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ABSTRACT

This paper describes the design and characterization
of a novel thermal actuator and a locking switch using
these actuators. In order to lower the current needed
for the thermal actuation, a poly heater is implemented
underneath the structural layer. When two thermal ac-
tuators are positioned perpendicular to each other, a
locking switch can be obtained. This locking mecha-
nism saves energy as only electrical power is needed for
closing or opening the switch. The switches were fab-
ricated in the MetalMUMPs technology and the actua-
tion showed good agreement with finite element results.
They were able to lock into the closed state and showed
a contact resistance of 0.35Ω. A reliability test was also
performed, in which the resistance remained below 1.6Ω
after 105 locking cycles. The locking switch could be
used in telecommunication networks, in which it could
be a key component in an automated MEMS-based dis-
tribution frame.
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1 INTRODUCTION

MEMS switches for telecommunication require com-
pact actuators, a low-resistivity signal path, good isola-
tion and the actuators should be easily driven, prefer-
ably with high impedance to minimize current losses.
The heatuator design reported in [1] achieves asymmet-
ric heating by varying the width of the beams, but needs
high currents. A similar design in polysilicon [2] is easily
driven but cannot directly be used to route the signal, as
both cold and hot arms are used to drive the actuator.
The MEMSCAP DC switch [3] [4] solves this problem by
using a silicon nitride connection as isolation structure,
but exhibits a very low drive impedance. The bent-
beam actuator [5] [6] has already been reported with
polysilicon resistive heating underneath the beams [7],
but these devices are not compact as the point of work
is located in the center of the actuator. Additionally,
these actuators can suffer from built-in stress, a disad-
vantage that is not present in the heatuator design if the
beams are equally long.

In this paper a thermal actuator is proposed, in which
asymmetric heating is achieved using a polysilicon heater
underneath the nickel structure. Using the MetalMUMPs
[8] technology, low contact resistance, high drive impedance
and good isolation are achieved.

2 MEMS THERMAL ACTUATOR

2.1 Actuator Configuration

The proposed thermal actuator, illustrated in figure
1, consists out of a hot and a cold arm. These 2000µm-
long arms are anchored to the substrate at one end,
and anchored to each other at the other end using a
silicon nitride plate. This nitride plate results in more
thermal isolation between both arms, thereby increas-
ing the efficiency of the actuator. Another advantage is
the electrical isolation, which will be beneficial for the
design of the switch. The cold arm also contains a flex
part, which enables the bending of the actuator. The
wider part of the cold arm helps in cooling down the
colder side of the actuator and will also lower the resis-
tance of the complete switch. The device is fabricated
in the MetalMUMPs technology, in which the structural
layer consists out of 20µm-thick nickel. This nickel has
the advantage of a low resistivity (8µΩcm[8]) compared
to polysilicon devices. Another advantage is the larger
coefficient of thermal expansion (12µ/K [6]).

The hot arm is heated by a resistive heater, con-
sisting out of a 0.7µm-thick polysilicon layer embedded
in two layers of silicon nitride. The use of this resistive
heater underneath the nickel structure results in a higher
drive impedance while still obtaining a low-resistive sig-
nal path in nickel. To minimize the heat loss to the
substrate a 25µm trench is etched under the complete
structure.

The temperature difference causes the actuator to
deflect in the direction of the cold arm. Because of this
motion, the polysilicon heater is bent in the shape of the
deflected hot arm so that this arm is still heated when
the actuator is fully deflected. To lower the heat transfer
from the polysilicon heater to the cold arm, the latter
was made narrower towards the end to minimize close
contact between the two and to increase the breakdown
voltage.
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Figure 1: 3D model (a) and subparts (b) of the proposed
thermal actuator.

2.2 Simulation

By applying a voltage at the heater connections, the
temperature in the device will increase. Figure 2 shows
the resulting temperature profiles inside the thermal ac-
tuator for an applied voltage of 14V . This excitation
level results in a current of 9.7mA and a maximum tem-
perature of 576K in the polysilicon heater. The max-
imum temperature in the hot arm amounts to 540K.
The tree dips in the profile result from the anchorages
of the polysilicon heater for mechanical stability.

Once the temperature profile of the cold and the hot
arm are known, the deflection and mechanical stress can
be calculated. In figure 3 the resulting von Mises stress
is displayed for the excitation of 14V . The highest stress
in the structural layer is located in the flex part with a
maximum value of 125MPa. The resulting tip displace-
ment amounts to 79µm.

Similar to the actuator discussed above, a second
1500µm-long actuator was also designed. At a driving
voltage of 13V the heater and the hot arm reach tem-
peratures up to 649K and 599K respectively. These
temperatures result in a displacement of 55µm and a
maximum stress in the flex part of 150MPa.

3 LOCKING MEMS SWITCH

By placing the two actuators perpendicular to each
other, a locking switch can be obtained as shown in fig-
ure 4. The switch is fabricated in the open state, which
also allows the sidewalls of the contacts to be plated with
gold. Locking the switch occurs by driving the smaller
vertical actuator thereby opening the latch, followed by
driving the larger horizontal actuator so that its contact
tip is moved beyond the contact tip of the first actuator.
If now this first actuator is no longer driven, the contact
pin of the second actuator is trapped. Finally, when
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Figure 2: Temperature profiles inside the thermal actu-
ator for a voltage of 14V .

Figure 3: von Mises stress in the thermal actuator for a
voltage of 14V .

the second actuator cools down, the two contacts are
pressed against each other, thereby closing the switch.
The signal can now propagate through the cold arms of
the actuators. This closed state is maintained without
driving any actuator. Unlocking of the switch occurs
by stepping through the above sequence in the reversed
order.

As seen in figure 4, the actuators provide enough
displacement for a contact spacing of 32µm if the larger
one is driven by 14V and the smaller one by 13V .

During the cooling down of the larger actuator in the
last step of the locking sequence, large thermal stresses
could emerge, which should remain at acceptable levels.
Figure 5 shows the von Mises stress in the locked state,
in which the stress remains below 210MPa. The contact
force amounts to 590µN , which should result in a low
contact resistance [9].

4 RESULTS

4.1 Thermal Actuator

Figures 6 and 7 show the simulated and measured
electrical and electromechanical characteristics of the
actuators. Good agreement is seen between both re-
sults. The actuator with a length of 2000µm showed a
drive impedance of 1.4kΩ and a displacement of 74µm
at 14V . The smaller actuator with a length of 1500µm
showed a drive impedance of 1.1kΩ and a displacement
of 54µm at 13V . It is seen that for low driving voltages,
the displacement is below the simulated one. This could
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Figure 4: Simulated locking sequence. Top to bottom:
locking, bottom to top: unlocking.

Figure 5: von Mises stress in the locked thermal actua-
tor.

be addressed to friction between the nickel beams and
the nitride bridge. As discussed in [10], the nickel in
the MetalMUMPs technology exhibits a stress gradient,
causing the structure to bend downwards.

4.2 Locking Switch

As seen in figure 8, the devices were successfully fab-
ricated and were able to lock into the closed state. The
larger and the smaller actuators were driven by 14V and
12.5V respectively. In figure 9, a more detailed view on
the contacts is shown during the different steps of the
locking sequence.

4.3 Contact Resistance

The contact resistance of the switch was measured
to be 0.35Ω. This low resistance is the result of the low-
resistive nickel, the sidewall gold plating of the contacts
and the wide cold arms. To characterize the resistance
degradation, the switch was cycled for more than 105

cycles. The result of the cyclic switching test is shown in
figure 10, in which the resistance of the bond wires and
the PCB tracks were also included in the measurements
(figure 8). It can be seen that the resistance of the
switch remains below 1.6Ω, even after 105 cycles at a
measuring current of 50mA.
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Figure 6: Simulated (lines) and measured (dots) elec-
trical and electromechanical characteristics of the larger
actuator.
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Figure 7: Simulated (lines) and measured (dots) electri-
cal and electromechanical characteristics of the smaller
actuator.

5 CONCLUSION

In this paper a thermal actuator has been proposed
in which the structural layer is heated by a polysili-
con heater underneath the structure. This resulted in a
higher drive impedance of 1.4kΩ, which requires a much
smaller current than direct heating of the nickel layer.
Using two actuators a locking switch was designed which
was able to lock into the closed state. In this locked
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Figure 8: Locking switches wire bonded on a PCB. One
open and two closed switches.
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Figure 9: Detailed view on the contacts during the lock-
ing sequence.
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Figure 10: Contact resistance as function of number of
locking cycles. The resistance of the bond wires and
PCB tracks were included in the measurement (approx-
imately 0.35Ω).

state the switch exhibited a low contact resistance of
0.35Ω. Cyclic testing of the switch for more than 105

cycles at 50mA showed a maximal contact resistance of
1.6Ω. The locking switches could be an attractive alter-
native for electromagnetic relays used as reconfiguration
switches in an automated distribution frame.

REFERENCES

[1] H. Guckel, J. Klein, T. Christenson, K. Skrobis, M.
Laudon and E.G. Lovell, ”Thermo-magnetic metal
flexure actuators,” Solid-State Sensor and Actuator
Workshop, 1992. 5th Technical Digest., IEEE, 73 -
75, 1992.

[2] J.H. Comtois, M.A. Michalicek and C.C. Bar-
ron, ”Characterization of electrothermal actuators
and arrays fabricated in a four-level, planarized
surface-micromachined polycrystalline silicon pro-
cess,” Solid State Sensors and Actuators, 1997.
TRANSDUCERS ’97 Chicago., 1997 International
Conference on, 2, 769 -772, 1997.

[3] V. Agrawal, ”A latching MEMS relay for DC
and RF applications,” Electrical Contacts, 2004.
Proceedings of the 50th IEEE Holm Conference
on Electrical Contacts and the 22nd International
Conference on Electrical Contacts, 222 - 225, 2004.

[4] A. Maligno, D. Whalley and V. Silberschmidt,
”Thermal Fatigue Life Estimation and Fracture
Mechanics Studies of Multilayered MEMS Struc-
tures Using a Sub-Domain Approach,” World Jour-
nal of Mechanics, 2, 61 - 76, 2012.

[5] E.T. Enikov, S.S. Kedar and K.V. Lazarov, ”Ana-
lytical Model for Analysis and Design of V-Shaped
Thermal Microactuators,” Journal of Microelec-
tromechanical Systems, 14, 788 - 798, 2005.

[6] D. Girbau, L. Pradell, A. Lazaro, and A. Nebot,
”Electrothermally Actuated RF MEMS Switches
Suspended on a Low-Resistivity Substrate,” Jour-
nal of Microelectromechanical Systems, 16, 1061 -
1070, 2007.

[7] M. Daneshmand, S. Fouladi, R.R. Mansour, M.
Lisi and T. Stajcer, ”Thermally-actuated latching
RF MEMS switch,” Microwave Symposium Digest,
2009. MTT ’09. IEEE MTT-S International, 1217
-1220, 2009.

[8] A. Cowen, R. Mahadevan, S. Johnson and
B. Hardy, ”MetalMUMPs Design Handbook,”
http://www.memscap.com/, 2014.

[9] J. Schimkat, ”Contact measurements providing ba-
sic design data for microrelay actuators,” Sensors
and Actuators A: Physical, 73, 138 - 143, 1999.

[10] S. He, J.S. Chang, L. Li and H. Ho, ”Characteri-
zation of Young’s modulus and residual stress gra-
dient of MetalMUMPs electroplated nickel film,”
Sensors and Actuators A: Physical, 154, 149 - 156,
2009.

NSTI-Nanotech 2014, www.nsti.org, ISBN 978-1-4822-5827-1 Vol. 2, 201428




