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A B S T R A C T   

Micro-hydromechanical deep drawing (MHDD) is a promising micro-manufacturing technology to fabricate 
micro-metallic products in batch scale. Size effects significantly affect MHDD regarding both material properties 
and friction. Hydraulic pressure on the blank and its development differ from that in conventional hydrome
chanical deep drawing. Combined influence of fluid pressure, surface roughness and material inhomogeneity of 
the blank was investigated in this study via MHDD experiments and advanced FE simulation considering strong 
fluid-solid interaction (FSI) and size effects. The MHDD experiments under different hydraulic pressures were 
conducted using the annealed foil followed by the advanced FE simulation. The foil can be successfully drawn 
into micro-cups, however, wrinkles occurred under high hydraulic pressures. Wrinkle height and number are 
affected by hydraulic pressure and size effects. Average hydraulic pressure on the blank is lower than the inlet 
pressure, and pressure development on the blank depends on location and is complex, due to transition of sealing 
between the blank and die. The maximum drawing force increases, while the contact forces and pressures on the 
blank holder and die decrease with an increase of hydraulic pressure. Optimal hydraulic pressure for MHDD 
should be determined with consideration of size effects and MHDD tool geometry.   

1. Introduction 

Micro-silicon products have been widely applied in micro- 
electromechanical systems (MEMS) and micro-system technology 
(MST). Increasing micro-product market urgently requires micro- 
metallic products with advantages of high-aspect ratio, high strength, 
and good anti-corrosion and thermal performances. These advantages 
expand micro-metallic product’s applications in MEMS, MST, optical, 
telecommunication, transportation and medical fields [1,2]. 
Micro-forming that handles materials with at least two dimensions in 
microscale owns batch production potential, and heritages advantage of 
(near) net manufacturing of metal forming [3]. Additionally, relatively 
low requirements on operators and economical micro-forming tools 
enable micro-forming to be a promising micro-metal manufacturing 
technology compared with other micro-manufacturing technologies [4]. 

Due to reduced sizes, size effects become obvious and significantly 
affect micro-forming processes [5]. Increased friction coefficient was 
experimentally observed in different micro-forming experiments and 
explained by the open-closed lubricant pockets theory which has been 

proved in micro-foil forming experiments [6–8]. Friction coefficient 
scatters under different drawing conditions, and can be described as 
pressure-dependent [9] and contact-length dependent functions [10]. 
Friction force accounts a larger portion of total forming force in 
micro-forming [11]. Surface roughness shows an impact on influence of 
friction size effect [12]. Positioning of micro-deep drawing (MDD) tool 
significantly affects the tool’s wear behaviour [13]. Diamond-like car
bon (DLC) coating can more effectively reduce required drawing force 
than usual lubricant in MDD [14]. Moreover, material deformation 
behaviour differs from that in conventional scale. An individual grain 
plays an important role in deformation behaviour of a sample in 
microscale and the micro-sample presents inhomogeneous properties 
[15,16]. Material constitutive model established in conventional scale 
cannot accurately predict deformation behaviour in microscale, and 
thus variously models taken feature size and metallurgical characteris
tics of a micro-sample into account were developed [5,17]. 

MDD is a typical micro-forming technology and its micro-hollow 
products are widely used micro-metallic products [18,19]. An 
increasing drawing ratio and more complex shapes of the micro-cups are 
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constantly required [20]. Thus, MHDD that applies counter pressure on 
opposite side of a blank to the punch is introduced to draw advantage of 
fluid pressure for further improvement of MDD process [21]. Hydraulic 
pressure is important to wrinkling in both conventional and 
micro-hydromechanical deep drawing. Neither a too high nor a too low 
pressure will result in wrinkles [22]. Wrinkle wave height can be 
reduced by 76% under high back pressure [23]. Critical hydraulic 
pressure to avoid wrinkles during MHDD should be based on foil’s initial 
yield stress [19]. Fluid acts as lubricant and reduces friction in MHDD 
[24]. Furthermore, pressured fluid presses the blank to hold the punch 
and improves blank holding effect which benefits the drawing process 
[25]. Over pressed fluid, by contrast, leads to fracture of drawn cups 
[11]. Therefore, proper fluid pressure is vital important to MHDD. The 
hydraulic pressure is generally assumed evenly distributed on the blank 
in conventional hydromechanical deep drawing. The pressure in MHDD, 
however, is timely changeable and shows high pressure gradient. MHDD 
with radial pressure was developed to improve lubrication effect [25]. 
Micro-pneumatic deep drawing was developed to draw micro-cups at 
elevated temperatures [26]. Nano-particle added lubricant was used in 
MDD to reduce required drawing force [27]. Grain size and feature size 
affect required hydraulic pressure to produce single polar plates [28]. 
Forming limit and dimensional accuracy were improved in MHDD ex
periments with different metal foils [21]. Hydraulic pressure helps to 
reduce oxide film peeling from the foil [29], and affects wrinkling and 
earing of drawn cups [30]. 

In this study, the fluid development and pressure distribution on the 
blank were investigated, and their influence on MHDD was analysed. 
Firstly, MHDD experiments under different hydraulic pressures were 
conducted. Next, a FSI FE model with consideration of blank surface 
morphology and material inhomogeneity was built. Both experimental 
and numerical results were then compared and analysed, followed by 
the conclusions. 

2. Materials and experiments 

The stainless steel SUS304 foil with a nominal thickness of 50 μm was 
firstly annealed at 975 ◦C for 2 min following a heat treatment route 
shown in Fig. 1(a), in a tube furnace with argon gas protective ambience. 
After the heat treatment, the foil was observed under a KEYENCE VK- 

X1000/X2000 3D laser confocal microscope and microstructure of the 
annealed foil is shown in Fig. 5(a). Next, 10 times micro-tensile tests 
were performed using the annealed foil in order to obtain material 
properties. The results are shown in Fig. 1(b) in which mean value and 
scatter range are displayed. 

MHDD experiments were conducted under different hydraulic pres
sures using a MHDD system. The MHDD system consists of a hydraulic 
system (Fig. 2(a)) providing hydraulic pressure and a modified MDD 
system (Fig. 2(b)) with a fluid inlet at bottom of the die. Geometry of the 
MHDD tools are shown in Fig. 2(c). The #46 hydraulic oil with was used 
as lubricant. Moreover, the hydraulic system supplied hydraulic pres
sure from 5 MPa to 30 MPa at an interval increment of 5 MPa. Under 
each hydraulic pressure, 5 times repeated MHDD experiments were 
performed in order to reflect size effects. The drawing speed was 0.1 
mm/s and the blank holder-die gap was constantly 55 μm in all the 
experiments. The foil and drawn cups were cleaned by ultrasonic vi
bration in alcohol. MHDD tools were also cleaned by alcohol before each 
experiment. The drawn cups were observed by the KEYENCE VK- 
X1000/X2000 3D laser confocal microscope. The MDD experiments 
without hydraulic pressure support were also conducted as a compari
son with the MHDD experiments. 

3. Advanced FE models 

A preliminary MDD FE model was firstly developed in LS-DYNA and 
the model had the same size of the MHDD tools. A quarter of the blank 
with symmetrical boundaries was modelled to accelerate computing 
speed. Shell elements were used to mesh rigid MHDD tools (punch, die 
and blank holder) and the deformable blank. Full integration element 
model with seven integration points along thickness direction was 
applied. The 3-parameter-Barlat material model [31] was utilized for 
representing blank’s deformation behaviour and the model’s parameters 
were obtained from the micro-tensile tests results. Friction coefficient 
between blank and die/blank holder was 0.05 and that between blank 
and punch was 0.2. A drawing speed of 0.1 mm/s was assigned to the 
punch and a constant blank holder-die gap of 55 μm was set in the FE 
model. 

In conventional hydromechanical deep drawing processes, an even 
pressure distribution on the blank is usually assumed and the pressure 
load depends on drawing stroke due to relatively long drawing time and 
easy control on hydraulic pressure. The hydraulic pressure on the blank 
during MHDD, however, is timely changeable and not evenly distributed 
due to high pressure gradient in reduced sizes. Moreover, deformation of 
the blank affects the development and distribution of hydraulic pres
sure. Therefore, two-way FSI should be considered in MHDD simulation. 
An arbitrary Lagrange Eulerian (ALE) model [32] that can represent FSI 
was built based on the preliminary MDD model and a separated fluid 
phase occupying vacancy of the die in a Eulerian form. The fluid is fully 
developed before flowing into the die in the MHDD experiments and the 
fluid path between the die and blank is small. Therefore, laminar flow 
state of the hydraulic oil in the MHDD can be assumed. Inner vacant 
volume of the die was initially filled with the pressed oil and modelled 
with fully hexahedral meshes. Furthermore, a layer of mesh at bottom of 
the fluid phase was set as pressure inlet with an assigned pressure value 
and a top layer was set as pressure outlet under an atmospheric pressure 
as shown in Fig. 3(b). Fluid development followed a linear polynomial 
equation of state (EOS) as shown in Eq. (1), with initial density of 0.9 ×
103 kg/m3 and a constant viscosity of 46 cSt. The penalty method was 
used to fulfil interaction between the blank and the oil. One surface of 
the blank facing the oil was set as an interface where fluid pressure 
transfers to the blank via calculated penalty force. The fluid volume was 
set as a multi-material group so that blank and fluid can exist in one 
mesh element simultaneously. During the simulation, The MDD model 
and fluid model run alternatively, and a process of remeshing of fluid 
mesh and transferring of data between the two phases was conducted 
between the MDD and fluid calculation cycles. 

Fig. 1. (a) Heat treatment route of the SUS304 foil and (b) true stress-strain 
curve obtained from the micro-tensile tests. 
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p=C0 +C1μ+C2μ2 +C3μ3 +
(
C4 +C5μ+C6μ2)E (1)  

where p is hydraulic pressure, Ci=0,1,2,…, 6 is EOS coefficients, E is in
ternal energy per unit reference volume, and μ is relative density change. 

Size effects need to be considered in micro-forming simulation [33]. 
In order to reflect the material and friction size effects, the blank FE 
model was further modified. Shell thickness was changed to mimic 
blank’s surface morphology. The blank’s FE model document in 
‘*keyword’ format, including elemental and nodal information, and 
foil’s surface morphology digital information obtained by the micro
scope were firstly imported into MATLAB. Next, based on a calibration 
factor calculated from the scale bar, the FE model was mapped on the 

foil surface. Each node’s thickness was modified according to its corre
sponding asperity height on the foil surface. Fig. 4 shows the observed 
surface morphology of the foil and its corresponding surface 
morphology model. The surface asperities represented as various shell 
thicknesses will result in differently local contact in LS-DYNA according 
to the penalty contact algorithm. 

Inhomogeneious material properties of the blank were modelled on 
micro-scale. The microstructure image of the foil was imported into 
MATLAB and grain boundaries were identified via the developed image 
processing program. The blank FE model with detailed ‘*part’ infor
mation was imported into MATLAB and mapped on the microstructure 
image based on the calibration factor. Each element was set its own 
material model according to the relation between the element and 

Fig. 2. MHDD system including (a) the hydraulic station and (b) the modified MDD system; (c) geometry of the MHDD tools.  

Fig. 3. Developed MHDD model: (a) solid phase (MDD model), (b) fluid phase and (c) whole ALE model.  
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identified grains and grain boundaries. Fig. 5 shows the microstructure 
of the foil and its corresponding heterogeneity blank FE model in which 
different colours represent different material models with different 
material parameters. The material parameters were calculated based on 
the micro-tensile test results shown in Fig. 1(b). 

The preliminary blank model in the ALE model was than replaced by 
the developed advanced blank model. Thus, the developed model can 
consider FSI, material heterogeneity and surface morphology. Modelling 
sequence regarding FSI, material heterogeneity and surface roughens 
dose not influence simulation results as each modification refers to 
different information of the FE model. 

4. Results and analysis 

4.1. Drawing force 

The drawing forces in MHDD experiments under 5 MPa and 30 MPa 
hydraulic pressures are respectively presented on Fig. 6(a) and (b). 
Obvious scatter of the maximum drawing forces can be observed as a 
result of size effects. Moreover, under low pressures, such as 5 MPa and 
10 MPa, there was only one peak of a drawing force curve. By contrast, 
there were two local peaks when the foil was drawn under high pres
sures. The dual peaks indicate wrinkles occurred during MHDD, which 
can be observed on the drawn cups shown in Fig. 11. Additionally, the 
first peak occurred at about moment when the blank leaves from the 
blank holder. Due to random occurrence and height of wrinkles, the time 
when the blank leaves the blank holder differs, and the first peaks show 
obvious difference regarding time and value. High hydraulic pressure 
leads to pre-bulging and the blank is bulged in reverse direction of 
drawing before the punch’s movement. This pre-bulging alters strain- 
stress development of the blank, and triggers wrinkling resulting addi
tional first peak drawing force. The inappropriate hydraulic pressure 

triggers and increases compression instability of the blank. The wrinkles 
were drawn into the die, which further affects blank-die friction and the 
drawing force. Additionally, due to integrated effect of hydraulic pres
sure and size effects, the blank randomly wrinkled regarding locations, 
number and height of wrinkles on the drawn cup. The randomness of the 
wrinkles signified scatter of the maximum drawing force regarding the 
force value and onset time. Slopes of the drawing forces in early drawing 
stage under low hydraulic pressures was smooth and turned sharp in the 
later drawing stage. By contrast, the slopes kept sharp till reaching the 
maximum drawing force when high hydraulic pressures were applied. 
This difference indicates different strain-stress state of the foil drawn 
under different hydraulic pressures. Thus, a high pressure that greatly 
pre-bulges blank and affect strain-stress state of the blank will introduce 
wrinkles and cause dual peaks of the drawing force. As the maximum 
drawing force strongly related to drawability, the maximum drawing 
force was compared and shown in Fig. 6(c). The developed advanced FE 
simulation predicted accurate maximum drawing forces compared with 
the experimental results. 

4.2. Pressure development 

The hydraulic pressure development on the blank was successfully 
presented by the advanced FE model. The average hydraulic pressure on 
the blank was generally lower than the inlet pressure, and high inlet 
pressure resulted in high average hydraulic pressure on the blank, as 
illustrated on Fig. 7(a). Furthermore, pressure developments on 
different locations of the blank were different. The pressure on blank 
edge area was quite low regardless of the inlet pressure, while that on 
centre of the blank was constantly high and close to the inlet pressure. 
The pressure on the blank contacting with punch corner area presented 
complex development, as shown in Fig. 7(b). This complex hydraulic 
pressure development can be explained by change of sealing between 

Fig. 4. (a) Surface morphology of the foil and (b) its corresponding surface roughness blank FE model.  

Fig. 5. (a) Foil’s microstructure after heat treatment and (b) its corresponding material heterogeneity blank FE model.  
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the blank and the die during the drawing process, as illustrated in Fig. 8. 
At start of the drawing process, the blank edge area was sealed and the 
hydraulic pressure radially inside this sealing area was high. As the 
blank being drawn into the die, sealing area changes from the edge to 
middle of the blank and from die corner to die cylindrical wall. Gener
ally, the sealing area is the watershed of hydraulic pressure distribution. 
Inside of the sealing area the blank is under relatively high pressure 
while outer part of the blank understands low pressure. Thus, the MHDD 
tools geometry, particularly the die and punch geometries, significantly 
affect the development of the hydraulic pressure distribution on the 
blank. 

4.3. Contacts on die and blank holder 

Fig. 9(a) displays the contact forces on the blank holder when drawn 
under different pressures. Due to the hydraulic pressure, there were two 
waves of the contact force on the blank holder. Moreover, low hydraulic 
pressure led to low contact force on the blank holder at start while a high 
peak contact force in the later drawing process. At the start of drawing 
process, the contact force on the blank holder mainly comes from hy
draulic pressure. Therefore, high inlet pressure leads to high average 
hydraulic pressure on the blank and high contact force on the blank 
holder. An early drop of the contact force was predicted under low hy
draulic pressure drawing conditions. Once the blank contacts with the 
die, the contact on the blank holder increases. Moreover, high inlet 
pressure contributes to later contact with the die and later increase of 
the contact force on the blank holder. The hydraulic pressure signified 
blank holding effect and the punch withstood most of hydraulic force 
transferred via the blank. Therefore, the highest load on the blank holder 
decreased with an increase of hydraulic pressure. The contact force 
finally decreased to zero indicating that the blank leaves the blank 
holder. 

The contact force on the die remained zero for a short time initially 
and then increased due to that hydraulic pressure separated the blank 
and die at start of MHDD. As shown in Fig. 7(b), the hydraulic pressure 
near blank edge was high initially and then decreased. At the start only 
blank edge area contacted with the die, therefore, contact force kept 
zero. After a sharp growth, the contact force stayed still for a short 
moment and rose again since 0.4 mm drawing stroke. The contact area 
of blank transferred to corner as shown in Fig. 8, and contact force rose 
to a peak. Thereafter, contact transferred to drawn cup side wall area 
and a decreasing contact force can be predicted. Moreover, the high 
hydraulic pressure resulted in low contact force on the die during the 
whole MHDD process as the average hydraulic pressure on the blank was 
kept high when the input pressure was high. 

Uneven contact can be predicted by the advanced model under all 
hydraulic pressures, as displayed in Fig. 10(a~c). The maximum contact 

Fig. 6. Drawing forces of the MHDD experiments under hydraulic pressures of: 
(a) 5 MPa and (b) 30 MPa; and (c) comparison of the maximum drawing force 
between simulation and experiments under different pressures. 

Fig. 7. (a) Average hydraulic pressure on the blank and (b) hydraulic pressure 
development on different positions of the blank when drawn under 10 MPa 
inlet hydraulic pressure. 
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pressure on the die at 0.4 mm drawing stroke decreased with an increase 
of hydraulic pressure, as shown in Fig. 10(d). Increased hydraulic 
pressure also reduced the maximum contact pressure on the blank 
holder. 

Due to the hydraulic pressure support on the blank, the contact 
pressure on the die decreased. The hydraulic pressure support decreased 
the bending diameter of blank at die corner area. The contact area be
tween the blank and the blank holder increased and thus the contact 
pressure decreased. 

The hydraulic pressure is beneficial to reduce the maximum contact 
force and the maximum contact pressure on the blank holder and die, 

which may improve MHDD tools service life because of reduced wear. 

4.4. Drawn cups 

Fig. 11 shows the drawn cups from the MHDD experiments under 
different hydraulic pressures. Without and with low hydraulic pressures, 
the drawn cups were round, and their mouths were smooth. When 
drawn under high pressures, winkles occurred randomly due to size 
effects and hydraulic pressure. Hydraulic pressure disturbed stability of 
the blank and caused wrinkles on weak and thin areas of the blank edge. 
Relationship between hydraulic pressure and wrinkles was complex due 
to integrated influence of size effects and hydraulic pressure [19]. 

An image processing program was developed in MATLAB to recog
nize profiles of the drawn cup mouth. Due to limitation of the die, the 
blank was wrinkled inwards upon the punch and the wrinkles were in
side the drawn cups. Thus, the wrinkles were defined as locally radial 
difference of the inner profile. Fig. 12(a) illustrates the recognized 
drawn cup mouth profiles and Fig. 12(b) shows the wrinkle heights 
measured from the experimental results. The local inner profile with an 
inwards bulge while a smoothly corresponding outer profile is treated as 
thickened wall. Only both inner and outer profiles of an area showing 
inwards bulges is treated as a wrinkle. 

Hwj =max
{

r − ri

r
× 100%

}

j
(2)  

where Hwj is the jth wrinkle height, r is the average profile radius and ri is 
the radius of the ith point on a drawn cup mouth inner profile. 

Both the number of wrinkles on a drawn cup and the defined wrinkle 
height were increased firstly with an increase of hydraulic pressure. 
With a further increase of hydraulic pressure, the wrinkle height and 
number were decreased. This complex relationship with hydraulic 
pressure is resulted from integrated effects of blank inhomogeneity, 
surface morphology and hydraulic pressure. The hydraulic pressure re
duces contact force between blank and blank holder, and consequently 
constrain on compression decreases. Therefore, compression stability of 
the blank decreases when hydraulic pressure slightly increased. High 
hydraulic pressures, on the other hand, reduces blank bending radius at 

Fig. 8. (a) Three areas of the die, and different sealing areas at different drawing stages: (b) initial drawing stage when blank contact with die annular plane area (I), 
(c) middle drawing stage when blank contact with die corner area (II) and (d) final drawing stage when blank sliding on die cylindrical side wall area (III). 

Fig. 9. Contact forces (a) between blank and blank holder and (b) between 
blank and die. 
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Fig. 10. Contact pressure distribution on the die at the drawing stroke of 0.4 mm under hydraulic pressures of: (a) 5 MPa, (b) 20 MPa and (c) 30 MPa; (d) the 
maximum contact pressure on the blank holder at drawing stroke of 0.2 mm and on the die at drawing stroke of 0.4 mm. 

Fig. 11. Drawn cups drawn under different hydraulic pressures: (a) 0 MPa, (b) 5 MPa, (c) 10 MPa, (d) 15 MPa, (e) 20 MPa, (f) 25 MPa, and (g) 30 MPa.  
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die corner area, which increases tensile and compression stress on radial 
direction of the blank. This rises hydrostatic stress of the blank and re
duces effective compression stress and consequent compression insta
bility potential. Blank inhomogeneity and surface morphology result in 
obvious scatter of wrinkles regarding wrinkle location, height and 
number. 

5. Conclusions 

The MHDD experiments were conducted and the advanced FE model 
with consideration of FSI, material heterogeneity and surface 
morphology was developed. 

Total drawing force increases with a rise of hydraulic pressure. Dual 
peaks of the drawing force resulted from high hydraulic pressure 
drawing conditions indicate wrinkles on the drawing cups, while single 
peak reflect a drawn cup without obvious wrinkles when drawn under 
low hydraulic pressures. A high pressure that greatly pre-bulges blank 
and affect strain-stress state of the blank will introduce wrinkles and 
cause dual peaks of the drawing force. 

Average hydraulic pressure on the blank is lower than the inlet 
pressure due to leakage. Change of sealing area between the blank and 
die leads to different local hydraulic pressure development on the blank. 
MHDD tools geometry influences the hydraulic pressure development. 

The maximum contact forces and contact pressures on the blank 
holder and die decreases with an increase of hydraulic pressure, which 
improves service life due to reduced wear of the MHDD tools. 

Wrinkle number and height on the drawn cups increase firstly and 
decrease later with an increase of hydraulic pressure. This is because of 
integrated impacts of blank inhomogeneity, surface morphology and 
hydraulic pressure. The optimal hydraulic pressure in MHDD should be 
determined with regards to foil’s characteristics including material 
properties and surface morphology, and MHDD tool geometry. 
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