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Abstract

The three-dimensional micro assembly of hinged nickel micro devices by magnetic lifting and
micro resistance welding is proposed here. By an electroplating-based surface machining
process, the released nickel structure with the hinge mechanism can be fabricated. Lifting of
the released micro structure to different tilted angles is accomplished by controlling the
positions of a magnet beneath the device. An in situ electro-thermal actuator is used here to
provide the pressing force in micro resistance welding for immobilizing the tilted structure.
The proposed technique is shown to immobilize micro devices at controlled angles ranging
from 14◦ to 90◦ with respect to the substrate. Design parameters such as the electro-thermal
actuator and welding beam width are also investigated. It is found that there is a trade-off in
beam width design between large contact pressure and low thermal deformation. Different
dominated effects from resistivity enhancement and contact area enlargement during the
welding process are also observed in the dynamic resistance curves. Finally, a lifted and
immobilized electro-thermal bent-beam actuator is shown to displace upward about 27.7 μm
with 0.56 W power input to demonstrate the capability of electrical transmission at welded
joints by the proposed 3D micro assembly technique.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Three-dimensional (3D) micro assembly has been developed
to provide more versatile micro structures for the performance
enhancement of micro devices or systems, such as inductors
[1], the hot-wire anemometer [2], flow sensors [3], the
microcage [4] and the free-space micro-optical bench [5].

Lifting and immobilization of micro structure are two
necessary functions usually involved in 3D micro assembly.
Many approaches have been proposed for lifting micro
structures, such as the pick-and-place technique [6, 7],
electrostatic attraction [8, 9], residual stresses [10, 11],
compliant mechanism [12], magnetic force [13, 14], and
thermokinetic actuation [15], For immobilizing micro
structures, these approaches usually included locking
mechanisms [6–15].

1 Author to whom any correspondence should be addressed.

Beside two-step approaches, some methods combined
both lifting and immobilization in one step, including surface
tension techniques [16–18], thermal shrinkage of polyimide
[19], localized induction welding [20] and plastic deformation
by the magnetic force [21]. For example, surface tension-
based technology attains 3D micro assembly by heating
materials to the liquid phase, then surface tension can act
as a driving force to lift a released micro structure due
to the minimization of the surface energy. Immobilization
is then achieved after cooling. The assembled angle is
designed by controlling the dimension of molten materials
before the assembly process. For the plastic deformation
approach, in order to implement plastic deformation, the
angular displacement has to be large enough to exceed the
elastic limit of the material. Assembly at a small tilted
angle would not be easy, and the relaxation of the plastic
deformation would also affect its angle. In general, these
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(a) (b)

Figure 1. Illustration of the proposed 3D micro assembly concept.
(a) Lifting of hinged Ni structure by the magnetic field.
(b) Immobilization by micro resistance welding.

one-step approaches could only achieve limited angular range
and tilted angle control. Using either two-step or one-step
approaches in 3D micro assembly, electrical connection to the
substrate is possible when the linking material is electrically
conductive [1, 6, 7, 12, 17, 19, 20].

Welding is a common assembly process used in the
macro scale by melting certain amount of materials between
two workpieces. Among different welding technologies,
resistance welding is a solder-free approach, needing no
additional material between two workpieces. The principle
of resistance welding is based on joule heating at the contact
point due to its high contact resistance while pressing two
workpieces together with current passing through. In our
previous investigation [22], micro resistance welding for
planar micro assembly using an in situ electro-thermal actuator
was demonstrated, where the feasible operation conditions
were also identified.

Here, by further incorporating a hinge mechanism and
magnetic force, micro resistance welding with an in situ
electro-thermal actuator for 3D micro assembly of the nickel
micro device is proposed. The angular displacement can
be actively adjusted by altering the position of the magnet
beneath the device. Micro resistance welding with the
assistance of electro-thermal actuators can fuse the welding
region to immobilize the lifted micro structures. The welding
characteristic and the angle tilting effect are investigated.
Furthermore, an active micro device will be lifted, assembled
and tested to demonstrate the electrical transmission capability
in the proposed 3D micro assembly technique.

2. Operation principle

Figure 1 illustrates the proposed 3D micro assembly concept,
where the hinged nickel micro structure is lifted by a magnetic
force and fixed by micro resistance welding. Principles of
magnetic actuation and resistance welding are introduced
briefly in this session.

2.1. Magnetic lifting

The behavior of a ferromagnetic material in a magnetic field
can be explained by the concept of magnetic anisotropy

[23, 24]. With an external static magnetic field,
⇀

H ext, applied
perpendicularly to the substrate, as shown in figure 1(a), a
piece of ferromagnetic material, such as a nickel film, can

Figure 2. Illustration of the resistance welding.

develop a magnetization,
⇀

Mmag, which interacts with
⇀

H ext,

to induce a torque
⇀

T mag acting on the nickel structure. A
specific direction (easy axis) of magnetization in the material
could be stronger than other directions. Because the low-stress
electroplated nickel film is polycrystalline and the thickness
of a thin film is much smaller than the other linear dimension,
the magnetization will lie in the plane of the film. Therefore,
the magnitude of the magnetic torque on a nickel film can be
expressed as

|⇀

T mag| = |V (
⇀

Mmag × ⇀

H ext)| = V · Mmag · Hext · cos θ (1)

where V is the volume of the ferromagnetic material and θ

is the angle between easy axis and the substrate, as shown in
figure 1(a). The torque will become zero when the direction of
easy axis aligns with the magnetic field direction, i.e. θ = 90◦

in the case shown in figure 1(a). By changing the direction of
the external magnetic field, it is possible to rotate the nickel
film at different angles.

2.2. Micro resistance welding

Resistance welding is used extensively in macro scale
assembly, which consists of the material fusion at contact
surfaces by the joule heating when the welding current runs
through the workpieces. As illustrated in figure 2, providing a
proper contact pressure by pressing two electrically conductive
workpieces together leads to high contact resistance at
the contact region because of the existence of asperities on the
contact surface. When the welding current is running through
contact points, temperature at the contact region is raised due
to joule heating for a confined volume to the melting state. In
general, a proper contact pressure is needed during the whole
welding process. After switching off the welding current,
the molten region gradually cools down until it has adequate
mechanical strength.

The amount of generated heat can be expressed in terms
of voltage, current and welding time as

Q = VW · IW · t = I 2
w · R · t (2)

where Q represents the heat generated, VW the welding voltage,
IW the welding current, R the resistance at the interface or
contact resistance and t the welding time.
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(a)

(b)

(c)

Figure 3. Illustrations of the structure design for the proposed 3D
micro assembly. (a) Micro resistance welding with the
electro-thermal actuator under magnetic lifting. (b) A close-up view
of the welding site. (c) Applying the driving voltage to the
assembled micro device from P1 to P3 through welded joints.

In our previous study [22], high contact pressure and
welding energy were found to be critical to achieve a successful
micro resistance welding. High contact pressure by the micro
actuator leads to low initial contact resistance. For a given
voltage, it will result in an increasing electrical current passing
through the welding site, which produces more welding energy
for a stronger welding joint.

3. Concept design

A sketch of the proposed configuration to accomplish 3D
assembly is shown in figure 3(a). Components include staples,
a hinged Ni micro structure to be lifted by the magnetic force
and in situ electro-thermal actuator on the substrate for micro
resistance welding.

The hinged micro structure could be an active device,
such as a micro sensor or an actuator, rather than a simple flap.
The in situ electro-thermal actuator to assist micro resistance
welding here is composed of two arrays of parallel connected
bent-beam actuators [25, 26], as shown in figure 3(a). In
addition to these components, a welding beam is designed
between the apex of the electro-thermal actuator and the pivot
of the hinged micro device for the welding current to pass from
pad P1 to P2 or P3 to P4 under contact pressure (figures 3(a)
and (b)). It will fuse with the pivot beam together to form
the welding joint and also prevent the apex of the actuator
from being welded to the pivot. Welding beam could bear
electrical current not only during welding process but also
after the assembly when the lifted device needs to be applied
operating voltage. Welding beam width is an important design
parameter. A narrow welding beam has a low spring constant,

Figure 4. Illustration of geometric parameters around the welding
site, including the gaps (G1, G2 and G3) and the width (WC) of the
welding beam.

which will need less force from actuator to push to contact
with the pivot. However, a narrow welding beam also may
induce large thermal stress during resistance welding.

The procedure to accomplish the proposed 3D assembly
can be described in following steps. An external magnetic
field is first established by a permanent magnet, and then the
hinged Ni micro device is magnetized and rotated away from
the substrate to the desired position, depending on the direction
of the external magnetic field passing through the hinged Ni
device. Next, the electro-thermal actuator pushes the welding
beam to have contact with the pivot beam of the lifted device.
Under a proper contact pressure, the welding voltage is applied
between P1 and P2, as well as P3 and P4, respectively. The
welding current flows through the welding site (figure 3(b))
and generates heat for micro resistance welding. After a
period of time, the welding voltage is turned off to cool down,
and then the contact pressure is released to complete the 3D
assembly. After assembly is complete, the metal welding
joints would allow the electrical current passing through to
operate the assembled micro device by applying the driving
voltage between P1 and P3, as shown in figure 3(c).

4. Dimension design

In order to ensure enough contact pressure and displacement
for micro resistance welding, the number and the dimension
of bent beams in the parallel connected actuators have to be
designed first.

In this study, the displacement requirement on actuators
depends on the gaps (G1, G2 and G3) around the welding region
shown in figure 4. Considering our fabrication capability, the
gaps G1, G2 and G3 are determined to be 8 μm, 8 μm and 5 μm,
respectively. The minimum required apex displacement of the
actuator becomes the summation of these gaps, 21 μm. That
means the apex of the actuator has to move forward at least
21 μm to push the suspended welding beam and the floating
pivot beam to contact with the anchor P2. Beside displacement
requirement, the actuator also has to overcome the mechanical
resistance, i.e. spring force from the suspended welding beam.
Here, the thickness of the welding beam as well as bent-beam
actuators is set to be 10 μm, and the effective suspended length
of welding beams is 401 μm. Three different welding beam
widths WC , 4 μm, 11 μm and 30 μm, are designed, where
the corresponding spring constants of welding beams are 0.5,
10.6 and 216 N m−1.
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(a) (b)

Figure 5. (a) Output forces at different displacements of the apex with different numbers of bent beams, as well as the required force at two
operation stages. (b) The enlargement of the region around the 21 μm apex displacement.

Table 1. Material properties of nickel adopted in finite element
analysis.

Modulus of elasticity (GPa) 207
Density (kg m−3) 8880
Coefficient of thermal expansion (10−6 K−1) 12.7
Poisson ratio 0.31
Thermal conductivity (W m−1 K−1) 90.5
Specific heat (J kg−1 K−1) 443
Resistivity (10−8 �m) 13.5

The actuator performance can be altered by changing the
geometry of the bent beam [22, 25, 26]. The stroke can be
increased by designing a longer beam, and the output force
is proportional to the number of bent beams in the parallel
connected actuator.

The stroke of actuator can be divided into two stages.
When the apex displacement of the actuator travels from 0 μm
to 8 μm, it moves without mechanical resistance. When it
proceeds from 8 μm to 21 μm, the actuator has to overcome
the mechanical resistance from the stiffness of the welding
beam. In fact, an even larger force is preferred to provide
higher contact pressure for better micro resistance welding
[22].

A finite element model on the bent-beam actuator is built
here to simulate the output displacements and the output forces
with different numbers of bent beams in the parallel connected
actuator. The material properties of nickel adopted in the finite
element analysis is listed in table 1 [27]. Some dimensions
(thickness of the bent beam 10 μm, beam width 5 μm, total
bent-beam length 800 μm and bent angle 1◦) are adopted
from our previous study [22]. In simulations, the highest
temperature is limited to 400 ◦C to prevent degeneration of
nickel. The performance of the bent-beam actuator resulting
from finite element analysis is given in figure 5 where the
required force is calculated with the largest spring constant,
216 N m−1. The output force decreases with the increasing
output displacement and increases with the increasing number
of bent beams in the parallel connected actuators, as shown
in figure 5. The minimum required force is 2.81 mN at a
displacement of 21 μm for a spring constant of 216 N m−1.
Figure 5(b) indicates that at least four bent beams are
needed to meet the minimum force requirement. For further
ensuring sufficient force for high contact pressure, design with

(a)

(b)

(c)

(d )

(e)

Figure 6. Fabrication process of the devices.

20 bent beams is used here in the parallel connected bent-beam
actuator.

5. Fabrication

The micro structures described above are fabricated by the
metal-based surface micro machining technique with two
electroplating steps for the 10 μm thick nickel micro structure
and the mushroom-like staple. The fabrication process is
illustrated in figure 6. In the beginning, oxide thin film is
grown and patterned using the first mask by HF wet etching
(figure 6(a)). Next, FH 6400 photoresist (PR) is coated and
patterned to act as the sacrificial layer, and then a Ti/Cu
thin film of 120/20 nm is deposited as the adhesion and
seed layer, as shown in figure 6(b). Another 15 μm thick
AZ 10XT photoresist is coated and patterned to serve as the
electroplating mold. A 10 μm thick nickel is then electroplated
(EP) to form the metal structure (figure 6(c)). After removing
the electroplating mold, another AZ 10XT photoresist is
coated and patterned, and the second electroplating process is
employed to fabricate the staples (figure 6(d)). The AZ 10XT
photoresist is adopted here to be the spacer and sacrificial layer.
At the second electroplating step, the extended electroplating
time makes the nickel overflow the mold to form a mushroom-
like shape. In this way, the hinge can be fabricated in one step.
Finally, after removing the photoresist and the adhesion/seed
layer by wet etching (figure 6(e)), the structure is dipped in

4



J. Micromech. Microeng. 19 (2009) 105026 C-W Chang and W Hsu

(a)

(b)

(c)

Figure 7. (a) Illustration of the experimental setup. (b) PMMA
holder with a movable magnet beneath the specimen. (c) Different
tilted angle by changing the lateral position of the magnet.

isopropyl alcohol (IPA) and heated on a 65 ◦C hot plate to
release.

6. Testing

The experimental setup for the proposed 3D micro assembly
includes a probe station with a computer and a custom-made
specimen holder made of polymethyl methacrylate (PMMA),
as shown in figure 7(a). Devices with three different widths
on welding beam, WC (4 μm, 11 μm and 30 μm), are
tested. During the welding process, the values of the welding
current and welding voltage can be retrieved from a computer-
controlled power supply.

The fabricated micro structure (specimen) is first put on
the top of the holder where a movable circular magnet of
15 mm in diameter with a magnetic field of 250 kA m−1

measured by a gaussmeter (model 5100, Sypris Test &
Measurement Inc.) is placed about 5 mm beneath the
specimen, as shown in figure 7(b). By changing the lateral
position of the magnet along the rail underneath the specimen,
the direction of the magnetic field passing through the
specimen can be altered, which would rotate the released nickel
structure at different angles, as illustrated in figure 7(c). When
the magnet is kept right beneath the device, i.e. Xmagnet = 0,
it will keep the device at the up-right position, i.e. 90◦. For
different magnet positions, the device can rotate between 0◦

and 180◦. When the device is kept at the specified angle by the
magnet field, the micro resistance welding is then processed.
It follows three steps in resistance welding: press, weld and
release. The electro-thermal actuator with about 1.2 W input
power (at 1.6 V) will push the suspended welding beam and

the pivot to contact with the anchor P2. Under the contact
pressure, the dc welding voltage gradually increases to 1.5 V
and the welding current passes through the welding site from
the anchor P1 via the welding beam and pivot beam to P2, as
illustrated in figure 3(a). After 150 s, the welding voltage is
gradually turned off to cool down the welding site. Then, the
contact pressure is released by turning off the electro-thermal
actuator. After completing the micro resistance welding, the
magnet can be removed. Additionally, by applying the voltage
between anchors P1 and P3, the resistance of the welded joints
after assembly can be examined. Tilted angle measurement
before welding is based on images taken by the CCD camera.
By measuring length L1, and projected length, L2, of the lifted
device (figure 7(c)) from the captured image, tilted angle,
θ , can be calculated. The resolution of images captured by
CCD camera is 3 μm per pixel. For a 400 μm-long (L1)
device, the corresponding angular resolution is about 0.5◦. For
determining tilted angles after welding, similar calibrations are
performed, except the images come from SEM pictures.

7. Results and discussions

By moving the magnet under the holder closer or away from
the specimen, the hinged Ni micro device can be lifted to
different positions. The relation between the magnet position
and the tilted angle before micro resistance welding is shown
in figure 8, where Xmagnet = 0 is defined at the position right
beneath the specimen with a tilted angle about 90◦. All data
are measured with the same device to rotate multiple times
at different magnet positions. For each magnet position, the
tilted angle is measured three times. By assuming that the tilted
angle represents the resultant magnetic field direction, figure 8
could also be considered as experimental results describing the
resultant magnetic field directions on the hinged Ni structure at
different magnet positions. It is shown that the lifted angle can
be changed from 10.5◦ to 175◦ when Xmagnet is from +12 mm
to −12 mm, respectively. Once the magnet is placed further
than 12 mm in a positive or negative direction, tilted angles
up to 0◦ or 180◦, respectively, can also be achieved. However,
when the device is rotated near 180◦, the device will touch
another structure anchored on the substrate. The floating pivot
beam will then be lifted upward due to the thickness of the
touched structure, so the pivot beam and welding beam may
not be on the same plane completely. Furthermore, during
resistance welding, the lateral force from the actuator will
push the tilted pivot beam to rotate, and this also makes precise
immobilization close to 0◦ and 180◦ more difficult.

Figure 9 shows the photographs around the welding site at
three operating states during the proposed 3D micro assembly.
After placing the specimen on the holder (figure 9(a)), the
micro device is lifted first, then the electro-thermal bent-
beam actuator pushes the welding beam to contact with the
floating pivot beam (figure 9(b)). The actuator is released from
the welding beam once the micro resistance welding is done
(figure 9(c)). Typical assembled results are shown in figure 10,
where three micro devices on the same wafer are assembled at
three different tilted angles, 14◦, 35◦ and 90◦. The deviation
on tilted angles before and after micro resistance is found to
be around 2.5◦–4◦
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Figure 8. Relation between magnet positions and tilted angles
before micro resistance welding.

(a)

(b)

(c)

Figure 9. Photographs around the welding site during the proposed
3D micro assembly. (a) Initial configuration; (b) actuator pushes the
welding beam to contact with the pivot to generate contact pressure;
(c) actuator is released after a successful micro resistance welding.

The instantaneous resistance, or dynamic resistance,
during the welding process is recorded. Dynamic resistance is
defined as the instantaneous voltage divided by instantaneous
current. Typical dynamic resistance curves measured in this
study are shown in figure 11 while assembling the lifted
devices at 90◦ positions. The pattern of these curves can
be explained as follows [28, 29].

In the beginning, asperities exist on the contact surface
because of surface roughness. When workpieces are brought
in contact with each other, electrical paths through some
micro contact points are created. However, the oxide layer or
contaminants would be also presented on the contact surface
under normal circumstances. Those insulators could cause
very high initial resistance at the early stage. When the welding
voltage is gradually increased, the breakdown of the surface

Figure 10. SEM picture on assembled micro devices at different
tilted angles (14◦, 35◦ and 90◦).

(a)

(b) (c)

Figure 11. Dynamic resistance curves from different welding beam
widths: (a) WC = 30 μm, (b) WC = 11 μm and (c) WC = 4 μm.

allows more current passing through the micro contact points.
Temperature around these micro contact points is then raised
to soften the asperities and increase the contact area, which
results in dynamic resistance decreasing. However, the
resistivity will also increase with the increasing temperature.
The dynamic resistance will reach a local minimum value
and then start increasing to a maximum value when the
resistivity enhancement effect is stronger than the contact area
enlargement effect. As the heating progresses, more volume
of the metal around the contact region will be melted, the so-
called mechanical collapse and nugget growing. When the
temperature is stabilized, the dynamic resistance will fall from
the peak value A1 to a stable value due to the domination of
the mechanical collapse and nugget growing effect, as shown
in figure 11(a), for example, at welding time around 22 s.
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(a)

(b)

Figure 12. Pictures of the welding beams after welding with
different widths: (a) WC = 30 μm and (b) WC = 11 μm.

Dynamic resistance curves from different welding beam
widths are also shown in figure 11. It is found that the
local maximum value (A1, A2 and A3) in dynamic resistance
curves decreases with the beam width, WC, under the same
welding voltage 1.5 V. A wider welding beam means more
mechanical resistance to the actuator. The output force of
the actuator needs to overcome this mechanical resistance
first; then the remaining force provides the contact pressure
to the welding site. Under the same actuator output force
and displacement, a narrower welding beam leads to a higher
contact pressure, which produces a more intimate contact.
Consequently, the local maximum value of the dynamic
resistance curve is smaller. However, a narrow welding beam
would suffer large thermal stress during welding. As shown
in figure 12(b), evident thermal deformation is observed in
the cases with an 11 μm beam width. Comparatively, the
30 μm beam still retains its straight shape. There is a trade-
off in welding beam width. A narrow beam is good for
actuator to provide high contact pressure; however, it may
cause unexpected deformation due to the thermal stress.

For assembling hinged devices at different angles with
the same welding beam width, no significant difference is
found in the dynamic resistance curves. Since the side wall
is not perfectly vertical after fabrication, the cross section of
the electroplated beam becomes an upside-down trapezoid.
Therefore, the contact between the pivot beam and welding
beam is more like a line contact rather than a surface-to-surface
contact while pressing together by the actuator. In other words,
even at different tilted angles, the contact area won’t change
significantly due to the line-contact condition. Therefore, it
may have similar dynamic curves at different tilted angles.

In this work, the space in hinge structure is designed to
be large enough to prevent the micro structure from getting
jammed [9]. In our experiments, structures getting jammed
or stuck during lifting was not found. However, stiction did
happen in fabrication due to the wet releasing process. In
our fabrication capability, at least 6 out of 8 test samples can
be released successfully on a single die. Once the device is
released successfully, all devices can be reliably rotated to the
desired angle with the corresponding magnet position.

An active micro device, the electro thermal bent-beam
actuator, is lifted, assembled and tested here. By applying
electrical power 0.56 W, the assembled actuator displaces
27.7 μm in the out-of-plane direction, as shown in figure 13,
which further verifies the electrical transmission capability

(a) (b)

Figure 13. Testing on an assembled micro actuator. (a) Initial state.
(b) The apex travels 27.7 μm upward subjecting to the electrical
power 0.56 W.

at welded joints by the proposed 3D micro assembly
technique.

8. Conclusions

A 3D micro assembly technique has been proposed and
implemented here. With magnetic lifting and micro resistance
welding, the hinged Ni devices are shown to be lifted and
immobilized in a wide-range tilted angle successfully. Design
issues such as the micro actuator configuration and welding
beam width are investigated. It is found that there is a
trade-off in beam width design between high contact pressure
and low thermal deformation. Different dominated effects
between resistivity enhancement and contact area enlargement
during the welding process are also observed in the dynamic
resistance curves. The proposed assembly technique not
only can provide electrical connecting capability at welded
joints, but also may be helpful in the automation of 3D micro
assembly.
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