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ABSTRACT 

This paper reports the wireless control of bulk-micromachined 
shape-memory-alloy actuators using an external radiofrequency 
magnetic field and its application to a MEMS gripper.  The 
frequency-sensitive wireless resonant heater to which the gripper 
actuator is bonded is activated only when the field frequency is 
tuned to the resonant frequency of the heater.  A bonding technique 
based on photo-defined copper electroplating is developed to 
mechanically and thermally couple the gripper with the planar 
heater circuit.  The actuation range of 290 μm as the tip opening 
distance is obtained with normally-closed 4-mm-long grippers at a 
device temperature of 138 °C.  The active frequency range is 
measured to be ~6 MHz.  The manipulation of vertically aligned 
carbon nanotube forests is experimentally demonstrated. 
 
INTRODUCTION 

Bulk-micromachined shape-memory-alloy (SMA) actuators 
provide attractive features such as very large forces, high 
mechanical robustness with simple structures, and biocompatibility 
[1-3].  Various actuation mechanisms for SMA microactuators have 
been investigated.  Joule heating by passing currents through heaters 
[4, 5] and directly through the SMA parts [6] is among the most 
widely used method to establish a heat source to the actuators.  In 
this case, however, the mobility of the devices is severely 
constrained by the need of wired interface to them, limiting the 
application range for the devices.  In order to address this, wirelessly 
controlled microactuators have been studied.  For example, wireless 
SMA actuators in microrobotic applications were recently reported 
[7, 8].  However, they require batteries for their operations, resulting 
in relatively large device sizes and the need of complex control 
mechanisms.  Nitinol, a biocompatible Ti-Ni alloy, has been 
expensively used in medical fields, enabling a variety of 
implantable devices and surgical tools [9-13].  Toward the 
application of SMA microactuators to this type of medical areas, the 
ability to wireless control is a key to reducing the interface 
complexity and hence promoting the practicality of the devices.  In 
addition, passive configurations are highly beneficial to enable 
simple/robust, small, and low-cost products in these fields. 

The reversible actuation of SMA has been approached mainly 
by two mechanisms – one-way memory assisted with external 
forces provided by cold-state reset layers [14] and two-way memory 
[15].  The one-way memory has been more commonly utilized for 
the actuation because of its reliability compared to the two-way 
memory approach that requires long thermal cycling for the material 
training and is not very stable.  Despite of the favorable features of 
bulk SMA materials mentioned above, they have not been widely 
adopted in MEMS largely due to their incompatibility with standard 
batch microfabrication techniques and difficulties in their 
wafer-scale assembly.  Recently, a wafer-scale integration method 
for bulk-SMA devices was reported [16].  However, polymer 
bonding utilized in the method poses issues in bonding quality and 
effective heat transfer to the SMA components.  There are still many 
challenges in the integration of bulk SMA for MEMS applications. 

This research explores a bulk-micromachined SMA-based 
microactuator that is passively controlled through radiofrequency 
(RF) power transfer to a wireless heater with which the SMA 

actuator is coupled.  In order to address the issues related to SMA 
bonding, a planar assembly technique based on photo-defined 
selective electroplating is developed and used to bond the SMA 
actuators to the wireless heater circuits. 

 
DEVICE PRINCIPLE 

The micromachined SMA actuator developed in this effort is 
operated through an inductor-capacitor (LC) resonant circuit that 
serves as a frequency-sensitive wireless heater activated by an 
external RF magnetic field (Figure 1 (a)).  An ac current is generated 
in an LC circuit when the circuit is exposed to an ac magnetic field 
due to the electromotive force induced by the field.  The power 
consumed in the LC circuit, P, can be expressed as [17]; 

ܲሺ߱ሻ ൌ
ଶݒܴ
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where v is the electromotive force, L and C are respectively the 
inductance and the capacitance of the circuit, R is the parasitic 
resistance of the circuit, and ω is the angular frequency of the ac 
current.  The reactance in (1) will be eliminated when the frequency 
of the ac current, or that of the magnetic field matches the resonant 
frequency of the circuit, ωr = (LC)-1/2.  At this condition, the power 
transfer to the circuit is maximized, resulting in: 

ܲሺ߱௥ሻ ൌ
ଶݒ
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Thus, the field energy is effectively converted to Joule heat when 
the field frequency is tuned to the resonant frequency of the LC 
circuit, i.e., the actuation is controlled with the frequency, rather 
than the field intensity.  The steady state temperature rise of the LC 
circuit, Tss, can be theoretically expressed as [18]: 
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where RT is the thermal resistance to the surrounding of the circuit 
and αR is the temperature coefficient of resistance of the circuit. 

   

 
         (a)                                         (b) 

Figure 1: (a) Wirelessly controlled SMA micro-gripper and (b) 
working principle of the device. 
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The SMA gripper with two beams that have a rectangle cross 
section is fabricated so that one of the sidewalls of each of the beams 
is coated with the cold-state reset layer.  When the temperature of 
the device exceeds the austenite-phase temperature of the SMA, the 
gripper is actuated as the material returns to its remembered shape 
(Figure 1(b)).  The shape of the gripper will be restored to be the 
cold-state original shape when heat is removed due to the force 
provided by the reset layer.  The electroplating-based bonding 
method developed in this study (discussed in the next section) is 
used to achieve not only high-precision assembly of the 
micromachined SMA gripper on the wireless heater with high 
mechanical bonding strength but also high thermal conductance 
between the two components. 
 
DESIGN AND FABRICATION 

The SMA grippers developed have a normally closed design 
(Figure 2 (a)).  The 4-mm-long gripper structures are formed by 
micro-electro-discharge machining (μEDM) [19] of 300-μm-thick 
Ti-Ni SMA sheets with an austenitic-phase temperature of 65 °C.  
The SMA components are designed to have a bonding pad with a 
cavity and perforations as shown in Figure 2(a).  Each of the two 
gripper beams has a thickness of 62 µm and a compressive SiO2 
layer 3-µm thickness on the outer sidewall of the beam.  This 
configuration is calculated to bend the beam with a displacement of 
~300 μm at the tip of the beam.  The spacing between the two beams 
at their bottoms is defined to be 570 μm so that the bending is large 
enough to close the gripper at its cold state.  The LC circuit has a 
planar spiral coil with an overall size of 5×5 mm2 and the line width 
and spacing as indicated in Figure 2(b).  The SMA component is 
bonded on one of the capacitor electrodes of the LC circuit that 
provides heat to the SMA through the bonded region.  
Figure 3 shows the process flow developed for the device 
fabrication.  The planar LC circuit is fabricated using single-sided 
copper-clad polyimide (PI) film with 50-μm thickness (G2300, 
Shehdahl Co.).  The photolithography for the circuit fabrication is 
performed with dry-film photoresists (MacDermid SF306 and 
DuPont PM240).  First, one of the capacitor electrodes is formed by 
wet etching of the copper-clad layer (Figure 3, step 1). This 
electrode provides the region for the SMA bonding to the circuit.  
Next, the PI film is etched using a KOH-based solution to create the 
via contact hole in the film (Figure 3, step 2).  After depositing a                            

 
    (a)                                             (b) 

Figure 2: (a) SMA gripper design and (b) LC circuit design. 

Ti-Cu seed layer on the PI side, copper electroplating in the 
patterned dry-film photoresist mold is performed to form the coil 
and the other capacitor electrode with a thickness of 30-35 μm  
(Figure 3, step 3).  Figure 4(a) shows the fabricated LC circuits.  For 
the SMA gripper fabrication, the gripper component is first shaped 
to have the single beam structure in a piece of the SMA sheet using 
μEDM.  This is followed by the deposition of a 1.5-μm-thick SiO2 
layer using PECVD at 350 °C on both sides of the SMA piece so the 
sidewalls of the beam have ~3-µm-thick SiO2 that serves as the reset 
layer.  The SMA component is then μEDMed to create the bonding 
pad with the cavity and perforations (Figure 4(b)).  This μEDM step 
removes the SiO2 layer from the pad region.  The bonding pad of the 
SiO2-coated SMA is fixed onto the capacitive electrode on the 
copper-clad side of the circuit that is coated with photoresist (SPR 
220-7, ROHM and HASS) (Figure 3, step 4), followed by the 
lithography to remove the photoresist in the pad region (Figure 3, 
 

 
Figure 3: Fabrication process flow (cross-sectional view except 
steps 6 and 7). 
       

 
            (a)                                              (b) 

Figure 4: (a) Samples of fabricated LC resonant circuits and (b) an 
SMA gripper component fabricate with μEDM (prior to separation 
from the original sheet). 
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step 5).  Copper electroplating is then performed in the pad region 
(Figure 3, step 6) so that the copper grown from the capacitor 
electrode through the pad’s perforations is over-plated and 
connected to the portion plated on the pad, mechanical fixing the 
pad.  In this step, the SiO2 layer on the SMA beam acts as a mask for 
electroplating so that copper is only deposited on the cavity of the 
SMA and on the capacitor electrode through the perforations in the 
cavity.  Figure 6(a) shows the pad of the SMA gripper component 
that was bonded on the circuit with this electroplating process.  
Finally, the single beam of the SMA is split into two beams using 
μEDM (Figure 3, step 7) to form the gripper structure with vertical 
sidewalls (Figure 5).  These split beams consequently have inner 
sidewalls without SiO2 layers, resulting in bending and closing their 
tips due to the compressive SiO2 layer present on the outer sidewalls 
of the beams.  The final form of the device is shown in Figure 6 (b).  

  

 
Figure 5: A fabricated SMA gripper: (a) The gripper beams split 
using μEDM; (b) a close- up of the inner sidewall of the beam. 
 
EXPERIMENTAL RESULTS 

Preliminary wireless tests were performed to characterize the 
fabricated grippers.  The tests were conducted using the set-up 
illustrated in Figure 7.  In this set-up, an amplified RF signal with an 
output power of up to ~1 W is fed to the external coil (diameter ~4 
mm, 497-nH inductance) to generate an RF magnetic field that 
excites the LC circuit of the device.  The thermo-mechanical 
behavior of the gripper was characterized using a thermocouple that 
was attached to the devices (on the capacitor electrode of the circuit 
located on the opposite side of the electrode bonded with the SMA) 
as well as a measuring microscope to characterize the displacement 
of the gripper.  It was experimentally verified that the dependence of 
the thermocouple reading on the presence of the magnetic field with 
the power level and frequencies used in the tests was minimal or 
undetectable.   

Figure 8 shows a typical thermal response of the fabricated 
device.  The resonant frequency of the LC circuit used in this test 
was 105 MHz.  The device temperature was measured while 
scanning the field frequency from 93MHz to 113MHz at a constant 
output power.  The result shows a strong peak (of 138 ⁰C) when the 

 
Figure 6: Fabrication results: (a) The SMA pad bonded by 
electroplated copper; (b) the overall shape of a fabricated device.  
 

 
Figure 7: A set-up for wireless tests. 
 

 
Figure 8: Measured circuit temperature and gripper openings vs. 
field frequency (inset images show tip opening of the gripper at 
corresponding temperatures). 
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field frequency is aligned to the resonant frequency of the circuit.  
The opening distance of the gripper was also measured and plotted 
in Figure 8, indicating the maximum opening of 290 μm.  It also 
suggests that the actuation is initiated when the device temperature 
reaches around 40 °C, and that the active frequency range for the 
actuation of this device is ~6 MHz.  The gripping ability of the 
devices was demonstrated using samples of vertically aligned 
carbon nanotube (CNT) forests as shown in Figure 9; a part of CNT 
forests were successfully manipulated by controlling the opening 
distance of the grippers fabricated in this effort.   

 

 
Figure 9: Manipulation of a CNT forest: (a) Approaching the forest 
(device temperature ~100 ⁰C); (b) making contact (~140 ⁰C); (c) 
gripping and manipulating a part of the forest (room temperature). 
 
CONCLUSIONS 

A fully passive, bulk-micromachined SMA gripper that can be 
controlled using external RF magnetic fields has been investigated.  
A 4-mm-long SMA gripper with a normally closed design was 
coupled with a planar resonant wireless heater with a 5×5-mm2 
spiral coil that is activated by tuning the field frequency to the 
resonant frequency of the heater.  An electroplating-based planar 
bonding technique was developed to achieve mechanical and 
thermal coupling of the SMA gripper components with the wireless 
heater circuits.  The fabricated grippers exhibited the tip opening of 
290 μm at a device temperature of ~140 °C that was obtained when 
the frequency field is at the heater’s resonant frequency of 105 MHz 
with a constant RF power of ~1 W.  The frequency selectivity of the 
device provides an opportunity to implement simultaneous control 
of multiple SMA actuators that are bonded to the wireless heaters 
with different resonant frequencies.  The developed bonding 
technique based on photo-defined electroplating may be leveraged 
for the microfabrication of arrayed SMA actuators by scaling up the 
technique.  
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