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Surface adhesion between wet wafers poses great challenges for silicon wafer handling. It has been
shown that both the shear and normal handling forces of the solar silicon wafers can be dramatically
reduced by using the ultrasound energy. Approximately 20 and 5 times reduction in horizontal and vertical
forces were achieved by as low power as 10 W, and a good agreement was found between the measured
values and the predictions of a simple model for the effect of longitudinal vibration we developed.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction parameters [17,18]. Several studies [19–23] observed that the
Currently more than 80% of all commercial solar cells are made
of silicon [1]. The need to increase the efficiency and lower the cost
of silicon wafers promotes the use of thinner and larger wafers [2].
However, recent industrial studies have shown that the use of thin-
ner wafers can lead to unacceptable yields arising from wafer and
cell breakage due to handling, transport and/or processing during
solar cell production [3,4]. Since about 40–60% of the total cost is
due to fabrication of the silicon wafer, safe handling is an impor-
tant issue [5].

Suction process is the most common (and critical step for break-
age) process in the handling of silicon wafers. It is very desirable
for industry due to the breakage reduction of silicon wafers if suc-
tion force is reduced somehow. The vacuum pressure of suction
cups (suction force) is proportional to the adhesion force between
wet wafer (due to wafer singulation) and support. Therefore,
reduction in adhesion force could be interesting to be concentrated
on. Vibration can be a good candidate to reduce the adhesion force.
In fact, static friction coefficient converts to the dynamic friction
coefficient which is much smaller than static one.

Friction process with vibration is an important phenomenon
because the influence of vibration can cause significant change in
the friction process. Some studies [6–16] have found that vibration
can reduce friction. It has been shown that both mean friction force
and wear rate increase or decrease depending on the vibration
reduction of friction force depends on roughness of the rubbing
surfaces, relative motion, type of material, temperature, normal
force, stick slip, relative humidity, lubrication and vibration.
Among these factors normal load and sliding velocity are the two
major factors that determine the variation of friction [24]. It was
reported [25–28] that friction coefficient of metals and alloys var-
ies under different operating conditions. Other studies have found
that vibration can reduce wear (reduction in friction). They have
shown that micro-vibrations (10–100 lm amplitude) can reduce
sliding wear up to 50% [29–37]. Recently, high power ultrasound
(frequency up to 100 kHz and high amplitude 100 lm) have been
used to control friction in metal working [38–43], wire drawing
[44–47], and cutting [48–50].

The sticking force between contacting wet surfaces can be
manipulated by ultrasound. However, this technique of silicon
wafer handling has not yet been investigated. Hence, the main
contribution of this paper is the development of a safe handling
methodology by using ultrasound energy. A simple analytical
model is proposed to show that using ultrasound can reduce the
sticking force. Experiments are also performed to verify the
proposed approach. The results of the theoretical investigations
and the experiments show good agreement.

2. Theory

Friction issue falls into two categories: contact scenario and
friction mechanisms. The first category of friction issue consists
of the asperity interaction scenario itself. This scenario only
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considers the normal distance between asperities of both surfaces
as a function of the relative horizontal translation between them.
The second category discusses the mechanisms governing friction:
creep, adhesion and geometrical deformation of asperities.

2.1. Contact scenario

On the microscopic level, smooth surfaces seem ‘‘rough.’’ The
surface topography plays an important role in surface interactions.
When these surfaces are pressed against each other, the true
contact area usually is from 1/400 to 1/10,000 of the apparent area
observed by the naked eye. The protuberant features are called
asperities. One of the oldest and simplest micro-contact models
is the Greenwood–Williamson model [51], which assumed that
surfaces were composed of hemi-spherically tipped asperities.
The asperities assume by a uniform sphere and a symmetrical
Gaussian distribution of asperity heights. The Hertz equations
governing elastic contact of spheres and half spaces are utilized
to calculate the load, contact area, and contact pressure acting on
a deformed asperity.

The contact scenario is illustrated schematically in Fig. 1. Fig. 1A
shows two rough objects in contact together, at their surfaces,
while the dashed line presents the upper object translated horizon-
tally to the left over a certain distance. As a result, some asperity
contacts will persist (a and d), some will disappear (b and e) and
new ones will occur (c). The normal distance between the two con-
tacting surfaces can also be transformed to one flat surface and one
rough surface (Fig. 1B). Fig. 1C shows the equivalent asperity, of
contact point a, for four different time instances of its lifecycle.
An overlap between the two surfaces corresponds to a contact
between the two asperities [52].

Asperities of the surface increases by using external high
frequency vibration and the real contact area reduces between
vibrating surfaces [53–55]. In fact, vibration amplitude adds to
the existence asperities at the interface. Also, Velocity-weakening
of kinetic friction akin to the Stribeck effect in lubricated contacts,
Fig. 1. A schematic representation of friction mechanism. The upper figure shows two s
surface shifted to the right over a certain distance. The middle figure shows the transform
different shape for the shifted surface). The lower figure shows the transformed surfaces
the full and dotted lines in the middle figure [52].
is the phenomenon of decreasing friction force with increasing
sliding velocities, (or, in more simplified treatments, the assump-
tion that kinetic friction be lower than static friction, both values
being assumed constant). Hence, the friction force tends to be re-
duced under external high frequency vibration.

2.2. Friction mechanisms

2.2.1. Formulation of the model-contact scenario with the friction
mechanisms

The contact surfaces of two blocks rubbing against each other
(see Fig. 2A) can be represented by a flexible surface containing
all the possible equivalent asperity contacts, each with its own
equivalent stiffness, mass and shape depending on the characteris-
tics of the two corresponding interlocking asperities. Each possible
equivalent asperity contact has its own individual rigid, shaped
lower surface. Fig. 2B shows the life cycle of one such equivalent
asperity, where it is assumed that the upper surface is moving from
left to right with respect to the fixed lower surface. Topographical
characteristics are assigned to both surfaces. The equivalent char-
acteristics of the two interacting asperities (namely stiffness, mass,
compression and adhesion) are lumped into one point (�), for sim-
plicity of treatment. This point (Fig. 2B) is initially moving freely
(i), until it touches the lower rigid surface (ii), after sticking to
and then slipping over the lower profile it breaks completely loose
from the lower profile (iii). In case (ii) the asperity is called to be in
an active state, for the other cases the asperity is called to be inac-
tive. (This may be reminiscent of the Tomlinson–Prandtl atomic
model, except that it accounts for creep, adhesion and load-carry-
ing, which prove essential in revealing friction force dynamics). In
this case, we have ignored the possible vibrations of a contacting
asperity.

From the moment the asperity becomes active, it will begin to
follow the profile of the lower surface, by deforming normally 1
and tangentially n, resulting in a normal and tangential force. The
normal force, Fn(t), is given by kn�1(t)�f(n), where kn is the normal
urfaces in sliding contact with each other. The dotted line corresponds to the upper
ation of the upper figure where the lower surface becomes a flat surface (note the

of point a for four different shift values. The first and the second one correspond to



Fig. 2. Figure A shows a general contact between two objects. Figure B shows the life cycle of one asperity contact: (i) no contact, (ii) contact, (iii) loss of contact. Figure C
shows the spring force behavior as a function of the spring extension during a life cycle of an asperity contact: (ii a)—during stick, (ii b) x during slip, and (iii) when loosing
contact [52].
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stiffness and f 6 1 is a weighting function, and the tangential force
is given by F(t) = kt�n(t) where kt is the tangential stiffness. The
maximum tangential force an asperity can sustain, before slipping,
equals the adhesion force: Fl(t) = l(t)�kn�1(t). Here, the expedient
local friction coefficient l(t) is function of the contact time, owing
to normal creep. This behavior can be deduced from the static fric-
tion versus dwell-time relation [52].

Coulomb in 1785 [56] was probably the first to explore this
time dependence; he reported a power-law increase of static fric-
tion with time of contact. As a rule, static friction Fs grows with
dwell time. An overview of the various formulae for such depen-
dence, as found or postulated by various authors, is given by Gitis
and Volpe [57]. While any appropriate relation may be used
according to the situation at hand, it has chosen exponential satu-
ration for simplicity of interpretation:

lðtÞ ¼ l0 þ l1 � l0

� �
� 1� exp 1� t � t0

sl

� �� �
ð1Þ

with t0 the time instance when contact occurs, l0 and l1 the local
friction coefficients at initial and infinite contact time, and sl a
characteristic creep time constant. (Note that not all postulated for-
mulae lead to saturation of the friction force in time, but they all
lead to saturation in the rate of increase.) Thus, depending on the
relative values of l, kn, kt and the relative topography, the asperity
tip (�) will initially ‘‘stick’’ to the lower profile then slip on the pro-
file and, finally, break completely loose from the profile.

It is obvious that once ultrasonic applied to the asperities l(t)
tends to reduce to l0. Since ultrasonic vibration does not permit
to the asperities to stick to each other and also eliminate the creep
effect (l1 = l0). Therefore, the adhesion force reduces by using
ultrasonic vibration.

2.2.2. Friction coefficient reduction by using external friction
There are theories based on resonance between the natural fre-

quency of the contact area and the external vibration frequency
that explain the decrease in the friction coefficient because of con-
version of static friction coefficient to the dynamic friction coeffi-
cient. Here, we propose a simple mass-spring-damping model for
longitudinal vibration induced adhesion force reduction. The equi-
librium of forces acting at a contact interface between sticking
asperities is described in Fig. 3. The coefficient of friction is given
by

lðv; tÞ ¼ FT

FN þmg
v ð2Þ

where FT and FN are the tension and normal forces, respectively. The
friction coefficient l is influenced by v, which is a term describing
the quality of the surfaces. The relative static friction, lrel, is defined
as the ratio of the static friction coefficient measured in the case
with vibrational assistance over the static friction coefficient mea-
sured without vibration assistance.

lrel ¼
lextvib

lnovib
ð3Þ

A static friction coefficient under the influence of an external
vibration can then be described as follows if Eq. (2) is used:

lextvib ¼
€xþ 2wx0 _xþx2

0x
FN=mþ g

ð4Þ

where x0 = (k/m) is natural angular frequency, w = C/2(km)1/2 is
damping coefficient and v = 1. With harmonic oscillation (x), the
relative position between the materials varies according to x = A
sin (xt). Inserting into Eq. (4), the results

lextvib ¼
Ax2

0

FN=mþ g
1� x

x0

� �2
 !2

þ 2wx
x0

� �2
2
4

3
5

1=2

sinðxt þ /Þ

ð5Þ



Fig. 3. Model of the friction surface with grip.
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The U can be written as:

/ ¼ arcsin
2wx=x0

1� ðx=x0Þ2
h i2

þ ð2wx=x0Þ2
� �1=2

0
BBB@

1
CCCA ð6Þ

For low frequency, the mass and damping forces are negligible,
which leads to the following correlation:

lnovib ¼
Ax2

0

FN=mþ g
sinðxtÞ ð7Þ

By inserting Eqs. (5) and (7) into (3), the ratio of relative static fric-
tion coefficient can be obtained as follows:

lrel ¼ 1� x
x0

� �2
 !2

þ 2wx
x0

� �2
2
4

3
5

1=2

sinðxt þUÞ
sinðxtÞ ð8Þ

The above equation can be simplified to

lrel ¼ 1� x
x0

� �2
 !2

þ 2wx
x0

� �2
2
4

3
5

1=2

ð9Þ

The variation of adhesion force as a function of vibration fre-
quency and different damping coefficient is plotted in Fig. 4. The
angular natural frequency, x0, was set to 20 kHz, which is the com-
mon frequency used in industrial high power ultrasonic applica-
tions. As shown in Fig. 4, lrel reduces dramatically if it is exited
at the natural frequency of the system (20 kHz).

The presence of liquid films of the capillary condensates or pre-
existing films of liquid can powerfully enhance the adhesion be-
tween solid bodies [58–61]. Liquid-mediated adhesive forces can
be divided into two components: a meniscus force due to surface
Fig. 4. Effect of longitudinal vibration on (lrel) in different da
tension and a rate-dependent viscous force. These forces increase
for smaller gaps and smoother surfaces.

For an applied normal force which is less than the meniscus
force there is no tendency to separate the surfaces. The total sepa-
ration load �W (adhesion force Fad) is the summation of the menis-
cus force (Fm) and the viscous component in the normal direction
(Fvn): �W ¼ Fad ¼ Fm þ Fvn.

The meniscus force due to the Laplace pressure is given by [62]:

Fm ¼
Z Z

X
pLðx; yÞdX ¼ c1

Z Z
X

1
r1

dX � c1ðcosh1 þ cosh2Þ
X
�s

ð10Þ

where pL is the Laplace pressure, r1 is the meniscus radius, �s is the
mean meniscus height, and X is the projected area of meniscus
enclave which intersects the upper contacting asperity at a mean
meniscus height. For the case of two flat surfaces separated by a
liquid film of thickness h, and for projected area of the meniscus
Am comprising the liquid film, Fm is [58,59].

Fm �
Amclðcosh1 þ cosh2Þ

h
ð11Þ

Comparison Eqs. (10) and (11) demonstrates that X is always
smaller than Am. Also, �s and h might be equal. It is obvious from
Eq. (10) that Fm is proportional to the contact area, Am, and the con-
tact area reduces during vibration. Since, the roughness of the
vibrating support surface increases due to wave propagation.
Hence, the support surface in vibration state can be assumed
rougher than the case without vibration. The Fvib

m is considered in-
stead of Fm when vibration is employed. Then, the Fvib

m is smaller
than Fm because of the reduction in Am during vibration of support.

The total normal force on the wet interface equals to the exter-
nally applied normal force plus the intrinsic meniscus force. There-
fore, during sliding, in the absence of any hydrodynamic effects,
the force required to initiate or sustain sliding is equal to the
mping coefficient. Natural frequency of system is 20 kHz.



Fig. 5. Transducer layers dimension calculated by ANSYS to have only plane wave (a) finite element model and (b) fabricated transducer.

Table 1
Characteristic of design transducer.

Material Role Diameter (mm) Thickness (mm) Quantity

Inner Outer

Lead zirconate titanium (PZT) Vibration source 23 50 6 2
Al 7075-T6 First matching layer 22.6 Smaller Bigger 43 1

51 71.4
Steel 304 Backing 22.6 51 50.6 1
Brass Connection electrode for 2 PZT 22.8 51 0.5 3
Tapox epoxy Second matching layer 72 72 0.3 1
Balsa wood Third matching layer 72 72 6.13 1
High strength steel screw Mechanical connecting parts – – 73.15 1
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sum of the intrinsic (true) friction force Fi and the sticking force Fs;
the latter is a combination of the friction force due to the meniscus
and viscous effects [63] where lr is the true coefficient of friction in
the absence of meniscus, and smaller than the measured value of
l = F/W. The sum of W and Fm is the total normal load. The friction
force (lrW) depends on the material properties and surface topog-
raphy, whereas Fm depends on the roughness parameters as well as
the type of liquid and its film thickness. lrFm + Fviscous is the friction
force due to liquid-mediated adhesion, where Fviscous is the viscous
force in the sliding direction.

The ratio of the normal tensile force �W required for separation
(normally referred to as, Fad; adhesive force) to the normal com-
pressive force W initially applied is often referred to as �l the coef-
ficient of adhesion [58,59].

The coefficient of friction, l, including the effect of the meniscus
and viscous force, and the adhesion coefficient, �l, are given by

l ¼ F
W
¼ lr 1þ Fm

W

� �
þ Fviscous

W
ð12aÞ

�l ¼
�W

W
¼ Fad

W
ð12bÞ

In our model the effect of the Fviscous is included by using damp-
ing C, therefore, the Eq. (12) simplified to

l ¼ F
W
¼ lr 1þ Fm

W

� �
ð13aÞ

�l ¼
�W

W
¼ Fm

W
ð13bÞ

The Eq. (13) is rewritten by considering the lrel definition as
follows:
lrel ¼ lrrel

1þ Fvib
m
W

� 	
1þ Fm

W

� � ð14aÞ
�lrel ¼
Fvib

m

W
ð14bÞ

As previously discussed, Fvib
m is smaller than Fmin Eq. (14)

Fvib
m < Fm. Also, based on Fig. 4 the lrrel

can be reduced if the system
excited at its natural frequency. Therefore, both lrrel

and �lrel can be
reduced by using ultrasound at resonance condition.

By assuming w = 0.05 the lrel reduces to 0.065 (15.38 times) at
frequency of 20 kHz. Therefore, Eq. (14) predicts that the sliding
force can be reduced at least 15.38 times by using ultrasound.
3. Experimental setup

In order to verify the approach, an experimental study was car-
ried out. An ultrasonic transducer was designed and fabricated to
generate the longitudinal ultrasound power required for the tests
(Fig. 5 and Table 1). To design a transducer for plane wave propa-
gation only, it is sufficient to model the energy source for the PZT
and matching layers by adding a backing layer in the ANSYS soft-
ware such that the longitudinal resonance frequency can be found
by changing the backing, PZT and the matching layer(s) (especially
the matching layers which are closer to the PZT side) thicknesses.
For instance, Fig. 5(a) shows the PZT transducer designed using the
finite element method (FEM) for 4-layer experiments after calcula-
tion of the matching layers to produce pure plane wave generation.
The transducer manufactured according to the FEM results is
shown in Fig. 5(b) and Table 1.



Fig. 6. The employed equipment for experimental test (Aluminum block as support of wafer).

Fig. 7. The effect of ultrasonic power on (a) sliding and (b) normal wafer handling.
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The resonance frequency of 20 kHz was chosen as the working
frequency. The unit must operate at the resonance condition, and
therefore, an electrical matching unit is used to match the electri-
cal circuit and ensure that the transducer always remains in the
resonance condition. The ultrasonic generator driving the trans-
ducer could be adjusted to produce vibration amplitudes (peak-
to-peak) at the contact region between zero and 20. Also, an
adjustable power supply has been employed to set the ultrasonic
power in powers which are appropriate for the tests. Multi-crystal-
line silicon wafers (156 � 156 � 0.18 mm3) and average surface
roughness of 466.73 nm produced by REC (wafer and solar module
manufacturer in Porsgrun, Norway) are used as sample of tests. As
support of wafers, PVC (PVC Type I Grade I and average roughness
of 1.6 lm) and Aluminum (1100 series) blocks (fabricated by mill-
ing with average roughness of 1 lm) with two different sizes,
160 � 160 mm2 and 80 � 80 mm2 which are called full and half size
respectively were attached to an ultrasonic transducer. The tests
have been done in two wafer picking configurations, horizontally
and normally. The separation loads of wafer from the support sur-
face are measured by a simple system (roller, rope and weights)
with and without presence of the ultrasound (see Fig. 6). As shown
in Fig. 6, the vertical tests have been measured by employing two
types of suction cup, 1 large (diameter of 60 mm) and 4 small
(diameter of 20 mm). The results from one suction cup are pre-
sented due to the similarity of the results between 1 and 4 suction
cups. The experiments were conducted by varying incrementally
both the horizontal and normal load by using the weights (the res-
olution of weight measuring is 0.05 N to reach the moment of slip
or separation of the wet wafer from the support surface. The
surface of the supports is wetted by water and using a blade to uni-
form the thickness of water film. The separation load is measured
in different amplitudes of vibration. All experiments were carried
out at 20 �C. Five measurements were made for each set of condi-
tions, and the data points reported represent the mean, standard
deviation and total range of the sticking force.

4. Results and discussion

As shown in Fig. 7(a) and Table 2, by power of 10 W, the sliding
force decreases approximately 19 times when the half size Alumi-
num block was used. The sliding force reduces 4 times for a half



Table 2
Average sliding force in different ultrasonic transducer power.

Average sliding force (N)

Transducer parameters Half size Full size

Amplitude (lm) Power (W) Aluminum PVC Aluminum PVC

Avm
a STDa Avm

a STDa Avm
a STDa Avm

a STDa

0 0 4.65 0.0791 4.95 0.079 25 0 25 0
0.05 5 0.3 1.35 1.95 3.95 0.0707
0.1 10 0.25 1.25 1.25 2.35
0.2 20 0.25 0 1.15 0.0354 1.05 0.0354 2.15 0.0354
0.3 30 0.25 1.1 0.95 2.05
0.4 40 0.25 1.1 0.9 2
0.5 50 0.25 1.1 0.85 1.95
0.7 70 0.25 1.1 0.85 1.95
0.8 80 0.25 1.1 0.85 1.95
0.9 90 0.25 1.1 0.85 1.95
1 100 0.25 1.1 0.85 1.95

a STD: Standard Deviation and Avm = Average load.

Table 3
Average normal force in different ultrasonic transducer power.

Average normal force (N)

Transducer parameters Half size Full size

Amplitude (lm) Power Aluminum PVC Aluminum PVC

Avm
a STDa Avm

a STDa Avm
a STDa Avm

a STDa

0 0 8.65 0.0316 8.85 0.0707 50 50
0.05 5 2.03 0.0245 3.53 0.0245 50 50
0.1 10 1.83 3.23 50 0 50 0
0.2 20 1.63 2.88 50 50
0.3 30 1.6 0.047 2.84 0.0374 50 50
0.4 40 1.58 2.83 Wafer failure Wafer failure

22.25 0 22.25 0
0.5 50 1.58 2.83 Wafer failure Wafer failure

17.25 0 17.25 0
0.7 70 1.58 2.83 Wafer failure Wafer failure

10.75 0 10.75 0
0.8 80 1.58 0.0245 2.83 0.0245 8.55 0.0707 4 failures

8.70 0
0.9 90 1.58 2.83 7.25 0.14 3 failures

8.40 0.05
1 100 1.58 2.83 7.25 0.0707 8.32 0.0872

a STD: Standard Deviation and Avm = Average load.
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size PVC block. The maximum reduction (20 times in 10 W and 30
times in 50 W) occurs in aluminum full size block, the correspond-
ing values are approximately, 11 and 13 times for PVC full size
block. This discrepancy between Aluminum and PVC blocks is
due to the high structural damping capacity of PVC and the acous-
tic impedance mismatching loss between aluminum matching
layer of the transducer and PVC block. Also, Fig. 7(a) showed that
power larger than 20 W has no noticeable effect on adhesion force
reduction. The similar phenomenon happens after 40 W for full
size blocks.

Furthermore, Fig. 7(b) and Table 3 display the ultrasound effect
on the vertical separation of wet wafer from the supports. The nor-
mal force decreases approximately 4.5 times (10 W power) when
the half size aluminum block is used. The similar value is 2.7 times
for a half size PVC block. The maximum reduction (7 times at
90 W) occurs in aluminum full size block, while the similar value
is approximately, 6 times for PVC full size block at 100 W.
Fig. 7(b) also showed that power higher than 30 W has no notice-
able effect on force reduction. The similar phenomenon happens
after 90 W for full size blocks. It is interesting to note that an unsta-
ble situation is observed in Fig. 7(b) and Table 3 for full size blocks.
Some wafers were broken in this unstable state which starts from
40 to 70 W for aluminum and 40 to 90 W for PVC support blocks.
Although a partial releasing occurs by using ultrasound, the power
is not enough to separate the wafer completely. The wafer tends to
be released in the region around the suction cap, but the rest of wa-
fer (corner of wafer) still sticks to the supports. When the power is
high enough to separate the whole wafer from the supports, the
complete vertical separation occurs again.

The comparison between sliding and vertical handling shows
that the capillary force is stronger in vertical handling than hori-
zontal one. The experimental results suggest that the progressively
larger sticking force reduction can be obtained by application of
low amplitudes (low power) of vibration.
5. Conclusions

In conclusion, a study of the adhesion force between silicon
wafer and support surfaces in the presence of ultrasonic vibration
has shown that vibration in longitudinal direction can significantly
reduce the adhesion force between interacting surfaces. The reduc-
tion in sticking force by using ultrasound was greater than 20
times in horizontal and greater than 5 times in vertical wafer han-
dling. The reduction in adhesion force is predicted by a simple ana-
lytical model, which agrees well with experimental observations.
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Nevertheless these preliminary conclusions should be con-
firmed using an experimental set-up closer to industrial practice.
In addition wafer damage should be evaluated over a large sample
set to confirm the potential of this technique.
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