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ABSTRACT 
Miniaturization of ferrous and non-ferrous metals has turn out to be the optimal line for challenges in micro-electromechanical 
systems (MEMS) and huge medical, electronic applications by its significant features. The traditional techniques are exposed by 
many challenges in manufacturing parts in sub millimeter range with high tolerance. However due to its potential growth in the 
market, the industries are sizing down to manufacture the parts at micro level dimensions which in turn reduces the energy, 
material and pollutions and also it shrinks the cost to demand ratio and correspondingly micro manufacturers are experiencing 
issues related to micro part handling, micro part cleaning, micro part examining, micro metrology etc. This article presents an 
intensive review about the integration of growths from meso scale to micro scale by progressive micro forming techniques and 
notably the size effect deformation behaviour in materials, dimensional accuracy, deformation load, failure analysis, roughness of 
the micro components which are related to exclusively micro scale forming processes like extrusion, forging, incremental forming, 
deep drawing and stamping, in the view of bulk forming is also deliberated. In the end, the research issues of micro mass 
production related to industrial complexity and the research areas which need extensive attention in the micro forming process 
are discussed. 
 
KEYWORDS: Photovoltaic (PV)  

 

INTRODUCTION 

 

Since after 1970s the MEMS components’ assembly with micro parts were familiarized and by the end of 

2020s the homogeneous mass production in micro factory will be promised by way of successive developments 

in recent years. Metal forming is a very significant manufacturing operation in producing micro parts in which 

the component shapes are made by plastic deformation. It is preferred among various production operations due 

to its advantages such as cost effectiveness, enhanced mechanical properties, flexible operations, higher 

productivity, considerable material saving. At times, the classifications are made based on the types of forces 

enforced to execute the processes. However, the classifications are made upon the equipment, tooling, method, 

forces, etc. which are mentioned in Fig. 1. Here, the plastic state is reached by forcing through an orifice is a 

forming technique which involves the complete or partial applying of uni-axial compressive forces in a material 

through a forming die orifice to obtain a reduced cross-section or diameter.  During the compressive forces, the 

friction between the work metal and surfaces of dies also proportional to forces in all magnitudes and locations. 
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Fig. 1: Forming Processes 

 

In general the components which has functional dimensions less than 1mm is classified as Micro 

components [1]. Micro-bulk forming is similar to that of bulk forming process in manufacturing micro 

components. This process holds the potential of producing high quality components, faster and with minimal 

material waste. Micro components satisfying the technology needs as it is manufactured by minimizing the 

machine and tool without compromising the functionality.  

The increasing population stresses the maximum access to progressive healthcare treatments to make 

essential components like medical devices, including pacemakers, implantable defibrillators, catheters, stents 

and neuromodulation devices as shown in Fig.2 which make it suitable for medical device applications 

satisfying the characteristics like biocompatibility, inertness within the body, durability, electrical conductivity 

and radiopacity [2].  

 

 
Fig. 2: Micro Components used in medical and electronic applications 

 

 

 

Down scaling the dimensions has become a mandatory transformation due to its compact in size with 

combination of micro parts for its worthy features.  Sheet metal parts include electrical connectors, lead frames, 

micro meshes for optical devices, medical diagnostics chips, micro-springs, micro-cups for electron guns and 

micro-packaging, micro-laminates for micro-motor, micro-gears, housings for micro device assembly [3] and 

the ultra large scale integrated circuit in the size of a sq.cm has around 10 million transistor and capacitors on a 

chip is a revolution in miniaturization 

Investigators had proven Micro/Nano patterns in MEMS based micro manufacturing through LIGA 

techniques [3] and [4]. The processing of micro/nano 3D patterns by photolithography is comfortable with pre-

defined shapes in the desktop than other patterning techniques [5] and [6] by which satisfies the manufacturing 

of micro-electronic parts like pump, heat exchangers, channels etc. However, MEMS couldn’t promise the parts 

for durability, strength and the movements of parts as being MEMS is limited to silicon material rather than 

metallic micro parts. Considering metallic micro parts, the size effect and material behaviour signifies its 

importance during the micro forming process. Characterization on size effect, surface topography, friction 

factor, lubricating techniques in both ferrous and non-ferrous metals are deeply discoursed [7]. Then the 

successful product is under validation of dimensions of micro parts is by manual inspection stereoscopy and 

later it had its own development ends in FANUC based automation inspection placing, inspection and picking 
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with no human intervention. During scaling down to the submillimeter range, some features of the workpiece, 

such as the micro-structure and the surface topology are unaffected. This causes the relation between the 

dimensions of the part like thickness, width, length, height and the parameters of the micro-structure like grain 

size or the surface roughness to change, is commonly referred to as the size effects. This size effect has 

boundless influence in metal forming process. 

A. Micro Metrology  

In micro forming process, the dimensions of the micro part are primarily affected by size effect, 

temperature, material property, microstructure and other process variables. The variation in process parameters 

ends in the accumulative straining and inhomogeneous deformation.  As shown in the Fig. 3, the diameter and 

length of the two level flanged part varied due to the effect of grain size with respect to the temperature [8]. 

 

 
(a) 

 

 

 
                                                  (b) 

 

Fig. 3(a): Diameter variation of the flanged part 

Fig. 3(b): Length variation of the flanged part 

 

Irrespective of the dimensional variation, the micro part requires the effective micro metrology to identify 

the dimensional deviations and its precision. Micro fabricated systems are exposed to high defect rates due to 

lack of easy accessible metrology systems for micro parts which assists to improve the manufacturing process. 

Micro-Metrology systems are designed for measurement of parts and assemblies with complex dimensions 

which include the most advanced technologies for high accuracy, repeatability, and input to mechanical design, 

optics, sensor integration, and software. The measurement tools have been classified as coordinate measuring 

machine, optical microscope, electron microscope, interferometers and exclusively for surface profilers are 

stylus profilometer, scanning tunneling microscope and atomic force microscope and the advancements made 

in the past years are also discussed. 

Sheu et al. [9] experimented on micro EDM by assembling 70µm ball ended styli probe head for CMM by 

replacing the 0.125mm measuring very low aspect ratio. It is maintained at the adhesion strength of 12.5 mN 

without any deflection as shown in Fig. 4. The attempt made to attain the greater control over the conventional 

process in micro component metrology.  
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Fig. 4: Adhesive Force measurement of 70 µm micro glass ball. 

 

Cui et al. [10] simulated and experimented the development of fiber Bragg grating (FBG) probes with 

single cores and four cores using spheres onto optical fibres contains bragg gratings in their cores. The attempt 

was made to assess the performance of probes for metrology of micro part dimensions of high aspect ratio and 

the single core results in axial resolution of 100 nm at an aspect ratio of 15:1 but the four core FBG probe come 

with a resolution of 13 nm.  

Shimizu et al. [11] developed two types of micro ball styluses which are made of precision glass micro-ball 

of diameter 50 µm which can withstand the force of 90 mN with a shaft holding it made of stainless steel or 

glass tube for scanning-type surface form metrology. Air–bearing displacement sensor was used to test the 

basic performances of the micro-ball styluses.  

Senin et al. [12] proposed for characterization of critical dimensions and geometric errors, suitable for 

application to micro-fabricated parts and devices characterized as step-like structured surfaces. The method is 

based on acquiring areal maps with a high-precision optical three-dimensional profilometer and on processing 

topography data with methodologies obtained from surface metrology, dimensional metrology and computer 

vision/image processing.  

Tosello et al. [13] experimented the precision moulding of a microfluidic system for blood analysis shown 

in Fig. 5 and the dimensions of the micro channels 1.0 µm width and 1.4 µm deep were measured using an 

optical coordinate measuring machine, a non-contact procedure and optical profilometry (white light 

interferometry) was used for the topographic characterization of component surfaces of roughness ̴ 450 nm to 

70 nm. 

Moroni et al. [15] experimented the performance access of 3D optical measuring device integrated with 

artifact for achieving rotational axis. The attempt was made for 3D acquisition of micro geometric parts which 

assists in micro manufacturing. The purpose of the articaft is for dimensional measurement and path 

traceability. 

 
Fig. 5: (a) Microfluidic system for blood analysis  at 100 mm and (b) Detail of 48 mm wide and 110 mm deep 

microchannel and 25 mm radius. 

 

Ming Xuan et. al. [14] developed a tactile probing system based on capacitive sensor fabricated by MEMS 

technique, and a commercial micro-probe and the capacitive sensor are integrated together to constitute the 

initial probing system for precision metrology The experimental results show that when a 0.3 mm probing head 

is used, the probing system has a resolution of better than 10 nm along axial direction and better than 25 nm 

along radial direction during the scanning range of 1 µm. 

Chan et al. [15] studied the effect of grain and specimen sizes on the flow stress of sheet metal in micro 

forming via the tensile test of pure copper and numerical modelling. The tensile test was conducted at room 

temperature with the load cell capacities of 1 and 5 kN at the strain rate of 0.002 S−1. It is thus assumed that the 

material is deformed under a quasi-static condition, the strain rate effect could be neglected and deflection is 

measured with assistance of extensometer. The authors concluded that the flow stress decreases linearly with 
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the decrease of the ratio of specimen to grain sizes. The grain boundary thickness decreases and its volume 

fraction increases with the decrease of grain size and the variation of grain boundary thickness is not 

proportional to the variation of grain size.  

Albert et al. [16] evaluate different sample preparation methods such as mechanical polishing, etching with 

various reagents, and electropolishing using different electrolytes. The authors reported on the findings that the 

use of a nitric acid and methanol electrolyte for electropolishing a homogenized Al-Mg-Si alloy prevents the 

dissolution of Mg-Si precipitates, resulting in micrographs of higher quality shown in the Fig. 6. 

  

 

 

 

 

 

 

 

 

Fig. 6: Precipitates identification in TEM micrograph 

 

The confocal laser scanning microscope is currently the most widely used confocal variation for scaling the 

micro parts which combines a confocal microscope with a scanning system in order to gather a three-

dimensional data set which enables measurement of dimensions that are in the range of microns with nanometer 

accuracy. A significant advantage that confocal microscopy has over other optical metrology techniques is its 

ability to measure steep slopes of up to almost 90◦ on a part with minimal surface roughness [17]. 

The demands for ultra-precision measurement become more important in the field of dimensional 

metrology for the development of micro systems in recent years. Various measurement methods have been 

developed for fulfilling the requirements of surface form metrology of micro optics. The advancements in 

microscope optics, illumination and related devices have enabled a new class of noncontact, optical micro-

coordinate measurement tool that serves these advanced process metrology needs. 

 

Micro Forming: Up-To-Date: 

Miniaturization draws the path to reliability and quality enrichment even in conventional manufacturing 

products.  Moreover, the material properties of micro products expected in meso scale is unpredictable in micro 

scale products due to the scale reduction, surface and size effects starts to govern the material behavior. The 

micro scale is demanding a matchless standardization for machinery precision, tooling and that cannot be used 

in meso scale. When the sheet metal thickness is decreased to microscale, the number of grains involved in the 

deformation zone becomes critical to the quality of the parts. It is revealed that the inhomogeneous deformation 

occurs with the increase of grain size. This is due to the fact that when there are only a few grains existing in 

the deformation zone, the deforming material cannot be considered as continuum due to the strong anisotropic 

properties of grains [18]. The heat treatment has its significant effects in the metal forming process, which 

reduces the cell size from 12 mm to 600 µm and created the intermetallic compounds resulted in increase in 

yield strength and decrease in elongation [19]. It is generally true that almost all solid forming processes can 

theoretically be applied at different temperatures, since the heat treatment gives solution for material 

characterization and grain size.  

Likewise, the heat treatment for materials the die making process has its individual characteristics to look 

after like shrinkage, elastic deformation, profile cross section and the highly uneven velocity distribution when 

extruding complicated profiles. So that the profile gives the actual extruded part. Die life is determined by 

wear, plastic deformation or cracking, Indentation, stability of support tooling and thermal fatigue cracks.  

Wang et al. [20] studied the size effects on plastic deformation behaviours in micro-compression were  

experimented at room temperature. It is found that the flow stress decreases with the increase of grain size 

when there are more than 6.2 grains across the specimen diameter. The flow stress tends to increase when there 

are only 3–4 grains across the specimen diameter. The predicted values were in good relation with the 

experimental values, indicate that the inhomogeneous deformation in micro-compression increases with the 

increase of grain size. The surface folding occurs on the surfaces of some specimens with a few grains across 

the diameter, examined with the aid of Electron backscattered diffraction. 

Shimizu et al. [21] attempted an approach to enhance the tribological performance of diamond like carbon 

(DLC) coating films for dry micro forming operations particularly applying the micro-textured structures to the 

DLC films. Tribological performance of fabricated micro-textured structures with a width of 40 and 80 µm and 

an interval of 30 and 40 µm were evaluated by the ball-on-disk type friction tester. The author reported on 

friction coefficient that the micro-textured DLC films with structure size of 40 µm showed the excellent stable 
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variation with relatively low coefficient of friction (COF) of µ = 0.01-0.06, while the conventional non-textured 

DLC films showed the significantly large deviation with high COF of µ > 0.25. 

Fu et al. [22] studied the feasibility of forming micro scaled parts by using the previously developed 

forming system and examining its characteristics based on the material flow behavior, microstructure evolution, 

the quality and property of the final formed parts. The authors reported that When the grain size is large 

compared to the workpiece thickness, an inclined fracture surface is formed on the blanked cylinder and the 

rollover surface on the flanged part becomes rough. A rough fracture surface with micro voids is formed after 

shearing operation. 

Pour et al. [23] proposed a technique “multi axial incremental shearing” (MAIS) to ultra-fine grain 

refinement of bulk materials and severe plastic deformation process for shear deformation. The experiment was 

made to study the strain distribution of the metals and attaining fine refinement of grains as shown in Fig. 7. 

 
Fig. 7: (a) Cast alloy, (b)Sample process by MAIS and  (c) After two passes by MAIS 

 

Ichikawa et al. [24] attempted to manufacture the forming press with more values than conventional press. 

The press has made it possible to visualize the dynamic movement of press machine such as keeping the slide 

parallel with the feedback control. This visualization has made it possible to know mechanism of press forming 

being worked, and is useful to solve many problems of the press forming Using 4-axes direct drive digital servo 

press and pressing with less inclination of the slide than conventional press has made it possible to produce 

with no simultaneous punching, and as a result, this has made it possible to press the parts by smaller press than 

conventional press. 

Ridzuan et al. [24] investigated the performance of vegetable oil with the comparison of mineral oil, 

commercial stamping oil, commercial hydraulic oil, jatropha oil, RBD palm olein and palm fatty acid distillate. 

The applied load was 126 kg and the performance shows the characteristics of vegetable oil, produces less scars 

compared to mineral oil. The author concluded that the vegetable oil is well suited for manufacturing process 

due to its high friction coefficient. 

This article essentially focusing on the development and advances made recently in micro factory and its 

standardization. Also discussing the characterization such as material behaviour, flow stress, material flow etc. 

which are the factors influenced by size effects in micro forming processes namely micro extrusion, micro 

incremental forming, micro stamping, micro forging and micro deep drawing. 

 

A. Micro Extrusion: 

Micro extrusion proved its best bit for less material wastage and the role of micro extrusion in micro 

components manufacturing proven its value. The compressive force effects the severe plastic deformation of 

the material with ultra-fine grain. Deformation behaviour of coarse grain material is unpredictable when scale 

changes from macro level to micro level termed as size effect.  

Hongchun et al. [25] opted the spray deposition technique, was employed to produce high-solute 7055 

billets, and alloy composition, microstructure features and related mechanical properties were examined. As-

deposited 7055 billet was subsequently processed by hot extrusion, solid solution treatment at 450° C/24 h and 

aging at 120° C for 12 h. The results revealed that yield strength, tensile strength and elongation rate of the 

alloy reached 608 MPa, 667 MPa and 10%, respectively. In extrusion, the observation of the microscopic 

fracture morphology of as-extruded specimens expressed that fracture mode was the transgranular dimple 

fracture. 

Hsia et al. [26] investigated to establish a viable process for micro forming of micro pin of 0.88 mm 

diameter. The simulation was validated using DEFORM software and true stress and true strain were obtained 

using finite element software. The consequences show that the optimal micro extrusion forming conditions 

appear on stage rod length 0.015 mm, extruding angle 60º, upper front-end taper 60º, and bottom stage angle 

60º to minimize the forming load 

Chang et al. [27] studied the friction factor at the workpiece–die interface in the combined forward and 

backward hollow extrusion of brass (JIS C2700) tubes with 1.1mm outer diameter and 0.5mm inner diameter 

were annealed at 400, 500 and 600°C, and produced  several microstructures with several grain sizes of 20, 34 
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and 80 μm, respectively. The tubes were fabricated as 0·6 mm length specimens for the experiments of the 

hollow extrusion under dry, full and punch alone lubricated conditions. As shown in Fig. 8, the results show 

that dry conditions lead to stronger friction effects and thus larger friction factors. The friction factor increased 

with grain size and stroke for all conditions. The estimated friction factors were in a range from 0·1 to 0·35. 

 

 
Fig. 8: Calibration curves in which line types and color stand for various die and punch friction factors of 80 

µm. 

 

Wang et al. [28] experimented the bulk metallic glass micro cups of thickness of range from 20 µm to 125 

µm. Using the billet diameter as 600 µm. The authors reported that influence of size effect on forming load 

decrease with increase of sidewall thickness, i.e. the increase of deformation zone and compared the predicted 

load calculation with the experimental load as shown in Fig. 9. 

 

 
Fig. 9: Forming load obtained from both experimental results and formulary calculation. 

 

The palm top micro metal extruder developed by Neil Krishnan et al. [29] has made revolution in micro 

factory for extruding micro parts and studied the influence of grain size in 211 µm and 32 µm with contact 

pressure over brass pins. The author reported that the friction coefficient did not show any significant 

dependence on the material grain size, interface pressure and area of contact.  

Also, Rajenthirakumar et al. [32] has developed a novel experimental technique using a modest die 

assembly for examining through force-displacement response and observed that size orientation and grain 

distribution are dependence of material behaviour but the  friction coefficient doesn’t show any dependence on 

material grain size, interface pressure. In another report [30], the author investigated the deformation and flow 

stress. The load – displacement was studied with lubrication (machine oil) and without lubrication and reported 

that grain flow stress decreases with increase in grain size with micro hardness increases with refined grain 

material.  

Similarly, Chan et al. [31] has developed die assembly and experimented in a 5T testing platform and 

proved that interfacial friction was high and grain size effect on deformation is sensitive to the friction force at 

tool – billet contact surface and displayed the material flow and interfacial friction evidently. In another article  

[32] author proposed the compound micro extrusion process (backward and forward together) as shown in Fig. 
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10  and reported that the change of cup height ratio of the extruded part is not caused solely by the change of 

friction when the part size is in micro-scale. The material flow stress significantly affects the cup height ratio. 

 
Fig. 10: Boundary conditions of billet surfaces in Micro double-cup extrusion. 

 

Bunget et al. [33] investigated the opportunity of applying ultrasonic vibrations in the micro-forming 

process, Fig. 11(a) shows the schematic sketch of tooling for ultrasonic micro-extrusion and to study 

experimentally the influence of ultrasonic oscillations in the forming load and surface finish. 

  

 
(a)                                                   (b) 

Fig. 11: (a) Design of the ultrasonic micro-extrusion system and (b) Influence of the ultrasonic vibration on the 

forming load  

 

The findings as shown in Fig. 11 (b) exhibited a significant drop on the forming load when ultrasonic 

vibrations were imposed and also a significant improvement in the surface of the micro-formed parts.  

Wang et al. [34] studied the effects of specimen height-to-diameter ratios and lubricants on the plastic 

deformation behaviors of pure copper of fabricating micro cylinders by compression. It was found that the flow 

stress increases with the decrease of the height-to-diameter ratio for specimens under both lubricant conditions 

and friction factor of the specimen with constant height-to-diameter ratio under lubricant of graphite is lower 

than without lubricant. 

Chang et al. [35] reported that the friction factor is directly proportional to the grain size ranging from 0.1 

to 0.35 during the experimentation of extrusion process in brass tubes with 1.1 mm outer diameter and 0.5 mm 

inner dia. The experiments were undergone in dry, full and punch lubrication conditions. Furthermore the 

friction factor were well investigated with the lubricants such as Graphite, Molybdenum disulphide and Zinc 

stearate tested in the hot die steel and similarly Jayaseelan et al. [36] reported that load required for 

experimentation with lubricants is 8.4 % less than the simulated load.  

Pintu and Panda [37]  investigated the effect of grain size during the changeover form meso scale to micro 

scale in related to the billet preparation. They reported that Equal channel angular Pressing (ECAP) technique 

produces the ultra-fine grain from a cast metal rather the sample prepared directly from the cast metal is coarse 

grain as shown in Fig. 12.  This ECAP method achieved by shear deformation along with abrupt angle without 

any change in original dimension and also it effects in size effect by means of governing the flow stress of the 

micro extruded part.  
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(a) (b) 

Fig. 12: (a). Coarse grain of Cu and (b) Ultra fine grain of Cu after 8 Pass 

 

Manish Kumar Mishra et al. [38] had developed a novel die assembly enclose the separate heating coil for 

container and several types of die profile with a developed load cell was experimented and concluded that mild 

steel than tool steel by characterization, die angles and die materials.  

Kamitani et al. [39] studied the effects of lubricating oil on surface quality of the extruded aluminum 

product. Four lubricants were tested in the forming dies of extrusion apparatus were assembled with a 

combination of the taper die and the plane plate tool with the micro-groove arrays formed on its surface. The 

adhesion of aluminum billet to the surface section of the plane plate tool on which the micro-groove arrays 

were formed, surface roughness of the billet after passing through the above section of the plane plate tool and 

surface conditions of the billet and tool at the die bearing section of a tool were reported for producing smooth 

surface product. 

Mechanism of Wang’s fine extrusion device [40], a unique die assembly setup for micro extrusion results 

in gear extrusion with a first-rate surface roughness of 0.03 to 0.12 μm, proved that results were above the 

conventional process shows the surface roughness of 1.0 mm.   

The study of effect of punch surface topography on the friction in the micro extrusion process by four 

surface conditions of the punches are grinding, polishing, μEDM and grooving processes and the authors 

concluded that punch topography governs the friction and friction factor and minimized if lubricated [41].   

Ridzuan et al. [42] studied the correlation between the contact load and surface roughness by 

experimenting the A1100 billet. Upon usage of palm stearin and paraffinic mineral 95, 460 lubrications, 

chances to reduce the wear and obtaining the finest product surface.  The experiments were conducted with four 

categories of applying lubricant 0.1 mg, 1 mg, 5 mg and 20 mg and reported that increased amount of 

lubrication minimize the surface roughness as illustrated in Fig. 13. 

 
Fig. 13: Correlation between the contact load and surface roughness. 

 

Schubert et al. [43] investigated the impacts of tribological and process parameters of aluminium 

experimented with several die coatings like TiN, TiCN and DLC on the dies with two different hardness 62 

HRc and 66 HRc. By physical vapor deposition method with three types of process execution based upon 

lubricant are Castrol edge, forming lubricant and with no lubricant. It was identified that the lowest surface 

roughness was achieved without lubrication and low friction coatings with harder die materials (66 HRc). It  is 

clearly noted that the lubrication film can withstand the high pressure before failure point and still in the high 

pressure the lubricant separates the tool and work material. 

Ding Tang et al. [44] attempted the design of the extrusion die of the microchannel tube is studied with 

both numerical  
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Fig. 14: Grain Boundary Mapping. 

 

method and experiments. The yield strength increases as the sub-grain size decreases and refined sub 

grains are helpful to strengthen the material reported through EBSD method as shown in Fig. 14. 

Li et al. [45] investigated the interfacial friction behaviour of Bulk metallic glass during micro-extrusion at 

various strain rates and temperatures. The correlation between flow characteristics and interfacial friction 

behaviour was analysed by combining the viscosity theory with the finite-element simulations. The findings 

show that a correlation between the flow characteristics and the interfacial friction behaviour, i.e. the 

Newtonian flow favors the adhesion mechanism as shown in Fig. 15. While non-Newtonian flow fascinates the 

furrow regime and the increase of strain rate induces the steady and non-steady viscosity during thermoplastic 

forming, which leads to a stable and unstable flow. 

 

 
Fig. 15: Morphology of the interface between metallic glass and steel mold after hot extrusion under 

temperature of 370 °C. 

 

Yi Qin [46]  investigated the billet preparation under three categories as because billet preparation through 

cropping billet is not high precision process and some deviation is expected and stated that very little volume 

scatter in hydrostatic pressure cropping over conventional cropping and high speed cropping. The favorable 

results were obtained when the bulk material is retained under axial stress, close to the yield strength of the 

material, while the billet is sheared from the bulk. A micro semisolid extrusion-forging novel set-up was 

developed to investigate the mechanical properties of Al 356 aluminium alloy in semi-solid state. The size 

effects were numerically predicted by FE simulation (DEFORM 2D) helped in understanding the material flow 

and cavity filling. It was validated by experimenting and found that no visual defects was seen while die hole 

down to 0.55 mm, aspect ratio of extruded pin decreased and forging load increased due to minimizing the die 

hole [47]. 

Wang et al. [48] investigated the size effect in material flow, and deformation behaviors to predict the flow 

induced defects as shown in Fig. 16(a) in extrusion process with fabricating meso part and micro part reducing 

by scale factor of  0.5. In this attempt the authors experimented on Cu of four categories based on grain size are 

10 µm, 20 µm, 30 µm, 50 µm made by different annealing temperatures and reported that the flow stress 

decreases with the increase of grain size for the same billet also with no defects as shown in Fig. 16(b) and The 

flow stress scatter is caused by the friction between random grain and tooling surface. 
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(a) (b) 

Fig. 16: (a) flow induced defect of meso scale part and (b) SEM photograph of the micro-scaled part with no 

defect. 

 

Copper micro pins of 0.3 mm diameter were produced by micro extrusion process and discussed the effects 

of sub grains influencing over grains in determining the mechanical properties. It was found in electron 

backscattered diffraction (EBSD) study that volume fraction of twin boundaries in the microstructure is similar 

for all micro pins. It was evidently shown that reduction in grains count over thick (t/d) will not always cause a 

size effect on mechanical behaviour rather the initial substructural (EBSD) dimensions should also be 

considered [49] .  

Paul Robbins et al. addressed the thermal and mechanical behaviour of die and container when subjected to 

increase in temperature and analyzed the body temperatures, operating stress levels, and billet inflow and tool 

life by numerical modelling and experimentation. It was reported that vertical temperature offset between the 

top and bottom zones at the die end of the container can reduce dimensional concerns with high vertical aspect 

shapes and maintained the thermally stabled container [50].  

Mostly the die angle acts as a significant factor for difference in microstructures and mechanical properties. 

The Ti6Al4V titanium billet was forged at 1303K with three dies angle (θ= 45°, 60° and 75°). Higher strength 

and elongation were found with dies angle 45° with the improvement of the strength and ductility can be 

recognized to the matrix refinement and recrystallization [51] 

Fu et al. [52] proposed a unique micro forming process directly using sheet metal to produce bulk micro-

parts to overcome the difficulties in billet preparation and transportation and positioning of billet in micro 

forming processes. The authors reported that it is difficult to control the inhomogeneous deformation and 

dimensional accuracy in this progressive microforming. 

Xucha et al. [53] experimented micro gear extrusion in AL7075 and studied the effects of temperature, 

velocity and lubrication conditions on formability. It was reported that the experimental load is larger than the 

predicted load by FE analysis load due to the temperature drop and friction. It was found that grain size in 

central region was larger than that in tooth region. The microstructure, dislocation, density and strains 

distribution influences the micro hardness of the gear evidently. In this process, the interfacial friction between 

tooling and work piece not only affects the deformation load, but also the formed part geometry and the 

ejection system. To overcome this a two-piece die can be used. 

 

B. Micro Incremental Forming: 

Incremental forming (IF) is a relatively new technique that uses a simple hemispherical ended tool moving 

along a predefined three-dimensional toolpath to deform a sheet of metal into the desired shape beyond the 

forming limit. It was investigated to determine the effect of forces and sheet failure change when the geometric 

dimensions of incremental forming are getting reduced along with the repeatability in the newly developed set-

up [54] 

Hmida et al. [55] proposed a new approach based on the inverse analysis for prediction of material 

parametrs of elastic-plastic damage model by micro single point incremental forming process. The authors 

experimented in 210 µm thick and initial grain size of 10 µm with lubrication to validate the output of predicted 

value of tool force in conical shape forming. With the result the experimentation of pyramid and cone shape 

was attempted as shown in Fig. 17. 
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Fig. 17: Pyramid shape and its model. 

 

Lee et al. [56] experimented the die less IF technique using the 5 – axis CNC machine. This micro 

manufacturing system was constructed in considering precision and accuracy with high stiffness frame, high 

precision actuating part, structural analysis, high precision tools and system control. As equipment and tools 

become smaller in size, minute inertia force and high natural frequency can be obtained. 

Jeevanantham [57] developed a novel setup by using the CNC milling machine for single point micro 

incremental forming machine as shown in Fig. 18(a) with work materials of A8021 aluminum foils and pure 

gold foil. The attempt made successfully several times and the optimum parameters were identified. Along with 

that the author traced the tool path using the electric circuit as shown in Fig. 18(b) Equivalently the author 

provides the significance of the unfilled gap by the investigators in the micro stir incremental forming process. 

Tsutomu Sekine et al. [58] had suggested the complex structures in micro parts should be formed through 

localized deformation process and elaborated tool paths. With this findings the authors introduced the novel 

Single Point Micro Incremental Forming machine (SPMIF) can be utilized to form any complex structures like 

nonagonal pyramid in absence of die and backing plate as represented in Fig.19. 

 
(a)                                          (b) 

Fig. 18: (a) Pyramids formed in CNC milling machine and (b) tool path.  

 

 
 

Fig. 19: Nonagonal pyramid. 

 

Obikawa et al. [59] stated that the spindle rotation in counterclockwise direction has its unique effects in 

forming limit during the successful fabrication of the micro parts by die-less incremental forming process with 

tool tip of 0.5 mm in the 12 µm thick aluminum foil and no defects were visualized. The elongation ratio of 8 

µm stainless steel foil is larger than 12 µm aluminum foil during the SPMIF process reported in the discussion 

of martensitic transformation [60]. In another article, the author evident results had proven that the increase in 

ductility of stainless steel by 40.74 % than aluminum in SPMIF process due to the poor effect of material 

anisotropy in the forming characteristics.  The SPIF process was experimented in 8 μm thick blank with a thin, 

round-tip tool. Three kinds of polygonal pyramids’ forming limits were compared and It is found that the 

forming limit of stainless steel foil is can be drastically increased in forming pyramids depends only on the 

tensile strain whereas that of aluminum foil depends on the sum of two principal tensile [61].  

A coupled elastic-plastic numerical modelling of SPIF of 210 µm thick copper is developed from the 

ductile damage model by inverse FE method to predict the forming limit and forming limit stress [62]. Ben et 

al. [63] investigated the material behaviour concerning the damage effects were studied numerically and 

experimentally by micro SPIF process. The FEM analysis is performed by inverse method. It was concluded 

that the elastic-plastic flow is predicted during the conical shape formation. In another article, the author [64] 

investigated the influence of the initial grain size in micro-SPIF for thin copper foils. A dedicated material 



569                   N. Srinivasan et al., 2017/Advances in Natural and Applied Sciences. 11(4) April 2017, Pages: 557-579 

 
 

behaviour model is proposed and identified the effects on the forming force. An analytical model is also 

proposed to represent these forces. Tensile test results revealed that the yield stress, tensile strength and 

ductility decrease when the ratio of sheet thickness to grain size decreases. Also this numerical simulation was 

validated with experiments conducted and studied by reverse engineering technique [65].  

Hirt et al. [66] proposed the hybrid process variation technique in Micro sheet metal Incremental Forming. 

Considering the advantages of stretch forming and Laser assisted IF, made the combination of above said 

process with IF in focus of zero defects. Also discussing the tool, the tool radius influences the surface quality, 

forming limits, and springback. If the part contains features with small radii, a forming tool with a matching 

radius must be used.  Cold forming oil is usually spread on the surface of the sheet to reduce friction. Truly 

dieless SPIF can be applied only to comparatively simple geometries. it is required either to use a backplate for 

complex shapes for better accuracy. 

 

C. Micro forging: 

Forging is a bulk metal forming process that uses compressive forces to deform a given workpiece into a 

desired shape. Dimensional accuracy is a key factor in Micro part manufacturing, since it affects material 

behaviour and process variables as shown in Fig. 20 [52]. 

 

Fig. 20: Progressively formed micro part by forging process 

 

However, those process parameters were optimized for reduction in material wastage. Eshan et al. [67] has 

optimized the micro forging process parameters in upper bound approach. The analytical models have been 

developed to predict the values for blank thickness, part geometry and the forging load for C11000 copper 

samples. These theoretical values w ere well experimented and well predicted for the above said parameters. 

In interpretation of the dimensional measurement of the forged parts, there was no significant size-effects 

found in the process with respect to any lubricating condition [68] and reported that “the open die forging 

process is not much sensitive to grain size effect”. This is because of the neutral plane under the punch during 

the micro forging process in the upper bound approach. This analytical results from the upper bound method 

were further taken for study of micro forging with lubrication. It was well- acknowledged that lubrication is not 

preferred for the micro scale because of the difference in material behavior, but due to reduction in forming 

load and increasing the lifecycle-the two lubricants were engaged to study the friction factor of the samples in 

open die micro forging process [69]. Wisura Z0 3373 (Oil, High viscosity 140 cSt), (ii) FUCHS Ecocool 

(Emulsion, 10% in water, Low viscosity 95 cSt) and also Teflon layers were also used as a solid lubricant (0.1 

mm thick). The experiments were conducted in varying ranges from 0.3 mm to 1.2 mm pin diameters of 

C11000 copper samples. There has no dimensional change in forged parts and it is preferred to apply solid 

coatings than liquid lubricants as it was squeezed out easily from die wall. 

Yang et al. [70] reported that plastic deformation is directly proportional to the vibration time, has 

continuously associated with deformation and surface roughness has 25% rise in vibration but 50% rise 

increase in ultrasonic vibration assistance, proves the better surface finish. In this vibration assisted micro 

forging procedure as represented in the Fig. 21 concentrating primarily on stress superposition, acoustic 

softening and friction reduction along with the forming force reduction, better tool life [71]. 

 
Fig. 21: Sketch of vibration assisted micro forging. 



570                   N. Srinivasan et al., 2017/Advances in Natural and Applied Sciences. 11(4) April 2017, Pages: 557-579 

 
 

In order to improve the mechanical properties of 304 stainless steel specimen, Yan Zhang et al. [72] 

utilized laser rapid prototyping along with high frequency micro forging. Micro forging eliminates the defects 

and pores produced in laser rapid prototyping method. The forced specimen was found to have improved tensile 

strength, hardness of 45.2 HRC and plastic property. Chang–Chang Chen & B0-Heng Wu [73] proposed finite 

element method for simulation of mini internal gear forging process by considering die set of in volute gear 

profile model. The result show that there is an induced strain & stress distribution during the flow of mould. 

Yang Bai et al. [74] developed the vibration assisted micro forging to optimize metal foil surface finishing. 

The result highlighted that better surface finishing was achieved by applying larger vibration amplitude. In 

another article [75] , the author reported the effect of vibration combined with micro forging process to 

investigate surface finishing with vibration time and frequency. It was found that the forming is increased with 

increasing frequency, surface roughness is reduced with high frequency.  

Lu et al [76] proposed a novel material model on the basis of grain size, shape and deformability. FE 

method was used for simulating micro-compression test of pure copper. Simulation results were in good 

agreement with the experimental ones, which indicate that deformation behaviour increases with increase in 

grain size. Micro – cylindrical compression test, micro – ring compression test & FE simulation were carried 

out by Chan et al. [77] to examine the size effect of micro-scale plastic deformation & fractional phenomenon. 

The flow stress decreased & spring back increased with scaling down of workpiece size. Simulation analysis of 

deformation loads & material flow behaviour of ring compression was comparable with the experiment results.  

Deng et al [78] investigated the relationship between deformation behaviour with specimen size, grain size 

& asperity size of pure copper cylinder. The tooling-workpiece interfacial friction increases with the decrease 

of specimen size due to the increase of the fraction of real contact area (RCA) as indicated in Fig. 22. The 

RCAs are concentrated at the outer rim of the tooling workpiece interface while the close lubricant pockets 

(CLPs) are concentrated at the inner region. 

 

 
Fig. 22: Surface topography deformation with an annealed material. 

 

A modified surface model was established by Cheng et al.[79] based on the concept of dislocations pile-up 

in surface layer grains, grain size distribution and flow stress scattering formulation to study the size effect on 

forming force in micro compression and projected to interpret the decreasing of forming force successfully.  

In micro-scale parts using CuZn15 specimens having diameter of 0.5–4.8 mm was studied and observed 

that the reduction of flow stress was observed with increasing temperature due to increasing recovery 

mechanism. The additional slip systems that were activated at elevated temperatures, enabling even grains of 

unfavorable orientation to deform, that is, less inhomogeneity flow of material [17]. The temperature field on 

laser cladding Ni60 layer by micro-forging was simulated (DEFORM-2D). Compared the width of cracks, the 

results showed that operative preheating temperature could confirm to reduce or even eliminate cracks on laser 

cladding layer [80].  

 Ju Zhou et al. attempted to establish the microstructure evolution in two stages, namely re-crystallization 

model and developing the mathematical model for micro forging, the predicted values related to strain, strain 

rate, temperature etc. were compared with experiments conducted. It was observed that results of model 

calculation made good uniformity with experiment results [81]. In addition to that, the author also investigated 

the numerical modelling to forecast the temperature and stress in micro forging process of 304 stainless steel 

and validated with experiments and reported that the process can turn residual stress into compressive stress on 

the surface [82].  

Chang et al. [83] proposed a novel forging setup to fabricate the micro parts to investigate the material 

formability with a single die set in two different stages i.e., upsetting and clamping type micro gear of module 

0.12 mm and found this is a feasible process.  

Mahshid et al. [84] developed fully automated transfer press and discussed the factors affecting the 

accuracy of the forged parts in the two stage forming process. The proposed method includes the precision of 

the part with die design as well as FE simulation of the process. The accuracy of the part was obtained within 

the elastic deformation of the machine. 
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D. Micro Deep Drawing: 

Micro Deep drawing is a classic sheet metal forming technique which is used mostly for producing 

different kinds of 3 dimensional shapes out of different kinds of metal. It is a process in which a sheet metal 

blank is radially drawn into a forming die by the mechanical action of a punch. It requires multi progressive 

dies to make complex parts is the drawback in this process. Ishan et al. [85] investigated the experimental and 

numerical simulation of polyurethane rubber assisted micro deep drawing process of Stainless steel SS304. The 

sheet metal was formed initially against the holding spring force by utilizing the technique which adopts the 

initial gap between blank holder and adjustable rings. The findings highlighted the significance of novel 

technique in the production of micro-cups.     

Wang et al.  [86] investigate to control the effect of size effect in micro deep drawing of 1.1 mm micro 

cups using the thin sheet of 0.04 mm. The increasing of depth into micro-cavity, the thickness of DLC film 

decreases quickly. With DLC coated mould, the micro-cup was successfully deep drawn with smooth surface in 

rim and small reduction of thickness at bottom corner. 

Luo et. al. [87] studied the effect of surface morphology and material size of stainless steel SOS304 sheets 

on drawing cups in the micro deep drawing process using FEM model. The uneven thickness along the cup axis 

predicted as a result of micro friction and material heterogeneity. The initial surface morphology affects the 

wear accumulation and distribution of thickness. The roughening behaviors was affected by the worn area on 

drawn cup mouth was in well agreement with the experiment results.  

Fu et al. [32] investigated the effects of size effects in deformation by engaging the similarity theory in die 

design and deformation process by experimenting the Cu in different grain sizes and different punch radii. The 

authors reported on the size effect that deformation load decreases with the increase of grain size, but this 

decrease is not significant when there are only a few grains in the cross section of the sheet metal and The 

deformation becomes inhomogeneous with the decrease of formed part size and the increase of grain size which 

leads to irregular geometry and rough surface finish. Also there is an interactive effect of grain size and formed 

part feature size on the deformation load as shown in Fig. 23. 

Jang Ma et al. [88] formed micro square cups of c1100 thin sheet with internal side length of 1.0 mm and 

investigated the Limit Drawing Ratio in effect of lubrication, annealing process and blank holder force in micro 

deep drawing process. The results showed that Limit Drawing Ratio was increased by lubricating with 

polyethylene film and wrinkles are decreased 

 
Fig. 23: Interaction between grain size and feature size. 

 

by increasing the blank holder force. Aluminium and scandium alloy foils S37 & S160 with 15µm thick. 

Were produced by magneto sputtering technique. Investigations was made to utilize the foils in micro deep 

drawing process with 0.75 mm punch diameter  were found successful in acquiring Limit Drawing Ratio of 1.6 

mm experimentally  for both alloys [89]. 

Kesharwani et al. [90] welded the tailor friction stir (FS) welded blanks AA 5754-422 & AA 5052-H32 

with 2 mm thick. Conventional circular die was used to compare the formability of FS welded blanks and base 

material in terms of limiting drawing ratio (LDR). LDR of FS welded blanks is reasonably comparable with 

base material. A novel conical tractrix die was designed to improve the LDR and found that LDR was improved 

appreciably from 2.85 to 2.35. 

A copper micro cup with dome bottom was fabricated by a two stage micro deep drawing set up as shown 

in Fig.24 (a), (b) FE simulation was explored to study the deformational behaviour with respect to the grain 

size. Numerical analysis and experiments highlighted that minimum load deformation was observed in the 

blank with larger grain size and surface roughness at the bottom -of the micro part as shown in Fig. 24 (c), 

revealed the punch corner has non-uniform thickness & thinning due to increase in grain size [91]. 
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Fig. 24: (a) Testing platform (b) Tooling and (c) Micro parts  

 

Behrens et al. [92] investigated the effects of tool geometry on limiting drawing ratio of 20 µm and 25 µm 

thick of Aluminium 99.5, E-cu 58 foils and austenitic-chromium steel respectively. The findings of this study is 

that increase of die radius leads to increase of limiting drawing ratio for steel and E-Cu58. Lin et al. [93] 

experimented the modification of of the punch without micro ridges in first and fifth stages with a punch that 

has micro ridges. The simulation (DEFORM 2D) and experimental results show that two stages of initial deep 

drawing process were eliminated by using the punch with micro ridges. 

Chunju et al. [94] studied the effect of solid lubricant namely diamond-like carbon film and polyethylene 

film on micro cup in pure gold thin sheet. The deep drawing of micro cup in thick 1.1 mm inner dia with DLC 

coated female die with minimum punch load was successful.  

Zhang et al. [95] explored the mold free technology by utilizing the shock wave generated by laser as 

shown if Fig. 25 (b) to produce deformation in aluminium, copper and titanium foils. Plasticine was used as a 

flexible support which improved the quality by retaining the shape of the deformed specimen by means it 

reduces the spring back deformation of the workpiece. The thickness at the center zone of the crater was 30.33 

μm represented that there was only a slight decrease in the thickness of the crater in the center zone. A 3×4 

array of craters was produced to determine the repeatability.  

The effect of hydraulic pressure on micro drawn SUS 304 were experimented by Liang et al. [96].  Micro-

FE simulation were validated with experiments carried out to study the impact of hydraulic pressure on 

wrinkling and earing of the drawn cup which can be avoided by applying ultra-high pressure. The wrinkling 

and earing was not only affected by anisotropy but also the friction factor of the material. The process were 

carried out in associated with ultrasonic vibration and formability of stainless steel 304 foil were examined 

using micro deep drawing process [97].  Upon using the Vibration, the limit drawing ration were improved 

from 1.67 to 1.83, 1.75 to 1.92 and 1.83 to 2 for 50 µm, 75 µm and 100 µm thick foils respectively. 

Inspection of deep drawn micro cups is carried out by in-line automation. Digital holographic contouring 

was carried out experimentally by Wang et al. [98] to measure the 3D shape of the micro component. Enhanced 

DOF was achieved by digital holographic measurement over standard microscopic technique.  

Sato et al. [99] developed a micro hydro-mechanical deep drawing (MHDD) set-up with novel tooling 

structure and forming process to manufacture the micro parts in high dimensional accuracy. Phosphor bronze, 

pure copper and pure titanium were taken for experimenting punch force, shape accuracy. It was found that 

MHDD prevents wrinkling while comparing with micro deep drawing (MDD). The cup bottom obtained by 

MDD is convex with respect to the punch, and comparing with MHDD the cup bottom obtained with applying 

the counter pressure is concave. 

Jenn et al. [100] proposed a new process with one micro deep drawing and two ironing stages was 

proposed for achieving the high cup height and outer diameter for stainless steel 304 sheets in 200 µm thick at 

room temperature which is not possible in a single stage deep drawing die. This technique is found to be 

potential only when the annealing temperature is not less than 900°C for 3 min and with no lubricant 

throughout the process.  

 

E. Micro Stamping: 

Stamping is a well-established process, which enables the production of sheet metal 30-40 parts/second. 

The process, the workpiece material, and the production accuracy of the tool are crucial for the quality of the 

stamped part. While a high shearing zone is intended, different defects occur on nearly every part [101]. Tsung 

et al. [102] investigated the application of traditional material model, scale factor modified material model and 

finite element model in forming of bipolar plates of 50 µm thick in stainless steel SUS304.It was found from 

the experimental results modified material model is more relevant technique for the product because of small 

punch load.  

Zhenyu et al. [103] fabricated 0.64 sq.cm metal based micro direct methanol fuel cell using micro 

stamping process and a novel two dimensional numerical model has been developed to study the effect of 

functional temperature on mass transport of methanol and CO2 distribution. Simulation results were in good 

agreement with experimental data, which concluded that even though temperature has positive impact on power 
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density, in certain situations there is decrease in fuel cell efficiency. The difficulty in aligning the punch load to 

the lower die for forming a micro hole in micro stamping process has been successfully encountered by 

introducing a concept of stamping without die. This process produced a micro hole wall with surface roughness 

of 0.8 µm which is superior to that produced by laser forming [104]. 

Chen et al. [105] made an attempt in fabricating the micro channels for four models are trapezoid, square, 

Triangle, Hemispherical and by making the material model as shown in Fig. 25 the simulation and experimental 

study was carried out to study the metal bipolar plates.  

 
Fig. 25: Geometries of micro model. 

 

The attempt has been made to overcome the corrosion problems in metal plates and concluded that 

semicircular flow channel has best formability of all, but also required more pinch load.  In another article, 

[106] the author presented the proportion of thickness scale-factor and developed the traditionally macro 

material stress-strain model and micro scale-factor modified stress-strain model, a different finite element 

analysis model, to explore the micro-stamping 50 µm stainless steel sheet process. The experimentation results 

were much closer to the predicted values duly adjusting the round corners on the transverse channel to avoid 

cracks. 

Peker et al. [107] studied the mechanisms and impact of interactions between the micro stamping process 

and bipolar plate quality. The material is coated with 51 µm thick  uncoated and 1 µm thick ZrN coated of 

SS316L sheet blanks into an array of 750 µm micro channels in the speed of 1 mm/s. The findings exhibit that 

similar roughness trends for die and plate surfaces during 2000 micro-stampings. ZrN coating with 1 mm 

thickness dramatically improved corrosion and contact resistance behaviour of plates.. 

Aizawa et al. [108] developed a different method to fabricate a DLC (Diamond-Like Carbon) coated 

mother mold-die by plasma oxygen etching and to duplicate the original micro-patterns on the mold-die onto 

the metallic and plastic sheets. micro-cavity pattern with the unit size of 3.5x3.5x4.6 µm3 is imprinted onto an 

aluminum sheet with the thickness of 0.08 mm by CNC-stamping with use of the micro-textured DLC-die. This 

CNC-stamping system is reviewed to make motion control both in loading and unloading processes for 

perfection of geometric accuracy and increase of aspect ratio in the micro-cavity pattern and a pulse-wise 

motion is employed to duplicate the deeper micro-cavity patterns onto the aluminum sheets. 

Andrew et al. [109] developed a unique micro stamping set up for application of patterns in large scale 

areas for image combination and the strain measurement was determined using image correlation. This 

technique has been used to create patterns with 2 µm base-element size and a fractal-motivated pattern as 

shown in Fig. 26 that contains 10 µm and 1 µm features, which allows for strain measurements at multi-scales 

with the same speckle pattern. 

 

 
Fig. 26: 10 µm speckle pattern produced by the microstamping procedure. 

 

Kesong Hu et al. [110] reported a novel method for writing-in of electrically conductive microscopic 

patterns by electrochemical reduction which is spatially localized on bio-graphene paper at normal conditions. 

The results revealed that micro stamped aluminium foil when comes in contact with graphene oxide paper 

undergoes spontaneous reductions which leads to excellent local conductivity. 
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Wang et al. [111] experimented the micro stamping process with the plasticine, a soft punch to fabricate 

the micro channels. The numerical analysis was made acceptable with the experimenting of 10 µm thick pure 

aluminum. It was found that significant thinning is made at the corner of the product and possibility of crack 

propagation is high. Since the punch is plasticine, the process has become non-damaging process. Musa et al. 

[112] studied the material behaviour of CS50, CS100 and SS50 and the influence of size effects in the 

mechanical properties and surface properties. It was reported that Thickness of the material is directly 

proportional to the material stiffness. 

 

Conclusion: 

The two categories of conclusion is drawn from this review article. The first one is the essentials for the 

development of micro factory which has the direct impact on product quality and reliability. The second one is 

the research perception and unseen research areas in the above discussed process is listed individually.  

 

A. Micro Factory: 

The advantages of miniaturized production systems compared to traditional larger scale factories were 

emphasized based on their sustainability from three views, namely ecological, economic, and social which in 

turn brings the notable developments. Although the researchers associated with industries developing unique 

setup for their experimentation, their validation of machine is least possible. Validation which gives the 

substantiate result by which the repeatability, dimensional accuracy can be obtained for micro components, 

micro assemblies for manufacturing of micro machines. The integrated knowledge such as automation, 

materials, actuators, bearings, gear systems, sensors, software etc. in different view is important in building a 

micro machine and it is well understood that tabletop machine used for research findings could not yield the 

mass production. Hence the angle of producing machine for mass production should be different from research 

micro machines.  

Likewise, micro part handling, micro part storage and micro metrology be the difficult task to handling 

micro parts, measuring parts, check geometric tolerances. Still advanced focus and edge detection algorithms 

that provide superior performance with sub-pixel accuracy and repeatability is essential in micro metrology for 

better micro factory. 

 

B. Research perception: 

It is necessary to report on the contributions which are made in all peculiar aspects of micro forming and 

size effect occurs in the processing of micro metal forming technologies. They result from physical sources 

such as pure volume, surface to volume and forces relation as well as from structural sources such as grain size 

to thickness and surface structure scalability. 

The role of laser assisted technique in micro forming shows considerable progress in product results. Even 

the samples preparation by laser prototyping yields favorable result and in micro bulk forming, shearing by 

hydrostatic forming shows the better billet preparation. This influence of the temperature changes occurring 

during every stages of process. Minimal study has been done on the temperature differences and governs the 

material behaviour during the process and the contribution of lubricant in terms of minimizing the friction and 

temperature rise in process. 

On the other hand, research contributions in micro manufacturing is comparably minimum with reference 

to the published research article and the impending research areas are listed with respect to the process: 

 

1) Micro extrusion process: 

The study in material behaviour can be widened to the different cross sections and possibly will be 

application focused.  

Investigation of billet manufacturing will helps in better understanding the size effect behaviour of the 

metal during the process and even in preprocessing of the billet. 

Experimental or simulation study of die design should be attempted to examine the suitable die material, 

design which includes die entry angle, metal landing distance and cross section variance. 

 

2) Micro incremental sheet forming process (µISF):  

The formability limit with respect to tool failure and workpiece failure need to be addressed further and 

even the influence of process parameters has to be discussed in all types of process for better understanding of 

the process.  

µISF can possibly be examined in terms of size effect, feature effect and grain orientation by Two Point 

µISF and Hybrid µISF in magnesium, brass, polymers etc.  

Also, the research opportunities in µISF is open to tailor made sheets. When conducting experiments in 

such sheets, keeping the size effect behaviour for both the materials are essential to reduce the risk of failure 

and better understanding of the result obtained. 
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Exclusive tool investigation can be done which helps the other researchers to understand the process better 

and not necessary to start from grains. 

 

3) Micro Forging process: 

The material flow, grain size and flow stress has role in material behaviour and shape factor which needs to 

be addressed. 

The experiments will be extended to investigation of ferrous metals. 

 

4) Micro Deep Drawing Process: 

The study should be extending to other metals like magnesium, titanium etc. in view of medical 

applications like artificial teeth etc. and effect of the size effect and material behaviour will be studied 

intensively. 

 

5) Micro Stamping Process: 

The researchers should extend their study to tailor made stamped micro products which may benefit in 

electrical and electronic applications. More than one cross sections in a single component will be attempted.  
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