explored.
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Importance of miniaturization and concept of micro forming.
In the recent years there has been a growing demand for micro technical products in various fields of science and engineering such as electronics, micro electro mechanical systems (MEMS), telecommunication, medicine, sensor-technology, optoelectronics and bio-technology. Due to the ongoing trend towards miniaturization in general and the increasing use in a steadily growing field of applications, there is a huge market for mechanical components and metallic micro parts which have to be produced in large numbers. For example, cellular phones become smaller with every new generation; additional functions are being added like integrated organizers and mp3-players. Recently, a wrist watch with an integrated digital camera has been introduced, and a micro hard disc drive with a capacity of one Gigabyte that fits into an egg shell has been developed (Figure 1.1) [Geiger et.al,2001].
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Figure 1.1 Miniaturization hard disc drive (IBM).
	Traditionally these precision mechanical parts are fabricated by machining (material removal processes). For some applications, Metal forming processes are best suited for miniaturization because of the advantage of the net shape or near net shape processes, higher productivity, minimized material waste, excellent mechanical properties and accuracy as well where high volume–low-cost production is desired [Engel 2002; vollertsen,2004, Ike et al., 1998, Hanada et al., 2003]. In order to obtain mass production with high precision at microscopic scale, micro forming technology has been developed and becomes an important technology to fabricate micro-parts.	
Micro forming is defined as the production of metallic parts by forming with at least two-part dimensions in the sub-millimeter range [Geiger 2001]. Typical examples for such parts are pins, fasteners, micro screws, lead frames, sockets, micro cups, and any kind of connecting element.
 Forming technology is excellently suited to meet the demand, showing a high potential as a supplementary and even substituting technology with respect to economic and ecological factors and those characterizing the quality of the final product in terms of accuracy, mechanical properties and reliability. An important observation was that it is not easy to directly apply the knowledge from the classical forming processes. Although at a first sight the process appears simple, being nothing but geometrical matching of the die and work piece, in reality micro forming is different than meso forming and macro forming.
I. Application of micro forming
The general trend towards miniaturization in the last decade resulted in an increasing demand for metallic miniature components and an estimated rise in turnover from 15 to 30 billion US $ in the last few years [ F. Vollersten et al., 2004] for the automotive, electronics, medical sector, micro systems technology (MST) and watch industries. There are important applications for micro-scale mechanical systems, such as micro-resonators, micro-surgical tools and devices, micro springs, micro gears, micro lead frames, micro-motors, micro-transmission components [Sawyer et al., 2004]. All these parts need high functionality, high reliability and accuracy.
Other typical examples for such parts are pins for IC-carriers, fasteners, micro-screws, sockets, any kind of connecting element made by extrusion technology, connectors, contact springs and lead frames. Lead frame and its inner leads are made by blanking. Micro cups are made by micro deep drawing. Cups for the electron gun in color TV sets or shafts of small motors are produced with a progressive tool with 18 steps. Some typical micro parts for various applications are shown in Figure1.2 [Geiger et.al, 2001].
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Figure 1.2 Micro parts for various application made by micro forming.
	However, the implementation of micro forming for commercial production of micro parts depends on the understanding of various aspect of micro forming. 
	As mentioned, micro forming is a cost-effective process due to the fast cycle rates and high material utilization for high volume production. Several components of interest at the micro scale lend themselves to micro forming. 
II. The micro forming System.
	When a forming process is scaled down from conventional scale to the sub millimeter range, some aspects of the work piece remain unchanged, such as the microstructure and the surface topology. This causes the ratio between the dimensions of the part and parameters of the microstructure or surface to change, and is commonly known as the “size effect”. 
In order to understand the problems and difficulties associated with micro forming processes, important issues and to find solutions, the analysis starts with the micro forming system. Micro forming system can be split-up, similar with conventional forming processes, into four groups. The four groups are material, process, tools and machines and equipment. Figure 2.1 illustrates the variables that appear with miniaturization, related with the four groups. Beside the problems that appear in a conventional forming process, like tool design, wear and appropriate treatment of the material, problems appear in micro forming that are strongly coupled with miniaturization itself [Engel et al., 2002].
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Figure 2.1 Variables that become important with the miniaturization [Engel et al, 2002]

Major issues in micro forming 
2.1 Factors influencing material behavior in Micro forming
1.The General Size Effects 
The material behavior changes with miniaturization, because of the size effects that occur when a process is scaled down from the conventional size to the micro-scale. The size effect is a characteristic of macro geometry of the initial work piece (billet/blank) microstructure, surface topography and state of lubrication. When the process is scaled down, these remain unchanged and it leads to a different metal flow behavior compared to conventional forming processes [Messner et al., 1994]. 
Various types of materials including metals, nonmetals and composite such as, stainless steel, copper, brass, aluminum, nickel, titanium, silicon, PZT, soda glass, alumina,  Polyimide, Polycarbonate, and  ABS have been used in micro forming for various  applications[Bourell,2006]. Materials were tested, mostly brass, copper, stainless steel and aluminium having wide range of applications.
As a result of the inability to apply conventional forming processes in the field of micro forming, investigations become necessary so that these size effects could be quantified. In general, size effect (i.e., ratio of grain size to the characteristic part size) influences in particular the material behavior and surface interaction, which are relevant for all forming processes. Based on the similarity theory proposed by Geiger et al. (1997), the scaling down of a process is an accepted strategy to investigate micro forming processes and miniaturization effects. In order that the experiments are easily evaluated, stress and strain rates should not be affected by the size of the process and therefore are constant. All the dimensions of the specimen and tools are multiplied by the geometric scale factor λ which is ratio of punch diameter to thickness of material. The time scale is fixed to one. Starting from these preconditions, process forces should be proportional to λ2 and flow stresses size independent, that is, the same stress strain curve should be obtained for different value of geometrical scaling factor λ. This theory may be able to apply to the scaling down of the process and tooling design at macro-scale, a number of material tests and forming experiments shown the deviation in the material response which violates the similarity theory. The influence of the miniaturization on the flow stress has been investigated by geometrically similar tensile, upsetting tests, air bending experiments and punching experiments [Geiger et al., 1997]. The experiments have shown that the flow stresses decreased with the increasing of the miniaturization. The decrease of flow stress can be explained by the ‘Surface Layer Model’ (Figure 2.2 (a)). 
   [image: ]                              
Figure 2.2. (a) Surface model (b) Flow stress curve
The surface layer model is based on the fact that on small scales, the material cannot be considered as a homogeneous continuum anymore – the decisive criterion being the ratio of grain size to billet or blank dimensions. The share of grains representing the surface layer becomes high compared to grains entirely surrounded by other grains for micro-parts. During the plastic deformation process, the grains located at the specimen surface and the grains located within the specimen volume are expected to behave differently because of the lower forces of constraint in the surface area of the specimen. One consequence of the miniaturization is an increasing of the ratio of surface grains to volume grains. As a result, the flow stress will be lower [Geiger et al., 1997]. Figure 2.2 (b) shows the decreasing flow stress with the increasing miniaturization. This is also observed when the size effect is studied in sheet metal micro forming in order to approximate the maximum force in micro-air bending and micro-punching processes of copper-zinc  alloys [Kals et al., 2000, Michel, 2003], and aluminum [Raulea,2001].
Size effects are the most challenging problem in micro-forming process design. For thin sheet metal forming, sheets with diﬀerent thickness show diﬀerent behaviour, which must be considered in die and punch design, and the determination of the forming force and forming device.
	Hydraulic bulge test apparatus was developed [(Mahabunphachai and Koç 2008) and series of bulge tests were conducted to study the effects of the grain/specimen size (N = to /d) and the feature size (M= Dc /t0 ) on the material flow stress. Thin blanks of SS304, 51 μm in thickness, with three different grain sizes (d) of 9.3, 10.6, and 17.0 μm (N = 5.5, 4.8, and 3.0, respectively) were bulged using five different bulge diameters (Dc) of 2.5, 5, 10, 20, and 100mm (M = 49, 98, 196, 392, and 1961, respectively). Some of the bulged samples are shown in Fig. 2.3.
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Figure 2.3 Hydraulic bulge test.(Mahabunphachai and Koç 2008)

Based on the flow curve plots shown in Fig. 2.4 the effect of the material grain size could be clearly observed; that is material with larger grain size is weaker, a result that agrees with the Hall–Petch relation. In terms of the feature size (i.e., bulge diameter) effect, the flow curve plots show a decrease in flow curve As a result, the material response should demonstrate higher strength when attempting to form smaller features/parts.
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Figure 2.4 Flow curves from bulge test on CuZn36 for thicknesses from 0.1 to 0.5 mm
 A set of bulge experiments is performed on CuZn36 specimens for various thicknesses from 0.1 to 0.5 mm(Michel and Picart 2003). The thickness reduction from 0.5 to 0.1mm modifies the flow stress curves (Fig. 2.4).  The position of the flow stress curve for thickness 0.5mm is due to the change of the grain size. These results are quite similar with the results obtained from uniaxial tensile tests. According to results obtained for standard uniaxial tension and upsetting tests by the flow stress and the formability limits decrease upon the reduction of specimen size and thickness. The flow curve decreases with a decrease of thickness considering these experimental results.
2 Grain Size Effect
The ‘Surface Layer‘model presented earlier explains the decreasing in the flow stress with the increasing of the miniaturization, or with decreasing thickness in sheet micro forming. This effect is also related to the ratio of grain size to sheet thickness. Uni-axial tensile tests were carried out with sheets of different thickness keeping the grain size constant [Raulea et al., 1999]: 
 It is observed that both yield and tensile strength decrease with increasing miniaturization. It is also observed that single crystal behavior is totally dominated by the orientation of the individual grains [Raulea et al., 1999]. A summary of the effect of N (t0/d) on the flow stress based on the findings reported in the literature is presented in Fig. 2.5 
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Figure 2.5 Grain VS. specimen size effect on the flow stress as a function of N
In case of very few grains over thickness, specific conditions of orientation and size of every single grain are reflected in the forming behaviour  as it is no longer averaged by huge number of grains. Additionally scatter of results also increases.

3. Effect of friction
	Engel et al. (2002) studied the effect of miniaturization on friction by ring compression and double cup extrusion tests. It was observed that the friction force increases with miniaturization when lubricated with oil, while it is size independent in the case of no lubrication. For the investigation of the influence of miniaturization on friction, scaled DCE tests have been carried out. The diameters of the specimen were varied between 4 mm down to 0.5 mm. Figure 2.6 outlines the experimental setup: a cylindrical specimen is placed in a die between a stationary and a moving punch of identical shape. The upper punch moves down and causes the material to form two cups with the cup heights hu and hl. In the theoretical case of no friction (friction factor m=0) both these cups have the same height, whereas the higher friction gets, the more the forming of the lower cup is prevented. Therefore, the ratio hu/hl is quite a sensitive measure for friction. The ratio of hu/hl increases with miniaturization. The amount of changes in friction conditions was determined by a numerical identification with FE-simulation. It can be seen that the cup height ratio and thus, friction increases distinctly with miniaturization, especially in microforming with lubrication. Higher friction causes non-uniform strain distribution and reduces formability(Ghobrial, Lee et al. 1993).
.[image: ]
Figure 2.6 DCE test: (a) dependence of cup height on friction; (b)–(d) FEM calculation, development of the cups.
[bookmark: bbib11]	This frictional behaviour can be explained by the model of open and closed lubricant pockets, also called dynamic and static lubricant pockets (Sobis, Engel et al. 1992) . When a forming load is applied to a lubricated work piece surface, the asperities (“roughness peaks”) start to deform plastically, thus increasing the pressure of the lubricant which is trapped in the “roughness valleys” in-between. Roughness valleys that have a connection to the edge of the surface cannot keep the lubricant. These are called “open lubricant pockets”. With increasing normal pressure the lubricant escapes and is not able to support or transmit the forming load Figure 2.7. The forming load only acts on the asperities which results in a higher normal pressure, a higher degree of surface flattening and higher friction. Closed lubricant pockets on the contrary do not have a connection to the edge of the surface. The lubricant gets trapped in those pockets and pressurized during forming. The pressurized lubricant helps to transmit the forming load, thus reducing the normal pressure on the asperities, which results in lower friction Figure 2.7.
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Figure 2.7 Open and closed lubricant pockets.
	It can be summarized that closed lubricant pockets reduce friction in contrast to open lubricant pockets. Applying this model to the DCE test outlined above there must be a scaling effect on the ratio of open to closed lubricant pockets as shown in Figure 2.8. It is obvious that there is a region of constant width (denoted by x in Figure 2.8) where the open lubricant pockets become effective. This can be confirmed by roughness measurements on the outer surface of the specimens after extrusion, showing distinct flattening of asperities in the region of x. By reducing the specimen size, the share of open lubricant pockets increases as well as the friction factor. The model of open and closed lubricant pockets has been confirmed by additional and independent investigation. For example, tests with specimens of fixed diameter but varying height have been carried out. In accordance to the model an increase in friction with decreasing height is observed. Another proof for the model arises from the use of solid lubricants (or even dry conditions) instead of a fluid. In that case the mechanism postulated by the model cannot become effective and consequently size effects do not occur.
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Figure 2.8 Effect of miniatirization on areas with Open and closed lubricant pockets
S.W. Baek et al. (2006) established a lubrication technique for micro forming of sheet metal. Octadecyl trichlorosilane (OTS) self-assembled monolayer (SAM) coating was used as lubricant.  Friction and adhesion forces were measured on bare and OTS SAM coated Si wafer surface. It was shown that OTS SAM coating reduces the friction and adhesion substantially. It was also shown that OTS SAM coating successfully improved the formability of the thin foil channel forming. There may be other potential lubricants such as Teflon, Z-DOL and perylene which can be used for micro forming.
2.2.2. Micro forming processes:
CLASSIFICATION OF MICRO FORMING PROCESSES:
	In the last 15 years there were some important studies conducted in micro forming, most of them characterized by empirical process design, looking for solution to produce these parts . More forming processes were studied and reduced to micro scale. There are three main areas into which metal forming and thus, micro forming of metals can be divided into  (Messner, Engel et al. 1994) (Vollertsen, Hu et al. 2004)
• Bulk forming – There is a wide range of applications for Micro-bulk forming, as the raw part can easily be produced by wire drawing down the diameters tens of microns and then cutting the wire into small cylinders. The only drawback is the handling of pieces in an appropriate time and with the level of precision required.
• Sheet-metal forming – Micro-sheet-metal forming has been investigated in terms of air bending and laser bending of metal sheets with a thickness of down to 0.1 mm.
• Profile forming – Micro-profile is still an unknown area in terms of research.
Micro Bulk forming Processes 
	Various metal forming processes were scaled down and the effect of the miniaturization was studied.  Bulk micro forming processes like extrusion of micro parts and micro drawing of wires have been studied by Cao et al. (2004), Rosochowski, et al. (2007) and Yasunori saotome et al. (2001). A micro-scale extrusion experiment had been conducted by Cao et al. (2004) to extrude micro pins of CuZn30 brass with grain sizes of 32, 87, and 211 μm, respectively with 1.0 and 0.48 mm in diameter. Figure 9 shows an example of the deformed pin made during extrusion and extrusion machine. The average value of the maximum extrusion force is 4.11 KN for the 32 μm samples, 3.67 KN for the 87 μm samples, and 3.64 KN for the 211 μm samples. As expected, it has been observed that smaller grain size billet requires higher ram force i.e., the flow stress increases with decreasing grain size.
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Figure 9 Extruded pin and Micro extrusion apparatus.				Figure 10 Extruded copper pin.
	The smallest part known from industrial applications that is produced by a multi-stage forming operation is a forward rod and backward can extruded copper pin with a shaft diameter of 0.8 mm and a wall thickness of 125 pm (Figure 10)(Geiger, M.Kleiner et al. 2001).
	Olejnik, prez et.al studied backward micro-extrusion with commercial Al 1050. Figure 11.shows the tool set for micro extrusion and the shape of the billet (calibrated blank) and the extruded cup of wall thickness 150μm.(Olejnik, Presz et al. 2009)
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Figure 11 Tool setup for backward micro-extrusion together with the billet and the extruded cup.
 	A typical model machine (Figure 12) has been developed by Guana University, Japan [Yasunori saotome 2000] as well as Nortwestern University, USA for micro extrusion process. Typical examples of extruded micro parts are shown in Figure 13 [Engel et al, 2002, Vollersten     
et al., 2004].   
[image: ]                     [image: ]
Figure 12 Micro extrusion machine.			Figure 13 Typical Examples of micro extruded parts
	Micro-gear is an important actuating component used widely in micro-electromechanical systems (MEMS) devices. The isothermal micro forming process of micro gears was performed with the developed micro forming apparatus (figure 14). The diameter of the female micro die pitch circle is 1.0 mm with a module of 0.1 mm. The experimental material was 5A02 aluminum alloy, and the dimensions of the specimens were Ø 0.7 X 1.0 mm2 (Chunju WANG y 2007). The formed micro gear was observed with the scanning electron microscope (SEM). The contour of the micro gear is very clear, and there is no burr on the surface of the parts as shown in Fig.10. The mean roughness (Ra) of the teeth surface is 0.74 X10 -3 mm.
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Figure 14 Photograph of the micro forming apparatus and SEM photograph of micro gear.
	 A novel hybrid processes combining isothermal enclosed forging process with two kinds of piercing methods have been presented to manufacture the micro-double gear.(Debin, Jie et al. 2009) the experiments of hybrid forging process was investigated with central piercing method and the micro-double gear was manufactured with good quality using micro-forming apparatus actuated by piezoelectric (PZT) as shown in figure 16..The material of the specimen used in the test is 2024 aluminum alloy. The dimensions of the specimen of the second process are 1.2 mm in diameter and 4.7 mm in length, and the central hole of the specimen is 0.5 mm in diameter Compared with precision machining and directly forming, the hybrid forging process of micro-double gear, involving forming and assembling, has the advantages of manufacture efficiency, assembly precision and producing reproducibility. Figure 16. Shows the various product made by micro forging.
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Figure 15 Formed micro double gear	      			Figure 16 Products made by cold forging.

Micro embossing
	The embossing technology is often used to produce the small components in microchips. The small material region direct on surface will change the form depending on the form of punch under high press force.
	The investigation of cold embossing using silicon die has been carried out by Otto and Bohm [Otto, 2000; Bohm, 2001]. The first set of experiments by Otto used aluminum 99.5 as the material, embossed at the room temperature with the straight channel feature. The result is shown in Figure 18. Based on this experimental result, the feasibility of molding structures smaller than the grain size of the material without damaging the silicon die is verified. The second attempt to study the cold embossing process by Bohm was focused on the study of forming precision and die-wear for different micro-geometries, applied loads, and work piece materials. Two patterns of silicon die features were used complex and straight channel structures (Figure 17). For the complex structure, aluminum, stainless steel, copper, and brass are used as the blank material. The results show that complex structures can be formed with all of the four materials with very high precision (Figure 18). However, the necessary compression stress must be much higher than the yield stress of the respective material. Moreover, for sharp edges at the bottom, a further increase of the pressing force is required.
[image: ]                 [image: ]
                 
Figure 17 SEM images of etched side, and embossed gratings 	Figure 18 Detail of complex structure after cold embossing
Micro Hydroforming.
	The Institute of Production of the University of Applied Science Cologne leads the development of the first-generation hydroforming machine for the forming of miniature/micro-tubular components (Figure.19). Hydroforming processes have been employed successfully in industry for producing products predominantly relating to lightweight automotive components. The mass-production of such components at present is, however, limited largely to the parts with cross-sections of above about 20 mm in width. There was a lack of experience in the hydroforming of tubular, miniature/micro-parts. A machine system has been developed for the forming of miniature tubes with diameters down to 0.8 mm and thickness down to 20 μm. 
[image: ]
Figure 19 The micro-hydroforming machine system.

	 A study of micro-hydroforming process for fabrication of micro-features on thin metal sheets was performed by Joo et al. 2004.  Micro channels of 10-20μm wide and 5-10μm deep with AISI 304 stainless steel with 2.5 μm-thick and pure copper with 3.0 μm-thick foil were successfully formed. Micro-channels of various shapes with the channel dimensions ranging from 10-20  μm in width and 5-10  μm in height using a static pressure up to 250 MPa is shown in  Figure 20 (Joo, Oh et al. 2004).
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Figure 20 Hydroformed micro-channels on ultra-thin copper foil
	The experimental results showed that the copper sheet could be fully formed into a concentric channel shape, while the stainless-steel sheet could not be fully formed into any channel shapes.  Furthermore, the effect of inter channel distance was revealed on the wall thickness distribution of copper foil.  The results showed extreme thinning up to about 75% when a narrower inter channel distance of 1 μm was used as compared to the wider channel spacing.

Various metal forming processes were scaled down and the effect of the miniaturization was studied.  Bulk micro forming processes like extrusion of micro parts and micro drawing of wires have been studied by Cao et al. (2004), Rosochowski, et al. (2007) and Yasunori saotome et al. (2001). A micro-scale extrusion experiment had been conducted to extrude micro pins with 1.2 and 4.8 mm in diameter by Cao et al. (2004) and it has been observed that smaller grain size billet requires higher ram force i.e., the flow stress increases with decreasing grain size. A typical model machine (Figure 21) has been developed by Guana University, Japan [Yasunori saotome 2000] as well as Nortwestern University, USA for micro extrusion process. Typical examples of extruded micro parts are shown in Figure 22 [Engel et al, 2002, Vollersten et al., 2004].   
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Figure 21 Micro extrusion machine. 		Figure 22 Typical Examples of micro parts.
Micro deep drawing and other sheet metal forming processes like punching and bending have also been studied. As the present research work deals with forming of miniaturized sheet metal parts, further discussion is focused on micro sheet metal forming processes.
Micro deep drawing
 Conventional deep drawing is one of the most important cold working sheet metals forming process to form a flat sheet in to a cup shaped or a box-shaped part at a fast rate by means of a punch that presses the blank into the die cavity as shown in figure 23. In deep drawing the cup is deeper than half its diameter. Sufficient blank holding force is required to suppress the wrinkling of the sheet while it is drawn into the die cavity [Dieter, 1998]. The deep drawing process is applied for the production of cup shaped part with large depth, housings and other complex parts.
[image: ]
Figure 23 Deep Drawing
Micro deep drawing process is miniaturization of conventional deep drawing process. Some investigations were conducted regarding the effect of the miniaturization in deep drawing. Micro deep drawing of very thin sheets below 0.2 mm thickness was investigated by Saotome et al. (2001). The punch diameter to thickness ratio (Dp/t), was chosen as an important parameter which varies between 10 and 100. It is found that when the ratio Dp/t increases, the limiting drawing ratio (LDR) decreases. For Dp/t more than 40, it is observed that as Dp/t increases, the required blank holder pressure increases. Also, the effect of die radius on drawability is observed below Dp/t of 15. Higher blank holding pressure is required as die radius to thickness ratio decreses. Micro deep drawing experiments of Al 99.5 foil with sheet thickness of 20µm and mild steel foil with sheet thickness of 25µm were carried out using 1mm punch diameter. The final shapes of drawn cups obtained at macro and micro scales were compared. Wrinkling was observed on the flange of micro cup Figure 24 (a). Friction force was found to decrease in both cases when lubricant was applied, however, the amount of the decreased friction force was significantly higher in the micro cup than that in the macro cup [Vollersten et al., 2004].
K. Manabe et.al (2008) carried out FE simulations and experiments for two stage micro deep drawing process considering tool/material surface roughness. A micro cup of 500µm diameter was drawn (Figure 24 (b)) from SUS304-H of 23µm thick foils to investigate the effect of tool surface asperity. A surface roughness was noticed at the inner wall and cup corner, where there are no traces of sliding of the die. This is due to orange peel texture. 
Xiao et al. (2008) studied effect of grain size and orientation on the earing profile of the micro cup drawn from copper blanks. The study revealed that the grain size and orientation have an important influence on forming earing profile, but has little influence on punch force.   Estimation of grain size and grain orientation which influence the micro deep drawing processes was studied by H.Justinger et al. (2009).  Brass foils of 300µm to 40 µm thickness with various annealed conditions were used to form micro cups of 8mm down to 1mm diameter as shown in Figure 24 (c ). A decrease of geometrical accuracy, a decrease of flow stress and increase of scatter of flow stress and part geometry are observed as a scaling effect.
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 (a)			(b)			              	 (c)
Figure 24 Micro cups
  Apart from micro deep drawing, a series of tests in sheet metal forming, such as bending, coining and punching have been carried out in order to observe the effect of miniaturization on the flow stress. The coining process has been studied using silicon die, Al 99.5 as material which embossed at room temperature. Based on this experimental result, the feasibility of molding structures smaller than the grain size of the material without demining the silicon die is verified. [ Otto, 2000]. Neugebauer et al., (1999) carried out cold embossing test of microstructures and super plastic embossing of different metals, various die materials and geometry. The experiments concentrated on the surface roughness achieved. It was concluded that the quality of the embossed structures is primarily determined by the precision and surface quality of the die. Micro-hole punching machine which meets the requirements of process accuracy for 25µm size holes has been developed by Byung et.al. (2005). All these investigations showed a scale effect of the miniaturization.
III. Machines for micro forming
 The problems associated with machines or equipment grow with miniaturization. Suitable machines/presses are required for carrying out micro forming operations. As forming components are small in size, forming equipment and tooling must also be small in size. 
The micro metal forming manufacturing system is essentially an ultra-precision forming press that can manufacture various micro scale products from thin metal foil. This precision component has a size of several microns to millimeters and precision of sub-microns to micrometer. Micro press system intends a precision forming system that has desktop size which can perform various processes, i.e. micro- extrusion, punching of micro holes, micro deep drawing and micro bending. Characteristic comparison of conventional and micro presses is shown in Table 3.1.
Table 3.1 Characteristic comparison of conventional and micro press process
	
	Conventional press

	Micro press


	Equipment size

	Meter scale

	cm scale


	Forming component size

	cm – m

	µm - mm


	Forming component precision

	µm scale
	nm - µm


	Productivity

	High

	High


	Shape

	3D

	3D

	Material type

	Metal, polymer, Glass etc.

	Metal, polymer, Glass etc.


	Capacity
	1-1000 MN
	Up to 5000 N

	Type of drive system
	Hydraulic, Mechanical, Pneumatic
	Linear motor, piezo-electric, servo


.    
Researchers at several institutes developed micro forming press systems for different kinds of sheet metal forming applications. The most important features of these micro forming presses are summarized in Table 3.2. A typical micro press with data acquisition system is shown in Figure 25.
Table 3.2   Developed micro forming press summery.
	Developed at
	Dimensions
	Specification 
	Precision
	Drive mechanism 
	Process/ Operation

	Korea institute of industrial technology (KITECH), Korea
[Hye-Jin Lee et.al 2008]
	260*340
*655 mm
	5000N load capacity,    
 max. speed 400mm/min
	resolution of 0 .1µm
	servo motor 
	Punching of foil 

	Habin institute of technology, China
[Chunju et.al., 2006]
	200*200
*350 mm
	NA
	Displacement 0.1 mm
	piezoelectric
	Coining of micro gears 

	 Warsaw university of technology, Poland 
[W prez et al.,2006]
	NA
	NA
	NA
	piezoelectric
	Pressing followed by back ward extrusion

	Centre for micro technology, University of Strathclyde,UK.
[ Qin y et.al 2007, Y Qin et.al 2008, UPM Ltd.]
	600*600 *600 mm
	1000 strokes per minute, 5.3KN maximum force.  
	Accuracy5µm, resolution 0.1N for load and 0.1µm displacement
	Direct drive linear motor (28 Kw)
	Punching, blanking and bending.

	Technical University,Darmstdt, Germany [P Gorch] 
	
	20KN maximum force.  
1200 SPM
	
	Linear motor
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Figure 25 Micro forming press and micro gear.
 Micro-manufacturing demands micro-handling systems. Micro-handling is the manipulation of small parts with high accuracy. The clearance between the machine parts that are negligible for conventional forming processes may have a detrimental influence on the accuracy of the produced parts.      part size is to small and part weight is too low, handling and holding of micro parts become very difficult due to adhesive forces (van der Walls, electro static, and surface tension). Therefore, special handling and work holding equipment need to be developed to overcome these difficulties in placing, positioning and assembly of the parts. [Geiger, 2001]. Since the surfaces where they can be gripped are very small and the part weight is low compared with the adhesion forces; as a result, the parts do not separate from a gripper by themselves [Sanchez-Salmeron et al., 2005].
IV. Tools for micro forming.
 As mentioned earlier, researchers have used miniaturized tools with diameter in the range of 50µm to 10 mm in micro sheet metal forming applications. Manufacturing of these tools with high precision by conventional manufacturing process is difficult.
However, new manufacturing methods have been developed in order to overcome these difficulties. Engel et al. (2002) and Hanada et al. (2003) presented a review of the various techniques used to machine micro-dies, such as electric discharge machining (EDM) in which tungsten wire of 30µm can cut steel and WC with tolerance of 2µm.Fabrication of the diamond micro-dies using chemical vapor deposition (CVD). Uhlmann et al., (2005) discussed several existing variants of micro-electrical discharging machining: micro-wire EDM (µ-WEDM) [Chunju et.al. 2006], micro die sinking, electrical discharge drilling, micro-electrical discharge grinding (µ-EDG), micro-electrical discharge milling, and micro-wire electrical discharge grinding (µ-WEDG). Another method for the production of very accurate tooling is grinding by which a punch of 60 µm in diameter with tolerance of 1.5µm and cavity of micro extrusion die (0.2 mm) has been produced [Geiger et al.,1996]. 
 Summary 
	The literature review presented above highlights the importance of micro forming processes and the efforts that have gone into development of equipment (machines/micro presses) for micro forming and investigations in to various aspect of micro forming processes. It also presents the challenges in manufacturing of micro parts by this technique in view with the certain problem with material flow behavior, high precision required and complexity involved in design and development of micro presses and tooling. These challenges provide an opportunity for further research in micro forming technology.
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Figure 4: Shaft of a micro motor; material: SPCE steel [9]
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Figure 3: Cup for electron gun; material: molybdenum
(Philips Components Sittard)
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Figure 8: Micro screws (SFS)
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Figure 2.2: Varisbles that sppcar vwith the miniaturizaton [Engl t sl 2002
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Figure 42: Micromachine for superplastic extrusion
(Gunma University)
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