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This paper introduces a new butterfly shaped mechanical spring used to couple an array of five microme-
chanical resonating mass balance sensors, which are been developed for advanced applications in detect-
ing chemical and biological species. The sensors were fabricated using a 5 pm SOI (silicon on insulator)
wafer. The performance of the spring is analysed using finite element analysis (FEA) and compared with

other potential designs. From the analysis the butterfly spring provides enhanced response amplitude

Keywords:

Butterfly shaped MEMS spring
Coupled micro resonator array sensor
Finite element analysis

along the excitation axis and a balanced displacement for sensitivity of mass detection. Additionally,
the overall frequency bandwidth is easily controlled to suit the application.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Mechanical springs are often employed in MEMS applications to
couple devices together for various applications. Mechanical
springs were used to couple two resonators [1,2] and also in 2D
resonator arrays for MEMS filters [3]. Springs have also been used
for high performance probing [4], MEMS transducers [5] and sup-
porting oscillating masses in micro vibratory rate gyroscope [6].
This paper introduces a closed loop butterfly shape spring which
is used to couple five resonant micromechanical mass balance sen-
sors together. The Coupled Micro Resonator Array (CMRA) sensor
has been developed for advanced application in detecting different
chemical and biological species presence in gaseous or liquid envi-
ronments [7]. To simplify the complexity of sensor structure and
the associated signal processing system the CMRA was designed
with just two connections; an input and an output port. The state
of each of the sensors can then be monitored by measuring the
modal resonant frequencies of the coupled system at the output
end of the coupled array. Fig. 1a shows a schematic of the CMRA
sensor structure. The structure consists of five fixed-fixed beam
resonators (sensor element), comb drive actuator, and mechanical
spring to couple the resonators.

The operation of the CMRA depends on the response pattern of
the five modal frequencies of the coupled resonators. This pattern
can then be used as a signature to determine the amount and type
of mass adsorbed on to each of the individual resonators [7,8]. Each
of the modal frequencies signifies an eigenmode of oscillation of
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the coupled resonator in the lateral direction along the excitation
axis (Y-axis). To ensure the sensor system works effectively, the
mechanical springs must be designed so as not to introduce any
unwanted eigenmodes within the main modal frequencies of the
coupled structure. The performance of the sensors mainly depends
on the displacement of the sensor element in Y-axis. Therefore, the
spring must be more flexible along the excitation axis (Y-axis) and
rigid in X-axis. Overall frequency bandwidth of the response de-
pends on the mechanical coupling [9] between each resonator.
The spring should be designed, so that the stiffness can be con-
trolled easily by configuring the design parameters of the spring.
To date most of the existing micro springs reported in the literature
[1-6], [10] do not meet these requirements. For example with sim-
ple zigzag shape spring (Fig. 1b), the spring may introduce spurious
responses due to torsion and elongation of the spring element in X-
axis during the operation. As a consequence the response ampli-
tude (Y-axis) of the sensors may be reduced.

2. Design concept

In order to study the performance of the spring in coupling the
resonant sensors, each of the resonators was designed with a con-
stant mass, total length (L) of 700 pm and 3 pum width (b) as shown
in Fig. 2a. The shuttle length (Ls) and width (bs) is 200 and 10 pm,
respectively. The stiffness of the resonator (k) is 2.9 N/m and its
natural frequency (fg) is 48.760 kHz. To be compatible with stan-
dard measurement facilities, the modal frequency of the coupled
structure was set around 50 kHz. Fig. 2a is a schematic diagram
of the butterfly spring design. The spring was designed with
joined-tilted beams in order to increase the displacement of the


mailto:nhs621@bham.ac.uk
http://www.sciencedirect.com/science/journal/01679317
http://www.elsevier.com/locate/mee

Resonator

Shuttle

N.H. Saad et al./ Microelectronic Engineering 86 (2009) 1190-1193

Fig. 1. (a) Schematic of Coupled Micro Resonator Array (CMRA) Sensor; (b) zigzag
spring.
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Fig. 2. (a) Schematic of the Butterfly Spring; (b) zigzag shape spring.

springs along the excitation axis. Any possibilities of the torsion
and elongation of the spring elements in X-axis are reduced by fix-
ing the middle of the spring structure. In analysing the eigenfre-
quencies, eigenmodes and the effect of coupling stiffness on the
frequency bandwidth of the response of the coupled system, three
designs of the butterfly spring with varied coupling stiffness were
considered,; sp1(k.=0.1149 N/m), sp2(k. = 0.2228), and
sp3(k: = 0.6746). The stiffness of the spring was adjusted by vary-
ing the length (Ls,) and the width of the spring (bsp).The other
parameters were fixed: S;=1pum; S3=10pum; Sz=12 pum;
0=11° and bsp, =53 pum. The effect of coupling the resonators
with three zigzag springs sp4, sp5, and sp6 (Fig. 2b) was also inves-
tigated for comparison. The spring sp4, sp5, and sp6 were designed

Table 1

Design parameters of the coupling spring (sp) (all dimensions in pm unit).

sp Sz Lsp bsp1 bspa Mass (ng) Kp:ke
spl 10.7 312.0 23.0 182 213 25.6:1
sp2 10.9 250.0 29.0 170 18.1 13.2:1
sp3 10.5 175.0 36.5 155 14.2 44:1
sp4 2.5 358.0 25.5 121 24.2 25.6:1
sp5 2.5 282.5 25.5 121 19.8 13.3:1
sp6 2.5 187.0 25.5 121 14.3 4.3:1
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Table 2
Eigenfrequency analysis result [kHz].
sp Modal frequency of single spring (fp) and coupled resonators (fu)
fo S Sz fumz fuma fuis
spl 29.9 48.2 48.6 49.4 50.2 50.8
sp2 44.5 51.2 52.7 55.8 58.3 59.9
sp3 84.5 39.9 43.6 49.8 56.4 62.2
sp4 54.1 335 35.2 38.1 421 44.9
sp5 80.6 371 395 433 47.3 49.7
sp6 154.5 40.8 448 51.5 58.9 64.5
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Fig. 3. Eigenmodes (at kp:k. = 4:1); (a)-(e) structure coupled with closed butterfly
spring (sp3); (f)-(j) structure coupled with zigzag spring (sp6), (Note: elements
which highlighted with dotted line are example of unbalanced displacement due to
torsion and elongation of zigzag spring element).
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to have a comparable coupling stiffness with the first three butter-
fly spring, respectively (kcspay=0.1148 N/m, kespsy=0.2216, and
kespsy=0.6801). Refer to Table 1 for details of the design
parameter.

3. Finite element analysis

All analyses (eigenfrequency, static and parametric; and fre-
quency response analysis) were performed using COMSOL
Multiphysics, finite element analysis (FEA) software [11]. Eigenfre-
quency analysis was performed to determine the natural frequency
(fsp) of the spring, modal frequencies of the coupled resonators (fu)
and the eigenmodes of the structure [7,11]. The stiffness of the
coupling springs was analysed using static and parametric analy-
sis. The static deflection in Y-axis of the six springs was compared
when up to 10 pN force was applied on the spring along the Y-axis.
The static deflection in X-axis also was compared in observing the
rigidity of the spring along the axis. Finally, frequency response
analyses were conducted on the butterfly spring to examine the
overall pattern of the frequency bandwidth, separation of the mod-
al frequencies and the response amplitude of the coupled resona-
tors. The software solves the frequency response, for steady state
harmonic excitation with an excitation frequency, f within the
range between the first and fifth modes of the natural frequency
of the system as determined by the eigenfrequency analysis.

4. Result and discussion
4.1. Eigenfrequency and eigenmodes

Table 2 shows the natural frequency of the coupling springs, fsp
and the five modal frequencies of the coupled resonators, fy. The
five modal frequencies of the coupled resonators rely on the mass
and the stiffness of the coupling spring. For example when the res-
onators (fg =48.760 kHz) were coupled with sp2 with 44.5 kHz
natural frequency the modal frequencies of the structure increased
to 51.2 for mode 1 (fM]), 52.7 (fMZ)v 55.8 (fMg), 58.3 (fM4)v and 59.9
(fws). From the eigenmode analysis of the coupled structure
(Fig. 3a-j), both springs portray similar response pattern for each
of the modes. The resonators were effectively coupled by both
types of springs. However, it can be depicted that the displacement
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Fig. 4. (a) Frequency response of single spring; (b) static displacement of the spring
(X-axis); (c) and (d) frequency response of the five coupled resonators.
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Fig. 5. Frequency response pattern of the resonant sensors coupled with butterfly
spring.

of the resonators which were coupled with zigzag spring (Fig. 3g-j)
is unbalanced due to torsion and elongation of the unbalanced
spring element. This unbalanced displacement may reduce the
sensor performance and sensitivity of mass detection.

4.2. Static and frequency response analysis

At a comparable coupling stiffness for both springs (sp1//sp4,
sp2//sp5, and sp3//sp6) the butterfly spring provides higher re-
sponse amplitude compared to zigzag spring as portrayed in
Fig. 4a. With closed loop butterfly shape design, the spring is more
rigid in X-axis (Fig. 4b). Therefore, it offers more balanced oscilla-
tion to enhance the displacement in Y-axis.

Fig. 4c and d illustrate example of overall frequency response
pattern of the five coupled resonators. If we compared the response
amplitude of the two types of springs at the fifth mode, the re-
sponse amplitude of the sp2 and sp3 are higher compared to sp5
and sp6 with more than 189% and 35%, respectively. The less re-
sponse amplitude of the structure coupled with zigzag spring is ex-
pected due to twisted resonators cause by the unbalanced torsion
and elongation of the spring element as discussed in eigenmodes
analysis. Fig. 5 shows the response pattern of the resonators cou-
pled with butterfly spring. By controlling the stiffness of the cou-
pling spring the overall frequency bandwidth and separation of
modal frequency can be easily adjusted to suit with the applica-
tion. For example by reducing the coupling stiffness from 0.6746
to 0.1149 N/m the overall frequency bandwidth decreased from
22.3 (sp3) to 2.6 kHz (sp1).

5. Conclusion

From analysis it is found that the new butterfly shaped spring
provides better performance in coupling the resonant sensors.
The butterfly spring obtained higher response amplitude with bal-
anced displacement along the excitation axis (Y-axis) and reduced
unwanted response within the five modal frequencies which en-
hanced readability of the output signal. The butterfly spring is
more flexible in Y-axis and rigid in X-axis due the spring design it-
self where the joined-tilted beams were fixed at the middle. With
more balanced displacement of the spring in Y-axis and without
twisting any resonators element, it will provide better sensitivity
for mass detection. By properly configuring the design parameters
of the butterfly spring, the coupling stiffness can be more easily
controlled in order to adjust the separation of the modal frequen-
cies and overall frequency bandwidth to suit with the application.
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