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This thesis presents the research, development and optimization of a system capable of manipulate
and attract magnetic particles inside a microchannel. For this purpose a theoretical study was
carried out to determine which type of magnetic trap was the best to accomplish the deflection and
manipulation of magnetic particles and simulations demonstrating the performance of the system
were realized. Several tests were done to overcome the leakages problem in the copper electroplating
system (already existent), optimization of other steps of the fabrication process and microfabrication
of the configuration developed.
This configuration has square spire magnetic traps in a stair case like arrangement and a circular
spire magnetic trap in the end of it. The first ones are responsible for the deflection of the magnetic
particles, whereas the last one is going to trap them. Both square and circular spires are composed
by 10 concentric coils, with 10 µm width and, due to the improvement of the electroplating setup,
the stipulated height of the copper coils (10 µm) was approximately achieved, 9.87 µm. Trapping
was verified by applying a DC current of 1.2 A to each spire.
Keywords: Simulations, Magnetic Particles, Electroplating, New MET configuration

I.

INTRODUCTION

for field strength.The planar electromagnets consist on

The work developed in this thesis is related to the

several wires in spiral shape (circular and square spires,

European Project NANODEM [1], where the part of

Figure 1 a) and b), respectively), with equal distances

magnetic trapping is going to be explored. The in-

between loops, made of copper. The actual trapping

tention is to optimize previous works performed in

is achieved by applying a current that is going to pass

this area [2], where spiral shaped magnetic traps were

through the wires creating strong magnetic fields dis-

designed, simulated and fabricated in order to trap

tributed radially, such that the field is greatest at the

magnetic particles (MP). These particles are made

innermost turn. This magnetic field is going to be the

from polymers doped with nanoparticles of iron oxide

responsible for MP trapping around the spiral area of

clusters that when inside the particle make it super-

the magnet (with the highest concentration in the cen-

paramagnetic (responds to the magnetic field but, when

ter of the spire [4]) and when the current supply is

the field is removed it demagnetizes completely) [3].

turned off the MP are released and continue their flow.

To perform the magnetic trapping, microfabricated
electromagnets are going to be incorporated into a microchip, which is a more complex approach due to the
difficulty in fabrication (in comparison to those that use
permanent magnets or electromagnets placed outside
the chip), but permit very precise control of the mag-

Figure 1: a) Circular current carrying spire; b) square current carrying spire.

netic field and allows a closer proximity of the magnetic

With the studies already developed [2], some im-

source to the microchannel, reducing the requirements

provements in the magnetic traps used and their ar-
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rangement in the chip may be performed in order to
maximize the attraction of MP to the target area. Some
of the challenges of this work are: the creation of a magnetic trap system that uses a DC current to generate
a magnetic field capable of attracting MP at a distance
corresponding to the distance between the microchannel used and the magnetic traps, given by the microchannel lid thickness (140 µm) (Figure 2); the design
of an array of Micro-Electromagnetic Traps (METs)

Figure 3: Schematic representation of the top view of the
array of METs that enables the displacement of MP inside
a microfluidic channel [5].

that can allow the deflection of all MP inside the mi-

lar and square spires in order to evaluate the magnetic

crochannel to a specific area where the already designed

fields produced by each one of them. With the results it

circular spire is and where the detection occurs (Figure

was possible to choose the best configuration to realize

2). Some considerations were taken into account: the

a design similar to the one in Figure 3. Since the goal

fact that the circular spire was going to be under an op-

is to capture as much of the MP circulating in the mi-

tical sensor (NANODEM requirements), which covered

crochannel, this can only be fulfilled by having a design

an area of 1mm x 1mm (represented in Figure 2 by

geometrically and magnetically capable of covering as

the black square around the circular spire) and the fact

much of the microchannel as possible. For this purpose

that this spire had to be under a microchannel covering

the best configuration is the one that allows to create

its middle region.

the highest radial and z direction magnetic fields.
A.

Physics formalism

Considering the Biot-Savart law, the magnetic field
created by a single circular coil is given by:

Figure 2: Schematic representation of the magnetic trap
system that uses a DC current (I) to create a magnetic field
(B) to trap and deflect MP inside the microchannel.
II.

SIMULATIONS

A circular spire MET was designed with the ideal

Figure 4: Schematic representation of the geometry used
to determine the magnetic field created by a circular coil
carrying a current I at a point P at a distance r from the
coil [6].

parameters to trap MP inside a microchannel and, at
the same time, fitted the geometric constrictions im-
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posed in NANODEM. Still, these conditions were not
enough to capture the particles from different places
inside the microchannel, being able just to trap those
closer to the device. That is why it was necessary to
create a design that allowed the displacement of the
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MP inside the microchannel towards the area covered
by the circular spire.
It was demonstrated in a paper that by using an array of individual square METs it was possible to manipulate batches of MP inside microchannels , Figure 3
[5].
It was necessary to realize simulations for both circu-
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where R represents the coil radius and (x,y,z) are the
coordinates of a point P anywhere in space (from the
center of the coil, Figure 4).
For the magnetic field created by a square coil at a
point P(x,y,z) four segments(1-4) have to be considered,
Figure 5 [7]:
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lar spire with concentric coils. In Table I are presented
the conditions considered, the top view and cross section schematic representation can be seen in Figure 6
a) and b), respectively, in Figure 7 the graphical results
Figure 5: Schematic representation of the geometry used to
determine the magnetic field created by a square coil at a
point P at a distance r from the coil [7].

of the magnetic field contributions and in Table II the
respective maximum magnetic field amplitudes.
Table I: Conditions of the circular spire tested.
No of
coils
10

~x = B
~ x1 + B
~ x3 =
B
Z
µ0 I y2
z
dy0 +
4π y1 ((x − a)2 + (y − y0 )2 + z 2 ) 32
Z
µ0 I y1
z
dy0
4π y2 ((x − (−a))2 + (y − y0 )2 + z 2 ) 32

Inner
Coil
Current
Pitch[µm]
radius[µm]width[µm]
[A/coil]
100
10
20
0.1

(4)
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~ y2 + B
~ y4 =
B
−z
µ0 I x1
dx0 +
2
4π x2 ((x − x0 ) + (y − a)2 + z 2 ) 32
Z
µ0 I x2
−z
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Z

(5)
Figure 6: a) Schematic representation of the top view of
the circular spire; b) schematic representation of the cross
section of the circular spire.
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Figure 7: a) Magnetic field created by the circular spire in z
direction; b) magnetic field created by the circular spire in
radial direction. Blue function: z=140 µm; Red function:
z=160 µm. The black stripe in the origin represents de
space occupied by the spire in the y axis.

where a is the inner radius of the square coil and y1

Table II: Maximum magnetic field amplitudes verified for
both contributions for the limits of the microchannel.
Bzmax [T ] Bxymax [T ]
z=140 [µm] 0.00160
0.00083
z=160 [µm] 0.00136
0.00069

and y2 (x1 and x2 ) represent the integration limits for
y0 (x0 ), which varies accordingly to the edges of the

For the square spire two configurations were con-

coil.

sidered, both with concentric coils. Their conditions

In both cases the radial field is given by:

only differ in pitch and they are presented in Table III.
q
~r = B
~ x2 + B
~ y2
B

(7)

The top view and cross section schematic representation of the square spire chosen are in Figure 8 a) and

B.

Geometrical considerations

b), respectively. The magnetic field contributions are
The magnetic field created by each type of spire inside a microchannel placed on top of it, was evaluated in
terms of both radial and z direction contributions. The
bottom of the microchannel only starts at z=140 µm,
because that is the microchannel lid thickness (Figure
2). Since the MET is going to be at z=0 the magnetic
field amplitudes were obtained inside the limits of the
microchannel (140 µm≤z≤160 µm).
First it was considered the contributions of the circu-

in Figure 9 and 10 and their amplitudes in Table IV.
Table III: Conditions of the square spires tested.
No of
coils
10
10

Inner
Coil
Current
Pitch[µm]
radius[µm]width[µm]
[A/coil]
100
10
20
0.1
100
10
30
0.1

Table IV: Maximum magnetic field amplitudes verified for
both contributions for the limits of the microchannel.
20µm pitch square spire
Bzmax [T ] Bxymax [T ]
z=140[µm] 0.00160
0.00088
z=160[µm] 0.00138
0.00074

30µm pitch square spire
Bzmax [T ] Bxymax [T ]
0.00153
0.00084
0.00135
0.00072
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to cover the same area of the microchannel used, which
enables the reduction of resistance of the system, since
less contacts are needed. For these reasons, the MET
chosen to create the array of spires to use in the new
configuration was the square spire with 30 µm pitch.
Figure 8: a) Schematic representation of the top view of the
30µm pitch square spire; b) schematic representation of the
cross section of the 30µm pitch square spire.

C.

Nanoparticles actuator

In magnetic separation, when a MP is suspended in
~ it is necessary to have a
a uniform magnetic field B
~ to move it, creating a magmagnetic field gradient ∇B
netic force F~mag upon the bead (equation 8) [3]. One
of the main characteristics for magnetic separation is
the particles magnetic moment, m.
~ The magnetic mo-

Figure 9: a) Magnetic field created by the 20 µm pitch
square spire in z direction; b) magnetic field created by the
20 µm pitch square spire in radial direction. Blue function:
z=140 µm; Red function: z=160 µm. The black stripe in
the origin represents de space occupied by the spire in the
y axis.

ment response of a MP, when submitted to an applied
~ can be modelled by a Langevin-like
external field B,
function, equation 9.
~
F~mag = m
~ · ∇B
m
~ = msat

~ −
coth(mp × B)

(8)
1
~
mp × B

!
(9)

where msat is the saturation moment, mp is the mag~
netic moment of the particles inside the matrix and B
the magnetic field.
For the simulations were used the parameters obFigure 10: a) Magnetic field created by the 30 µm pitch
square spire in z direction; b) magnetic field created by the
30 µm pitch square spire in radial direction. Blue function:
z=140 µm; Red function: z=160 µm. The black stripe in
the origin represents de space occupied by the spire in the
y axis.

Between the 20 µm pitch and the 30 µm pitch square
spires there is a minimal loss of the maximum magnetic
field amplitudes in z and radial directions, but there is
a bigger radial reach for the 30 µm pitch spire, since
the curve that represents the field is wider and more
rounded. On the other hand, for the circular and 20
µm pitch square spires the curve is narrower, which
does not suit the purpose of the field created to cover
as much of the space of the microchannel as the 30
µm pitch square spire does. An advantage of having a
square spire to perform the MP deflection is that geometrically allows a better coverage of the microchannel
due to its edges, being able to trap MP passing near
those areas (Bxy for the square spires is higher than

tained in the characterization of the Micromod 250
nm MP [8] and Invitrogen 2.8 µm MP [9], Figure 11.
Table V shows the fitting parameters to the Langevinlike function (msat and mp ). The susceptibility (χ) of
the MP was studied in order to know the degree of
magnetization of each type of MP in response to an
applied magnetic field. Considering the linear behavior
of each MP (Figure 11), the slope (susceptibility) was
measured and presented in Table V as well as the magnetic field at which the particles saturate. This data is
important for the simulations since the total magnetic
field created by the METs may not be enough to saturate the MP used, especially the smaller MP, since they
saturate for higher magnetic fields.
Table V: Langevin-like fitting parameters for a single
particle, magnetic susceptibility and saturation magnetic
field.
MP diameter
250 nm
2.8 µm

χ
msat [A.m2 ] mp [T −1 ]
93.85
18.43
3.43x10−16
89.78
3.78
1.55x10−13

Bsat [T]
0.61
0.08

for the circular spire). The advantage of having a spire

To verify the ability of the square METs to create

with a bigger pitch is the possibility to use less spires

a magnetic field such that the magnetic force created
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Table VI: Parameters for the simulations using one square
spire magnetic trap.
No of
coils
10

Inner
Pitch Current Microchannel Microchannel
radius[µm] [µm] [A/coil] height [µm] width [µm]
100
30
0.1
20
2500

Figure 11: Magnetic moment in function of an external applied field for: a) single Micromod 250 nm particle; b) single
Invitrogen 2.8 µm particle. Particles data is represented by
the black points and Langevin fit by the red line.

upon the MP was strong enough to trap them, simulations were done using the parameters related to the 250
nm MP. The MP trajectory was simulated considering:
~ total =B
~ r +B
~z;
1: Energy of the system, where B
~ mag = −m
~ total
E
~ ·B

(10)

2: Magnetic force;
~ mag
F~mag = −∇ · E

(11)

3: Bead’s velocity in function of its position, where it
is assumed the total force (the sum of the Stokes force,
with the fluid viscosity given by η, and the magnetic
force) is equal to zero, i.e. particles reach the equilibrium velocity;
F~mag
+ ~vmedium
(12)
6πηR
4: Differential equation solution, which gives the MP
~vbead =

position after a short period of time, by giving its initial
position and tracking it by repeating the process during

Figure 13: Magnetic Force: a) x component; b) y component; c) z component. Blue function: z=140 µm; Red function: z=160 µm. The black stripe in the origin represents
de space occupied by the spire in the y axis.

a certain time.
∂xn
· ∆t
(13)
∂t
Considering the schematic representation of the coxn+1 = xn +

ordinates system in Figure 12 and using the conditions
in Table VI, the magnetic force created by this MET
(Figure 13) and its actuation over the MP (trapping,
Figure 14 b)) were obtained. Trapping is verified when
the magnetic force created by the MET over a MP is

Figure 14: a) Square MET and microchannel representation, where the MP are randomly located; b) microchannel
lateral view, where it can be seen the MP trapping. The
square in the bottom represents the place covered by the
square MET.

strong enough to pull it from its initial position towards

For these conditions trapping was verified for only

the bottom of the microchannel (at z=140 µm) under

two of the six MP, which is in concordance with the

which is the MET (z=0).

results from the graphics in Figure 13, where the z component is the highest and the force amplitude decreases
extremely once the distance from the origin increases.
This is why the place where MP are most likely to be
trapped is when they are in the area correspondent to

Figure 12: Schematic representation of the system considered to create the magnetic field and trapping graphics.

the area covered by the square spire.
In the case of 2.8 µm MP the forces produced were
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sufficient to trap the particles. Simulations confirm the
ability of the design created (Figure 15) to trap the MP,
since these were the same MP used in the paper [5].
Due to the geometrical restrictions presented in the Introduction, it was necessary to have two rows of square
METs in a stair like arrangement, to make sure that
every MP that entered the microchannel was trapped
and directed to the place under which the circular spire
is.
To achieve the parameters for the final simulations,
with the complete configuration, it was first verified

Figure 17: a) Representation of the microchannel where it
can be seen the MP being trapped by the second pair of
square METs; b) microchannel top view; c) microchannel
front view.

the trapping ability of a single square MET to trap the
Invitrogen 2.8 µm MP (without hydrodynamic flow)
and then, that the MP conveyed by laminar flow were
trapped by this individual magnetic trap. With a laminar flow of 0.25 nL/s and a current of 0.1 A per coil,
the results from Figure 16-19 were obtained.

Figure 18: a) Representation of the microchannel where
it can be seen the MP being trapped by the third pair of
square METs; b) microchannel top view; c) microchannel
front view.

Figure 15: a) Top view of the design developed; b) representation of the microchannel under which is the configuration developed.The black square around the circular spire
represents the area covered by the sensor. c) schematic
representation of the configuration and microchannel with
the respective currents, magnetic fields and dimensions.

Figure 19: a) Representation of the microchannel where it
can be seen the MP being trapped by the circular MET; b)
microchannel top view; c) microchannel front view.

The convergence of all MP to the circular spire, in the
middle of the microchannel, is achieved. As the magnetic traps are actuated (each pair at a time), the MP
that entered the microfluidic channel are trapped and
manipulated in a way that makes them move towards
the area where the circular spire is.
III.
Figure 16: a) Representation of the microchannel, under
which is the configuration developed. The MP enter the
microchannel and are trapped by the first pair of square
METs; b) microchannel top view. The squares and circle in
the bottom represent the areas covered by the square and
circular METs; c) microchannel front view.

MICROFABRICATION

The device microfabricated is sumarized in Figure
20 and the steps of the process are in Table VII. Some
of the process steps are standard microfabrication processes at INESC-MN, but others had to be optimized
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(Steps 6 and 7), due to the specificities of some parameters of the magnetic traps. Several techeniques were
used: photolithography, etch and electroplating.

B.

Microfabrication of the magnetic trap chip
Table VII: Microfabrication steps

Step 1: Cu seed layer deposition.
A layer of Ta and Cu with 30 Å and 500 Å, respectively, was deposited over a 6 inch wafer, coated with
1000 Å thermal SiO2 film (which prevents electrical
contacts between the Cu magnetic traps and the wafer
itself). The deposition of a thin layer of Ta onto a SiO2
surface promotes adhesion of Cu to the underlying in-

Figure 20: AutoCAD mask.

sulating surface [12] and the deposition of the Cu seed
layer allows the electroplated copper to grow on top of

A.

Electroplating

Electroplating is an electrodeposition process for pro-

it. This deposition is done in Nordiko 3000 by ion beam
deposition (IBD).

ducing a dense, uniform and adherent coating, usually

Step 2: Dicing.

of metal or alloys, upon a surface by the act of electric

The 6 inch wafer is split into samples of 3cm×3cm.

current [10]. This process was chosen for the microfa-

Step 3:: DWL Photolithography.

brication of the chip due to the need of a fast and thick

Creates the pattern of the areas of the mask designed,

deposition of Cu. A current is passed through a bath

which in this case are going to be protected by PR with

containing electrolyte that, when dissolved in water,

1.5 µm thick, Figure 22.

its molecules split up into positive and negative ions
(cations and anions, respectively) moving freely in the
solution. Two metal rods (electrodes) are introduced in
the solution, one is connected to the negative terminal

Figure 22: 1st Photolithography: a) profile; b) top view.

of a battery - cathode - and the other to the positive

Step 4: Cu Etch.

terminal of the battery - anode - (Figure 21). By ap-

Etch by ion beam milling in Nordiko 3600 where the

plying an electrical potential difference between them,

Cu seed layer, not protected by PR, was removed, Fi-

the freely moving positively charged cations are attrac-

gure 23. An over etch was done to prevent possible

ted by the cathode and negatively charged anions are

short circuits.

attracted by the anode. In this thesis it is used a solution of Copper Sulfate (CuSO4 ) whose Cu2+ ions are
attracted towards the cathode, i.e. Cu deposition. The
electric current that continues to circulate around the
closed loop created by the battery ensures the flow of
electrons in the external circuit, which is responsible for
the continual taking and giving electrons in the cathode
and anode [11].

Figure 23: Etch: a) profile; b) top view.

Step 5: Resist strip.
PR removed using acetone and ultra-sounds.
Step 6: DWL Photolithography.
This step creates the space that will be filled with
Cu by electrodeposition. The PR used in Step 3 only
achieves coating thicknesses of 1.5 µm, limiting the
amount of electroplated Cu to that height, which conditions the METs properties. In this case the pretended thickness was 10 µm, but due to the composition
of the thick PR used, and despite knowing that the
wavelength of the diode laser had the ability to pene-

Figure 21: Cu electroplating scheme.

trate its 10 µm, the dose of energy used for the exposure
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had to be tested. The features created by this photo-

the copper seed layer frame of the sample is established

lithography are smaller (10 µm width) than the ones

was also a source of leakages (Figure 27 a)). There are

previously patterned (15 µm width) to guarantee that

some areas where the connection is not perfect allowing

all the space is going to be filled with electroplated Cu,

the copper electrolyte to penetrate, causing copper to

Figure 24.

grow on top of the Cu seed layer of the frame and in
the part of the Cu plate where the contact is established
(Figure 27 b)).

Figure 24: 2nd Photolithography: a) profile; b) top view.

Step 7: Electroplating.
Chosen technique for copper deposition, because it is
faster and cheaper.
Figure 26: a) Setup previously developed [2]; b) cathode
mounting detail of the setup.

Figure 25: Electroplating: a) profile; b) top view.

Step 8: Dicing.
The final sample is cut around the Cu frame to be
encapsulated in a PCB.
Step 9: Wire bonding.
Wires are directly welded to the magnetic traps contacts and connected to a PCB chip carrier.
IV.
A.

Figure 27: a) Cathode isolated with tape; b) cathode with
leakages.

It was verified that for both high current densities
(above 30 mA/cm2 ) and small distances between elec-

RESULTS

trodes (less than 2 cm) the copper deposition is too

Electroplating setup improvement

fast, causing the Cu peeling off (Figure 27 b)). Having

Electroplating is the step of the microfabrication that

verified that the setup used was not a reliable method

is going to allow the growth of copper with the char-

another approach was used. The entire sample was im-

acteristics that will mimic the simulated spiral coils.

mersed in the acid copper electrolyte, keeping only one

Leakages are a tremendous problem in this work be-

side of the sample’s frame above the liquid, connected

cause, when trying to electroplate with a certain cur-

to the Cu plate (Figure 28 c)) guaranteeing the elec-

rent density, Cu leakages increase the real area of

trical contact and acting as the cathode (Figure 28 b)).

Cu seed layer exposed, thus the current input for the

This way the leakage issue was eliminated and the es-

sample’s estimated area is actually lower than the re-

timated area was exactly the same that the one exposed

quired. To try to overcome this problem I performed

to be electroplated.

several tests in the setup of Figure 26. To prevent leak-

The deposition rate results obtained with samples

ages (sources of leakages indicated in Figure 26), hence,

patterned with ink and by photolithography, using the

the copper from growing outside the pretended area of

setup of Figure 26 completely isolated with tape, are

the exposed sample, the Cu plate to which the sample

in Table VIII. The result using the new method on a

was connected through the Cu seed layer (enabling the

sample patterned by photolithography was 29.51 µm/h.

electrical contact and acting as the cathode, Figure 27

It was verified the last one was very close to the one

b)) was isolated using clean-room tape (Figure 27 a)),

obtained for the sample patterned by photolithography

preventing the current passage. This worked only to

in Table VIII. This confirms that this method prevents

avoid the growth of copper in the electrode, because

leakages.(Conditions used: distance between electrodes

the area where the contact between the electrode and

4cm; current density of 20 mA/cm2 ; time 30 min.)
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B.

Experimental tests

For these tests, the MP used were the 2.8 µm (10
µL) diluted in Phosphate-Buffered Saline (PBS) solution (150 µL). A current of 1.2 A was applied to each
spire and after tens of seconds the MP were attracted
towards the area covered by the square spire actuated,
especially to its middle region. That can be seen in
Figure 29 b), where no current is being applied, and,
after the second spire is actuated, the trapping is visible
in Figure 29 c) outlined in red. Trapping is also visible
when the third spire is actuated (second spire stops having a current supply), in Figure 29 e) and f) (outlined
Figure 28: a) Setup for the electroplating process; b) cathode mounting detail; c) cathode mounted in the setup; d)
anode and support detail.
Table VIII: Deposition rate results for both samples tested
with the setup of Figure 26.
Sample ink Sample photolithography
Deposition rate [µm/h]
24.88
30.78

The divergence between the values obtain in Table
VIII, despite having used the same electrodeposition
conditions, are due to the type of patterning of the
samples. For cathodes of irregular shape the ability
to electroplate to a uniform thickness over the entire
sample is lower than for a sample with almost no variation in shape (like the one patterned with ink). This is
due to the fact that irregular cathodes have high current
density areas and low current density areas. The first
ones tend to be edges and have a higher plating thickness. The second ones are flat areas, having a lower
thickness [13]. For this reason, the value to consider as
a guide line to use in the microfabication process is the
one of the photolithography patterned sample.

in red). It is also important to notice that once the
current stopped being applied to the second spire and
started being applied to the third, the MP that were
visibly trapped in Figure 29 c) are not trapped in Figure 29 d) (outlined in blue). This confirms that once
the current stops being applied the MP are repulsed.
Because it was only possible to fit one square spire and
the bottom edge of the following (Figure 29 a)) in the
same microscope image (using 20x objective) the displacement was difficult to portray. Sill, in Figure 29 c)
to f) it is possible to see outlined in green a MP that
was trapped by the second spire (Figure 29 c)) and,
after the current stopped being applied to it (Figure 29
d)), the third spire was immediately actuated and the
particle suffered a displacement towards it (Figure 29
e) and f)).
V.

CONCLUSION

This thesis is the result of six months of work, comprising the design of a system capable of MP manip-

Finally, the conditions used to electroplate the

ulation inside microchannels, using magnetic traps as

sample patterned with the mask of Figure 20 and the

a deflection medium, simulations that demonstrate the

results obtained are presented in Table IX.

application of that configuration into a microfluidic sys-

Table IX: Electroplating conditions and results for the final
process.

tem, the tools to microfabricate it and the experimental

Current
density
[mA/cm2 ]
20

Distance
Time Cu thickness Deposition
between
[min]
[µm]
rate [µm/h]
electrodes [cm]
4
19
9.87
29.90

tests to confirm the simulations. The simulations were
the starting point to proceed with the work, because
this theoretical demonstration of the actuation capa-

All the deposition rates achieved are in concordance

city of the projected configuration constituted a strong

with the theoretical value 7.35 nm/s = 26.46 µm/h [2].

base to pass to the fabrication of such chip and its use

This proves that this new method to electroplate allows

in further experimental tests. Due to the need of de-

to overcome the leakages problem faced using the setup

positing a thick layer of Cu to produce the METs and

of Figure 26.

its contacts, the existent electroplating system had to

10
past was overcome, having been able to deposit copper approximately with the desired thickness, 9.87 µm
during a period of time (19 min) stipulated through the
tests realized, i.e. knowing the deposition rate obtained
in the optimization tests, it was possible to estimate
the time needed. Having no leakages this process could
be done in just one go, without interruptions to check
the thickness of the copper already deposited, making
it very simple. Finally, an electrical circuit was implemented in order to reproduce the actuation of the array
of spires designed. This way, the fabricated chip could
be used in the experimental tests to reproduce the simulations. The trapping and displacement of the 2.8 µm
MP was verified by applying a current of 1.2 A to each
spire of the configuration. These results could have
been more notorious by using a channel with smaller
height bonded directly to the fabricated chip.
Figure 29: MP tests. a) Second and third spire of the configuration; b) both spires off; c) trapping in the second spire;
d) MP displacement; e) displacement and trapping in the
third spire; f) trapping in the third spire; g) third spire of
the configuration.

Future work To improve the experimental results, a
microchannel with 14 µm depth can be fabricated. Experimental tests using the other characterized MP can
be done in order to evaluate the range of actuation of

be adapted to guarantee accurate results in terms of

the configuration developed. To facilitate the assemble

Cu thickness in the end of the process. After several

of the entire setup for the MP experimental tests, the

optimization tests, the leakages problem verified in the

system comprising the chip and the circuit can be reduced by incorporating all the functions into a PCB.
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