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The geometric dimension and shape of microchannels that are formed during surface
texturing are widely studied for applications in flow control, and drag and friction
reduction. In this research, a new method for controlling the deformation of U
channels during micro-rolling-based surface texturing was developed. Since the
width of the U channels is almost constant, controlling the depth is essential. A
calibration procedure of initial rolling gap, and proportional-integral PI controllers
and a linear interpolation have been applied simultaneously to control the depth. The
PI controllers drive the position of the pre-U grooved roll as well as the rolling gap.
The relationship between the channel depth and rolling gap is linearized to create a
feedback signal in the depth control system. The depth of micro channels is studied
on A2021 aluminum lamina surfaces. Overall, the experimental results demonstrated

the feasibility of the method for controlling the depth of microchannels.

1. Introduction

Micro surface texturing has emerged as a non-conventional
technology to reduce drag, friction and wear or control the
flow in fluid dynamics. It is applicable in various fields such
as hydrodynamic bearing lubrication, modern aviation and
high-speed rail industries, artificial body parts in medical
field, etc. There have been many research reports that
tribology and fluid flow characteristics in textured surface are
sensitive to dimensional parameters, density and shape of the
micro-channels or dimples''™. Fredrik et al."*! investigated the
influences of groove depth and width, Reynolds number and
geometrical shape on surface texturing to the flow, load

carrying capacity and friction force in hydrodynamic lubrica-
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tion of two parallel surfaces. Aviram et al.”! presented a
numerical study where Reynolds equation is used to
demonstrate the effects of spherical micro-pores applied on a
stationary surface in hydrodynamic lubrication. A change of
the area density of pores in the range between 5% and 20%
varies the friction force by less than 7% and an optimal value
of the pore depth over diameter ratio was found, which yields
a minimum friction force. Shinkarenko et al.'’ developed a
theoretical model to optimize a dimple density and an aspect
ratio including dimple depth and radius for maximum carrying
load and minimum friction on rod seals and piston rings. With
the same purpose, Christos et al.”! also studied on genetic
algorithms to optimize trapezoidal channels on thrust bearings.

For the essential needs of fabricating micro channels and
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dimples, many texturing methods such as laser ablation,
photochemical etching are researched and developed on flat,
spherical and cylindrical surfaces’®”. In regard to the field of
micro surface texturing on large-area of metal lamina with an
economical and environmental-friendly way, a novel rolling-
based surface texturing system is developed to make various
shapes and control over the geometrical dimension of micro
channels. Figure 1(a) shows a concept of deformation-based
micro surface texturing. The operating principle, design and
analysis details of a fully developed micro-rolling system are
described in sections 2.1 and 2.2. Differing tooth shapes can be
used on the upper pre-textured roll, such as U-groove, V-groove,
and semi-circular C-groove, to enable the creation of diverse
shapes and densities on the lamina surface by single patterning
or grid patterning!'”. Figure 1(b) presents two micro surface
texturing processes, the single patterning makes micro channels
and the grid patterning makes grid-pattern on lamina surface.

Among crucial factors affecting to the tribology and fluid
flow behavior of the textured surfaces, the dimensional
parameters such as the width and depth of micro-channels are
controllable in texturing process. In this paper, an upper pre-U
grooved roll was employed to imprint rectangular channels on
a lamina surface in experiments. Since the width of the
channels is almost constant, the main goal is to control over
the depth of rectangular micro-channels precisely. According
to geometrical relation in Fig. 1, controlling the rolling gap
and the parallelism of two rollers are two difficult problems
dominating the depth and width of micro-channels. To solve
these, the PI control method described in section 2.3 is to
position the upper roller under rolling forces Fy and F; to push
down toward smaller rolling gaps for forming the channels.
A calibration procedure of the rolling gap is described in
section 3.2 to set up the initial gap and the parallelism. In
sections 3.3 and 3.4, a novel method is proposed to
coordinately use PI controllers and a linear interpolation
method to control over the depth. The linear interpolation
method is to find out a relationship between the channel depth
and the gap for creating a feedback signal in building the
control over the depth system. Detailed discussions and

conclusions of the results are reported in section 4.

2. Desktop Micro-rolling System

2.1 Introduction to the Micro-rolling System
A desktop micro-rolling machine (DyRM) was designed to
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Fig. 1 Illustration of the concept of deformation-based micro
surface texturing

realize the concept of micro-rolling-based surface texturing,
and control over the depth of the micro-channels on metal
lamina needs handling in this research. Adjusting rolling
forces Fy and F) requires at least a movable roller, as shown
in Figure 1. Figure 2 shows a schematic diagram of the Du
RM. The upper and lower rollers were attached on shafts,
which were powered using two direct-current (DC) motors,
where the speed was controlled using inverters. The machine
structure can be described in terms of the upper and lower
parts. The upper part consists of an upper roll, a positioning
unit that includes two screw tips, piezoelectric actuators
(PZT), piezoelectric load cells (Kistler 9001A), ball tips and
guide blocks at both sides of the upper roller. By adjusting
the screw tips, the backlash along the actuators to the guide
blocks may be eliminated. The ball tips were attached to the
head of the actuators, and were used to prevent damage to the
actuators due to tilting and shearing forces. The actuators were
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electromechanical transducers, and provide extremely small
displacements (in the sub-nanometer range) with a large
stiffness and a fast response''). However, the actuators were
formed of a dielectric material that suffered from nonlinear
and hysteretic behavior. This characteristic electrical behavior
affects to the micro adjustment and control. There are several
models of hysteresis, and associated control methods to
compensate for the hysteretic behavior of the actuators!'?.
The stroke of the actuators provides flexure guide block
displacement, and a load cell was used to monitor the rolling
force. The guide block was designed to enable vertical motion
over a wide range with nanometer resolution, a high stiffness
and a large bandwidth.

The lower part consisted of a lower roller, flexure guide
blocks, and a wedge unit. The position of the lower roller
could be adjusted by repositioning the wedge unit. The
separation between the two rolls was accurately detected via
the two position sensors (MicroSense 2810). A controller was
connected via amplifiers and an I/O unit, was used to manage
the operation of the actuators, load cells and position sensors.
In this research, a smooth fixed lower roller was used with
a pre-U-grooved upper roller to imprint rectangular channels
on a lamina surface. The width, density and shape of the
rectangular micro-channels were almost constant. Therefore,
the depth of the micro-channels affects the efficiency of the
flow, drag and friction in the lubricant environment critically.
Research aim is to control the depth of the micro-channels.
The depth of micro channels is determined by the rolling
forces Fy and Fj, which create pressure to imprint the tooth
shape of the upper roll on the top surface. Whereas the lower
roller is fixed, the forces Fy and F; will depend on the position

of the upper roller. Hence, control over the depth of channels
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Fig. 2 Schematic diagram of the desktop micro-rolling machine
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can be achieved by varying the position of the upper roller.

2.2 Analysis and Measurement of Flexure Guide Block’S
Stiffness

Piezoelectric-driven compliant mechanisms are widely used
in micro/nano positioning systems, and were employed here
to position the upper roller in the DuRM. Evaluations of the
safety factor and working ability of the upper roller need to
be solved. Figure 3 shows a 3D rendering and dimensional
parameters of the upper guide block, a compliant mechanism,
which was comprised of a bearing housing linked to the main
frame via a compliant mechanism to provide elastic
deformation. The compliant mechanism includes two circular
flexure hinges with low rotational stiffness in one axis and
high stiffness in the other degree of freedom (DOF).

The flexure hinges were connected via a linkage to magnify
the range of motion. The guide block could be translated
vertically while constraining the other DOF. The flexure guide
block has no friction, clearance and lubrication so can
eliminate certain errors in order to achieve a high resolution.
Stiffness of the flexure guide block need to be determined to
constituting a measurement and control system for the
position of upper roller. To control the position of the upper
roll, the range of motion and safety factor of the guide block
should also be known. Figure 4 shows a force and
deformation analysis of the guide block. With an applied force
F, linkage length L and flexure circular hinges with an angle
of rotation 6, the guide block will undergo a displacement y.

These parameters depend on requirements for the stiffness and

movable range of the guide block!*'*.
Guide Bock 5 .
Linkage Z bending axis
> ; n/ R
e Piezoactuator L s
S ‘
b Ll
Circular hi'nge

Fig. 3 3D rendering of the upper guide block
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Fig. 4 Force and deformation analysis on the upper guide block

An analytical calculation is proposed to solve the stiffness
and design parameters of flexure guide block. Based on
bending theory, the angular stiffness of the circular flexure

hinge is as follows:

cos O

3M a, ”J‘ 46
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where x = axsind, the elastic modulus £=200 Gpa, an approxi-
mate solution for the angular compliance was first presented
by Paros and Weisbord in 1965!""), and the angular stiffhess
Ky is given by:

M. 2Eb?
Ky=—5=—"> )
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The compliant mechanism includes two circular flexure
hinges and a linkage can be described by considering con-
servation of energy; i.e.,

F K,0° += K(y”) 3)

N|‘<

_1
2

N |~

The beam was very stiff, the vertical displacement of the
single beam can be approximated to y, ~ 0 and relationship
between angle of rotation 6 and displacement of the guide
block y is given by:

y=6(2R+L) S

The relationship between force and deformation of a com-
pliant mechanism is described from Egs. (3) and (4) as:
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Fig. 5 (a) FEM modal analysis of the flexure guide bock and
(b) the corresponding structural analysis
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There are four compliant mechanisms attached to the upper
guide block, so the stiffness of the upper guide block is given
by:

F 8

K =4—=—" K
'y (QR+L?’ ©)

The maximum displacement of the mechanism ymax corres-

ponding to the maximum bending torque, given as:

Vo =0, CR+LYy=M

zmax

QR+L)/K,

— )uld ]zmm (2R L) — O-yuld b

.
K,t/2 6K, (2R 1) @

where L, is the minimum moment of inertia of the hinge
about the bending axis z. The yield strength of structural steel
Gietd =250 MPa. Eqs. (2)~(7) are fundamentals of the guide
block design. Dimensional parameters of the guide block are
primarily calculated from design specifications such as
stiffness K, movable range ymx and maximum exciting force
Fiax. The finite element method (FEM) can be used as part
of a modal and structural analysis to investigate the resonant
frequencies, deformation and safety factor of the guide block
in the vertical direction y. This represents another method of
determining K, and furthermore, to investigate the safety
factor S of the guide block structure according to von-Mises
yield criterion. Figure 5(a) shows the results of a modal
analysis, whereby the maximum deformation was ¢=0.77
m, which occurred with a resonant frequency f/~1,273.2 Hz.
The effective modal mass and the stiffness of the guide block

are given by
Moy =1/ Gpax ()
Ky =wmey ©
where w=27f. So the stiffness was K;=1.08x10* N/m and the
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compliance was C;=1/K;=9.2x10° m/N. Figure 5(b) shows
structural analysis results, which reveals the strength limita-
tion of the guide block structure with an applied force of F
=7,000 N, the allowable stroke is 64 pm, safety factor S=1.01.

An open-loop system was used to measure the displacement
of the guide block in response to an applied force, where the
stiffness of the flexure block can be estimated experimentally.
The open-loop system can also measure the inherent hysteresis
in the actuator, as well as enable a manual mode of adjusting
the position of guide block.

Figure 6 shows a schematic diagram of the open-loop
measurement system. The actuator model was a P-235.80, and
amplifier model was an E-508.00, both from Physik Instru-
ments, and the amplifier gain was K,=100. When a voltage
is applied across the actuator, the length of the actuator
changes so as to translate the guide block through the load
cell to monitor the force F. Kris the ratio of the applied voltage
to the output force, and was determined experimentally. The
applied voltage was in the range 0~9 V, which was con-
strained to avoid damage to the actuator. Figure 6(a) shows
the inherent hysteresis of the actuator and displacement of the
guide block y in the range 0~44 um. Simultaneously, the
exciting force F is measured in the range 0~4900 N. So
K. xK~=4900/9, which implies that K;=4900/(9x100)=5.44.
Figure 6(b) shows the relationship between the vertical
displacement of guide block y and the force F. The static
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—» K, > K, » /K, —»
0-10V
-~ 04 —~ 0
£ g
£-104 210
20 g -20
E- Backward Tg.
30 -0
2 2
%40 <0
B b}
3 5
O.50 3 50

1000 2000 3000 4000 5000
Exciting force (N)

(b) Force-displacement curve

0

8

Y

0 2 4 6

Voltage input (V)
(a) PZT inherent hysteresis

Fig. 6 A schematic diagram of the open-loop measurement
system and the experimental results

Table 1 Dimensional parameters and stiffness results of the
upper guide block

b(m | h(m) | R (m) Results Ky (N/pm)
Experiment 111
8e-3 5e-2 le-2 3.7e-3
FEM 108
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stiffness of the guide block was K~=F/y=111 N/um, and the
compliance was C~=1/K~44/4900=0.009 um/N.

A comparison between FEM analysis and measurement
results reveals a good agreement. Finally, design parameters,
measurement and analysis results of upper guide block are
listed in Table 1. The experimental data is used in the
following sections.

2.3 Control System for Positioning the Upper Roll

The open-loop system was designed to evaluate and adjust
the primary parameters of the desktop micro rolling machine.
A closed-loop control system, however, is required to control
the actuator. The separation between the rollers is one of the
major factors affecting the channel size. Because the lower
roll is fixed, control over the position of the upper roller will
determine this gap. Furthermore, the gap must be stable across
texturing process. To meet these demands, compensation for
the inherent hysteresis is required, and a closed-loop control
system for the position of the upper roller was implemented.
This method can improve the rolling accuracy and the quality
of the resulting surface texture, and enables rapid set-up of
the machine. The upper roll was attached via a shaft located
on two guide blocks, and so positioning guide blocks are used
to control the position of the upper roll. Proportional-integral-
derivative (PID) controllers are widely used for applications
that require accurate positioning; however, a proportional-
integral (PI) controller is more attractive in the practice
because the gain at higher frequencies remains finite!"**.

In Figure 7, the controller improves the transient response
and steady-state error e. Transfer functions for each subsystem

are defined as the following:

b% K.

_C:K +—t

e Poos (10)
E(s) =T

Ve (11)

G(s) is second-order transfer function of the Piezo-driven
compliant mechanism. 7=1,000 V/120 pm is the ratio con-

verting voltage to displacement. y., y are the input and output

¥, e |y ve |V, Vin y
—> ~s) > 7Hs8) ¥ GO
+ K- e Ve
‘Avﬂvﬂv Controller Converter(V/pm)  Transfer function

Fig. 7 The PI control model for positioning the guide block
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values of the guide block position, e=y.-y is error in
positioning. The term K, is the proportional gain constant,
and significantly affects the output. An excessively large K,
can result in an unstable loop; however, an excessively small
K, results in a small output response to a large input; i.e.,
a less sensitive controller. K; is the integral gain, and
accelerates the motion toward the reference point and
eliminates the residual steady-state error. However, since K;
responds to accumulated errors from previous input controls,
it can result in overshoot.

The actuators used for guide block positioning provide
motion in the vertical direction. With the DuRM, the upper
roll was installed on the shaft attached on two guide blocks,
and so has 2 DOFs. Figure 8 shows a schematic diagram of
the positioning control system of the upper roller.

Two PI controllers were used to control the actuators. The
position and the angle of the upper roll relative to the

horizontal (i.e., x-axis) is given by

y = ty)?2 (12)
o= o-»i (13)

where yy is the position of the left guide block, y; is the

Yel l

PZT PZTV
SEke ) Sese
Fy [ ~ Upper Roll F
L Dﬂﬂ
————— R e T B el TR

Position of guide Position of guide
block yg block y;

Fig. 8 Scheme of control system for positioning the 2-DOF upper
roller
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position of the right guide block, and 1 is the length of the
shaft. The PI control system was built with a cDAQ-9178,
an NI-9215 and an NI-9263 using Labview. The PI gains
were tuned from small to large to determine appropriate
values. The control system operated stably with a propor-
tional gain of K, =0.04 and an integral gain of K;=0.00001
for both sides.

An experiment was carried out to investigate the control
over the upper roller with a reference position of y.=15 pm;
i.e., the reference position of the left guide block was y.=15
um and the reference position of right guide block was y,.;=15
um. Figure 9(a) shows the position of the guide blocks and
Figure 9(b) shows the error. The roll was translated toward
=15 um with a response time of /=1.6 s. The error is shown
in Figure 9(c); the maximum error was e=0.13 um. Figure 9(d)
shows the angular error; the maximum angular error was
2.5x10°. The PI controller for positioning the upper roll is
an important aspect of investigating the channels formed with
the DuRM, as described in the following section.

3. Experiment Setup and Results on Forming and
Control Over the Depth of Micro Channels

3.1 Textured Roll
In this research, the lower roller of the DURM had a smooth

surface and was machined from tool steel and heat-treated to
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achieve the required hardness. A pre-textured roll was
employed to operate with a smooth lower roll to generate
rolling pressure for imprinting channels on the top surface of
the lamina via a single pass with each experiment.

The pre-textured roll was formed of tungsten carbide and
fabricated by grinding to create a U-groove toothed
configuration. The tooth width was w=60 um, the tooth height
was 110 um, and the tooth pitch was =350 um, as shown
in Figure 10.

3.2 Calibration Procedure of the Initial Rolling Gap
The rolling gap will dominate the rolling forces Fy and F;
compressing on the lamina surface to make the micro-
channels. Calibration of initial gap is the primary step to
achieve control over the rolling gap. In Figure 11(a), the
parallelism and the initial rolling gap G was determined from
the gaps Gy and G; between the upper and lower rolls at either
side of rolls. First, the lower roll is coarsely adjusted using
the bottom wedge unit. After the lower roll was fixed, the
upper adjusting unit with nanometer accuracy was used for
fine adjustment in real-time during the surface-texturing
process. Two ultra-precision actuators were used to locate the

L J
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w,

Fig. 10 The configuration of the pre-textured roll
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left and right upper guide blocks independently. A thickness
gage (see Figure 11(b)) was used to measure the initial gap
roughly, and then two noncontact capacitive position sensors
and two load cells were used to measure the initial gap with
micron resolution. In this way, the initial gap can be
calculated and tilt of the rolls can be detected easily.
Figure 12 shows a flowchart of the calibration of the initial
gap. The thickness gage had a resolution of 10 pm, and
sufficient hardness for use as a thickness gage to calibrate the
gap. Zero offsets were set for the capacitive sensors because
at the initial positions yy and y; of guide blocks, non-zero
forces Fy and F; may exist after the installation process.
During adjustment of the wedge unit at the bottom, a
thickness gauge which can be selected in different thicknesses
t was placed on the left and right sides of the rolls,
respectively, to estimate the gaps Gy, Gi and monitor the
forces Fy, F) through using the load cells. The thickness gage
could slip through the gap Gy with ~0.85 mm but got stuck
on =0.86 mm. The thickness gage could get through the gap
G, with =0.84 mm, got stuck on #=0.85 mm. Therefore
850<Gy<860 pm and 840<G;<850 um. Thickness gage was
inserted with /=0.85 mm in the gap G, and ~=0.84 mm in the
gap Gi. Subsequently, the guide blocks are pushed down by
driving the actuators y(i=0,1) from 1 pm to 10 um in steps
of 1 pm and the load cells were simultaneously monitored.

F, and F; are values of load cells in cases of attached

Gttys |
Adjust AG
| Set 0: yg, 31, Fo, Fy
Insert thickness
gages (9
Check
Check Fy, Fy F F
o= =0 Increase
- ¥: (i=0,1)
Yo=n=y —— G=g_y —=|
i Gty
Fy# F ¥ (i=0,1) Adjust AG
End

Fig. 12 Flowchart showing the calibration procedure
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thickness gage and detached thickness gage, respectively. The
gap was then adjusted to remove the tilting error.

The results are FO >F initially with y,=8 pum and F,>F
initially with y;=1 um, therefore, Gy=#+8=858 pm and
Gi=t1+1=841 um, respectively. It follows that the tilting error
was AG=|Gy-G1|=17 pum, which should be eliminated. Here,
Gy decreased by 8 pm and G increased by 9 pm to set the
initial rolling gap at G=G=G,=850 pm.

3.3 Relationship between the Depth of the Micro-channels
and the Position of the Upper Roller

To determine the relationship between the depth of the
micro-channels and position of the upper roller, experiments
are implemented on aluminum A2021 lamina 40x20x1 (mm)
with the initial rolling gap at G=850 um. The channel depth
was investigated using an empirical method with designated
position of the upper roll displacement y.~0, 10, 20, 28 and
34 (um). With each position, the depth of the channels was
inspected 3 times and the mean was calculated. Linear
interpolation in ranges 0~10 pum, 10~20 um, 20~28 um and
28~34 um was used to determine the relationship between the
depth of the micro-channels and the position of the upper roll.
A prototype of the desktop micro rolling machine is shown
in Figure 13(a). The pattern depth was measured with an
optical microscope (Zyco NewView™ 6300) scanning
white-light interferometry (SWLI). A camera detects 3D
interferogram data of micro channels. Vertically bipolar scan
length is 40 pm, resolution is <0.1 nm, repeatability is <0.3
nm. 2D and 3D surface profile images of the micro-channels
with upper roll positions of 34 um resulted in a channel depth
of Ah=23 um, as shown in Figure 13(b). The surface texture
of the lamina underwent three phases: entrance, rolling and
exit. Figure 14(a) shows the upper roll position of y=34 um
and Figure 14(b) shows the rolling forces during the texturing
process. The rolling force is defined by F=FytF); i.e.,

l

a

1
F :Z_I(E) _FO()jfxet

a0

I
i+ [ (F = Fp )l (14
a 0
where Fooper and Fiop., are the offset values of the load cells
read at the initial time; Fy and F; are the average values of
the load cells read during the rolling process, /, = 40 mm is
the length of the lamina, w,=20 mm is the width of the lamina.
Subsequent experiments revealed that the upper roll position
deviated from y=36 pm, and the PI control system only
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operated stably with a maximum roll position of Ymx=35 um.
The results of the channel depth investigations are listed in
Table 2.

The linear ranges of the data listed in Table 2 were
interpolated to demonstrate the relationship between the depth
of the micro-channels and the upper roll position as Ah=g;y
+b;, shown in Figure 15. The depth Ak was directly
proportional to the upper roll position y, therefore, inversely
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Table 2 Experimentally measured depths of the micro-channels

Guide block 0

Upper Roll

Guide block 1

Linearization

Actuator 1

Controller 1

Fig. 16 Scheme of controlling over the micro channel depth in
deformation-based surface texturing system

Table 3 Value of the parameters of the linear relationship

Roll position Channel depth A/ (um)

» (um) Exp 1 Exp 2 Exp 3 Average
0 8 7 7.5 7.50
10 11 10 9 10.00
20 15.5 14 14.5 14.67
28 18 17.5 17 17.5
34 23 235 225 23

26

24 -

28] ) = Exp1

20 4 Exp 2

A Exp3
18 - — Average

Micro channel depth Az (um)

S

T Ny,

5 0 5 10 15 20 25 30 35
Upper roll position y (um)

Fig. 15 The relationship between the roll position and the

channel depth

proportional to the rolling gap G.

3.4 Position of the Upper Roll to Control Over the Depth
of the Micro-channels

From the results obtained in the sections 2.3 and 3.3, the
PI control was built for the upper roll position and its relation
with the depth was empirically investigated. The position-
based deformation control system for the depth of the micro-
channels is proposed in Figure 16. If this enables us to
establish the feedback signal of channel depth, the control
system for the channel depth could be built using the control
system for the position of the upper roll. The relationship
between the depth of the channels and the position of the
upper roller is described by Ah=a; y+b;, where i=1, 2, 3 or
4, and applied for 4 ranges of y; i.e., 0~10 pym, 10~20 um,
20~28 um, 28~34 um. Using the results listed in Table 2, the
values of ai and bi were calculated, and are listed in Table
3.

Experiments were carried out on 1-mm-thick A2021 lamina
surfaces using the values of ai and bi listed in Table 3. Fig
17 shows results of the depth input Ahe and the depth output

iy um Ah (um) a b
1 0~10 7.5~10 0.25 7.5
2 10~20 10~14.67 0.467 5.33
3 20~28 14.67~17.5 0.3538 7.595
4 28~34 17.5~23 0916 -8.1
24
A
22 H : [ 3 2
® Depth input | .
20 A Depth output gl
A ' *
3 18 A -
5 ® @
% 16 A
B .
2 14 A
£
E ]
@ 12 : A
£ .
S 10 A
8 Jowpriieeil)
4
6 T T T ¥ T T 1 T T T T T 1

d 2 3 4 5 6 4 8 9 10 1" 12
Experiments

o

Fig. 17 Experimental results of the micro channel depth

Ah in the micro channel deformation control system. Results
indicate that the depth output of micro channels Ak could be
controlled over the range 8~23 pm with a maximum error of

2 um.

4. Discussions and Conclusions

In this research, the gap between two rollers was initially
calibrated to set the parallelism and an initial gap 850 um
along the rolls. PI controllers were proposed to use for
positioning the upper roll in the desktop micro-rolling
machine (DuRM). An empirical method was employed to
investigate the relationship between the position of upper roll
and the depth of channels which linearly interpolated. Then,
a proposed method of controlling over the depth of the micro-
channels formed during rolling surface texturing was identified.
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Thus, the linear interpolation-based relationship was used to
take the feedback signal of depth for developing the control
system of the depth through controlling the position of upper
roll. The depth of micro-channels was found to control in the
range 8 to 23 um with respect to the position of upper roller
from 0 to 34 um. An error of +2 um in the depth along the
channels was achieved. This error was attributed to effects of
uncertain errors in dimension of the rollers, the roundness of
the teeth, parallelism of the rolling gap in dynamic regime and
the thickness of the lamina.

The PZT-driven flexure guide block had a low damping
ratio, and accurate positioning was achieved using the PI
controller. Both the transient and steady-state performance of
the closed-loop control system was significantly improved by
using the PI controller. The simulation analysis and the
experiment results show that the inherent hysteresis in the
PZT transducer could be compensated, and the steady state
error was eliminated.

For this application, strokes of PZT on upper roll over a
range of 0 to 45 pm are used to control the depth of micro-
channels. So calibration of the initial rolling gap should be
achieved by translating the lower guide block in range of 160
um. And the wedge unit structure requires an innovation to
improve flexibly, accuracy and independence to eliminate the
initial tilting error of the rolling gap more precisely.

The deformation-base micro surface rolling system can
imprint out various shapes of micro channels by replacing
the upper roller. The similar method is applicable to control
over the dimension of micro channels in surface texturing

process.
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