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a b s t r a c t

This study experimentally investigates the effect of hydrodynamic coupling of a micro-cantilever array

on the dynamic response of a micro-cantilever. The micro-cantilever array consists of three harmonically

driven micro-cantilevers dynamically coupled through air flow. The right cantilever and left cantilever

(auxiliary-cantilevers) adjacent to the middle cantilever (operating-cantilever) are exploited to gen-

erate hydrodynamic force to change the air damping of operating-cantilever. Thus, the quality factor

of operating-cantilever can be controlled by changing the phase and magnitude of excitation force on

auxiliary-cantilevers, and varying the gap between auxiliary-cantilevers and operating-cantilever. In the

experiment, magnetic actuated micro-cantilever arrays were fabricated and characterized. Measure-

ments show the variation of quality factor of operating-cantilever is from −39% to +27%.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The dynamic behavior of microelectromechanical systems

(MEMS) devices is affected by their energy losses during the oper-

ation. The mechanisms of dynamic energy dissipation in MEMS

devices can be classified as intrinsic losses and extrinsic losses [1,2].

The intrinsic losses arise from the interactions of thin film materi-

als, such as thermoelastic damping, crystallographic defects and

surface loss. The extrinsic losses, including air damping (slide-film,

squeeze-film and free space) and clamping loss, result from the

interactions of MEMS devices with the environment. The quality

factor Q defined as the ratio of the energy stored to the energy

dissipated per cycle is commonly employed as an indicator to

characterize the dynamic response of MEMS devices [3,4]. Since

the dynamic performances, such as sensitivity, resolution, and

response time, of MEMS biosensor [5], chemical sensor [6], scan-

ning probe microscope (SPM) [7], pressure sensor [8], mass sensor

[9], viscosity sensor [10] and micromirror [11] are closely related

to their quality factors, it is of useful to tune the quality factor of

MEMS devices to further control their dynamic performances.
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As MEMS devices operate at atmosphere pressure, air damping

is the dominant factor for energy losses and changes the dynamic

behavior of MEMS devices dramatically [12,13]. Therefore, the

approaches to control the dynamic response of MEMS devices using

air-damping effects have been extensively investigated. In general,

the controlling techniques can be categorized as: passive control

and active control. The passive approaches exploit squeeze-film

damping [14], slide-film damping [15], and variations of geometry

[16] to control the quality factor of the dynamic system. However,

these approaches are less effective in increasing the quality factor.

The active approach adopts the Q-control [17–19] method to con-

trol the dynamic characteristics of microstructures. Although the

Q-control method can effectively control the dynamic response of

MEMS devices, it needs complicated electronic feedback circuits

with a phase-shifter and amplifier to increase or decrease the qual-

ity factors of MEMS devices.

On the other hand, Hosaka and Itao [20] studied the coupled

vibration of micro-cantilever array and suggested the vibration-

induced air flow could be applied to improve the dynamic

performance of microstructures. Thus, this study quantitatively

evaluates the effect of hydrodynamic coupling of a micro-cantilever

array on the quality factor of a micro-cantilever by experiment. In

the experiment, micro-cantilever arrays consisting of three can-

tilevers driven by harmonic Lorenz force have been fabricated

and characterized. The cantilever located in the center of a micro-

cantilever array, named operating-cantilever, is employed for some

particular applications. The rest of the two cantilevers (named

0924-4247/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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Fig. 1. The hydrodynamic effect of a vibrating cantilever by numerical simulation,

(a) the numerical model, (b) simulated air velocity field at the cross-section area of

B–C–D–E, and (c) velocity profile along the cross-sectional line of A–A′ .

auxiliary-cantilevers) are exploited to generate velocity-dependent

hydrodynamic force on operating-cantilever. Thus, the quality

factor of operating-cantilever can be tuned by controlling the oscil-

lation of auxiliary-cantilevers.

2. Analysis

This study employs the commercial software CFD-ACE+ to sim-

ulate the hydrodynamic coupling of micro-cantilevers [21]. The

numerical simulation provides the insight of fluid structure inter-

action, which facilitates the design of experiment. Fig. 1 shows a

typical hydrodynamic effect resulted from a vibrating SiO2 can-

tilever with a length of 300 �m, width of 50 �m, and thickness of

1.68 �m by numerical simulation. Fig. 1(a) shows the numerical

simulation model consisting of the cantilever and its surrounding

air. Thus, the dynamics as well as dynamic coupling of cantilever

and air can be predicted. Fig. 1(b) indicates the magnitude and

direction of air velocity at the cross-section area of B–C–D–E

depicted in Fig. 1(a) using the arrows (arrow shows the direc-

tion, and color represents the magnitude). Fig. 1(c) quantitatively

shows the variation of the velocity profile along the cross-section

line of A–A′ indicated in Fig. 1(a). As indicated in Fig. 1(b) and

(c), the vibrating micro-cantilever induces reverse air flow in both

left-hand and right-hand sides of beam, and will generate hydro-

dynamic force to its adjacent microstructures. Therefore, as various

Fig. 2. The hydrodynamic coupling effect of micro-cantilever array by numerical

simulation, (a) the numerical model, (b) simulated air velocity field at the cross-

section area of B–C–D–E (anti-phase), and (c) simulated air velocity field at the

cross-section area of B–C–D–E (in-phase).

micro-cantilevers are adjacent to each other, these beams will be

dynamically coupled by the vibration-induced air flow. Thus, this

brings up the study to employ the hydrodynamic coupling effect to

control the dynamic characteristics of a micro-cantilever using the

micro-cantilever array.

Fig. 2 shows a typical design of the micro-cantilever array con-

sisted of three identical cantilevers. Fig. 2(a) shows the numerical

simulation model of the micro-cantilever array with a gap of 30 �m

between cantilevers. The three micro-cantilevers are driven by har-

monic forces F1, F2, and F3, respectively. The simulation results in

Fig. 2(b) and (c) further show the typical hydrodynamic coupling

of the three micro-cantilevers while vibrating in anti-phase and

in-phase, respectively. Fig. 2(b) and (c) indicates the magnitude

and direction of air velocity at the cross-section area of B–C–D–E

depicted in Fig. 2(a) using the arrows (arrow shows the direction,

and color represents the magnitude). Fig. 3 shows the numerical
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Fig. 3. The transient time response of operating-cantilever at different excitation

conditions of auxiliary-cantilevers, (a) anti-phase versus in-phase excitations, sin-

gle cantilever response as a reference, (b) cantilevers with different gaps, and (c)

different magnitudes of excitation force on auxiliary-cantilevers.

predictions of the transient time response of operating-cantilever

operated at different excitation conditions and beam array designs.

As shown in Fig. 2(b), as the excitation forces (F1 and

F3) on auxiliary-cantilevers and the excitation force F2 on

operating-cantilever are in anti-phase (F1 = F3 = −F, F2 = F), the

operating-cantilever and auxiliary-cantilevers will oscillate nearly

in anti-phase. The induced air-damping forces by auxiliary-

cantilevers exerted on operating-cantilever are in the same moving

direction of operating-cantilever, and then the net air damping of

operating-cantilever will be decreased. Thus, the transient time

response of operating-cantilever in anti-phase operation is larger

than that in single excitation operation (without excitation of

auxiliary-cantilevers: F2 = F, F1 = F3 = 0) as shown in Fig. 3(a) by

numerical simulation. On the other hand, when the excitation

forces (F1 and F3) on auxiliary-cantilevers and the excitation force

F2 on operating-cantilever are in in-phase (F1 = F2 = F3 = F), as indi-

cated in Fig. 2(c), the operating-cantilever and auxiliary-cantilevers

will oscillate nearly in in-phase. The induced air-damping forces

by auxiliary-cantilevers exerted on operating-cantilever are in the

opposite moving direction of operating-cantilever, and then the

net air damping of operating-cantilever will be increased. Thus, the

transient time response of operating-cantilever in in-phase opera-

tion is smaller than that in single excitation operation as shown in

Fig. 3(a).

As shown in Fig. 1(c), the velocity of the induced air flow

is related to its distance to the vibrating cantilever. In other

words, the hydrodynamic coupling of micro-cantilevers is sen-

sitive to the distance between cantilevers [20]. The simulation

results in Fig. 3(b), respectively, show the transient time responses

of operating-cantilever having a gap of 30 �m and 50 �m with

auxiliary-cantilevers, and the operating-cantilever is oscillating in

anti-phase with the auxiliary-cantilevers. It shows the operating-

cantilever with a smaller gap has larger length of the transient

time. Thus, the gap between auxiliary-cantilevers and operating-

cantilever can be exploited to modify the quality factor of

operating-cantilever.

Moreover, the magnitude of excitation forces F1 and F3 can

be employed to modulate the vibration amplitudes of auxiliary-

cantilevers, and further exploited to tune the hydrodynamic forces

on operating-cantilever. Fig. 3(c) compares the transient time

response of operating-cantilever in anti-phase excitation with

auxiliary-cantilevers for different magnitudes of excitation forces.

It shows larger excitation force (F1 = F3 = −F) has larger length of the

transient time of operating-cantilever. As a result, it is easy to tune

the quality factor of the operating-cantilever by varying the mag-

nitudes of excitation forces on auxiliary-cantilevers. In short, this

study experimentally investigates the hydrodynamic coupling of

the micro-cantilever array to quantitatively characterize the effects

of phase, gap, and force factors on the controlling of the quality

factor of operating-cantilever.

According to Hosaka’s theoretical model [20], the equations of

motion for the dynamic system of the three micro-cantilevers in

Fig. 2(a) can be expressed as:{
m11ü1 + c11u̇1 + c12u̇2 + k11u1 = F1

m22ü2 + c21u̇1 + c22u̇2 + c23u̇3 + k22u2 = F2

m33ü3 + c32u̇2 + c33u̇3 + k33u3 = F3

(1)

where u1, u2, u3 are the displacements, m11, m22, m33 are the equiv-

alent masses, c11, c22, c33 are the equivalent damping coefficients,

k11, k22, k33 are the equivalent stiffnesses, and F1, F2, F3 are the

external forces for beam 1 (left auxiliary-cantilever), beam 2 (mid-

dle operating-cantilever) and beam 3 (right auxiliary-cantilever),

respectively. The vibration of operating-cantilever induces c12u̇2

and c32u̇2 hydrodynamic forces on the auxiliary-cantilevers,

respectively. Meanwhile, the vibration of auxiliary-cantilevers also

induces c21u̇1 and c23u̇3 hydrodynamic forces on the operating-

cantilever as well. As a consequence, the three micro-cantilevers

are dynamically coupled by the air-damping c12, c21, c23 and c32.

3. Experiments

The magnetic actuated micro-cantilever array shown in Fig. 4(a)

was fabricated and characterized to implement the experimental

investigation in this study. Fig. 4(b)–(f) shows the fabrication pro-

cess steps at A–A′ cross-section indicated in Fig. 4(a). As shown

in Fig. 4(b), the thermal oxide was grown on (1 1 1) single crys-
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Fig. 4. The fabrication steps for micro-cantilever array, (a) the schematic diagram

of test chip and the location of A–A′ cross-section to view fabrication processes,

(b) grow thermal oxide, (c) deposit Cr/Au films by E-gun and patterned by lift-off,

(d) etch thermal oxide by RIE to define the geometry of micro-cantilever array, (e)

anisotropically etch silicon substrate by DRIE, and (f) bulk wet etching.

tal silicon wafer. As shown in Fig. 4(c), the Cr (adhesion layer)

and Au films were deposited onto the SiO2 film by E-gun evap-

oration and then followed by the lift-off process to pattern the

metal films. Thus, the Lorentz coils and the bonding pads were

defined. As illustrated in Fig. 4(d), the SiO2 film was patterned

by the photolithography and etched by reactive ion etching (RIE)

to define the in-plane shape of micro-cantilevers. After that, the

(1 1 1) Si substrate was anisotropically etched by deep reactive ion

etching (DRIE), as shown in Fig. 4(e). This DRIE etching was also

used to define the space between the suspended cantilevers and

the substrate. The space of the suspended cantilevers to the sub-

strate is 167 �m. In such space, the squeeze-film damping [22] of

the cantilevers is much smaller than their viscous damping, and

can be neglected. Finally, the silicon wafer was etched anisotrop-

ically by tetramethyl ammonium hydroxide (TMAH) etchant to

release the micro-cantilevers, as shown in Fig. 4(f). The SEM (scan-

ning electron microscopy) micrographs in Fig. 5 demonstrate two

typical micro-cantilever arrays implemented using the process.

These two micro-cantilever arrays have different gaps between the

cantilevers. The cantilever array consists of three beams success-

fully suspended on the (1 1 1) wafer; and the bonding pads used

to input the driving signals are also observed. In the experiment,

the thickness of the fabricated cantilever (SiO2) was 1.68 �m, and

the thicknesses of the Cr and Au films were respectively 50 nm

and 150 nm. Moreover, the zoom-in micrograph in Fig. 5 shows

the close-up view of the micro-cantilevers, and the metal coils are

clearly observed.

Fig. 6 shows the entire experimental setup established in

this study. The test unit consists of the micro-cantilever array,

the NdFeB permanent magnets (1.4 T), and a PCB (printed cir-

cuit board). The micro-cantilever array chip and the permanent

magnets were fixed to the PCB. In addition, the pads on chip

were wire-bonded to the PCB. The magnetic coils on auxiliary-

cantilevers were connected in serial. The magnetic coils on

operating-cantilever and those on auxiliary-cantilevers were con-

nected in parallel. The variable resistors were used to control input

currents of auxiliary-cantilevers and operating-cantilever. After

applying current to the Au metal film, the Lorentz force introduced

by the magnetic field was employed to excite the SiO2 cantilevers.

The phase and amplitude of the magnetic driving forces were eas-

ily controlled by the direction and magnitude of input current. As

shown in Fig. 6, each micro-cantilever has its own driving coil and

electrical routing. Thus, the dynamic response (including phase and

amplitude) of each micro-cantilever can be controlled individually.

In the experiment, the dynamic signal analyzer (HP 35670A) gen-

erated harmonic voltage to drive the micro-cantilever array. The

dynamic response of the beam was characterized by a Laser Doppler

Vibrometer (LDV, Graphtec AT-3500) system, and the measured

signal was analyzed by the dynamic signal analyzer. Finally, the

quality factor is extracted from the measured spectra using curve

fitting based on half-power (−3 dB) method.

The driving voltage in the experiment is 20 mV. To check

the parasitic driving due to electrostatic coupling or proximity

effects [23] between the cantilever and the substrate underneath,

Fig. 5. The SEM micrographs of typical fabricated micro-cantilever array.
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Fig. 6. The schematic diagram of the experimental setup for micro-cantilevers

dynamic test and the test unit.

the operating-cantilever was driven by the same current level

(20 mV) without magnets. The frequency response of the operating-

cantilever by parasitic driving (without magnets) is much smaller

than that by magnetic driving (with magnets). Thus, the par-

asitic driving due to electrostatic coupling or proximity effects

between operating-cantilever and the substrate underneath can

be neglected. Moreover, the dynamic coupling of the cantilevers

through their boundary and substrate was also investigated. In such

experiments, only the outside cantilevers (auxiliary-cantilevers)

were excited with the same vibration amplitude; and the beams

were driven at 1 atm and 70 mTorr air pressure, respectively. The

dynamic response of the central cantilever (operating-cantilever)

at 70 mTorr is much smaller than that at 1 atm. It shows the cou-

pling effect of the micro-cantilever array is mainly via fluid dynamic

effects.

4. Results and discussion

Fig. 7 shows the frequency response of operating-cantilever

(the middle beam of the cantilever array), as the excitation forces

on operating-cantilever and auxiliary-cantilevers (the left and

right beams of the cantilever array) have the same magnitude

(F1 = F2 = F3) and phase. The dimension of the cantilever is 300 �m

in length, 50 �m in width, and 1.68 �m in thickness, and the

gap between two adjacent cantilevers is 30 �m. As indicated by

the solid line in Fig. 7(a), the measured frequency response of

operating-cantilever has a quality factor of Q = 34.39. In com-

parison, this study also measured the frequency response of

operating-cantilever when auxiliary-cantilevers were not excited.

In this case, the middle cantilever has a quality factor of Q = 48.17,

as indicated by the dashed line in Fig. 7(a). As discussed in Section

2, the net air damping of the middle cantilever is increased at in-

phase excitation of micro-cantilever array. Thus, the quality factor

of the middle cantilever is decreased from 48.17 to 34.39 (−29%).

The measured phase diagram in Fig. 7(b) indicates nearly in-

phase between auxiliary-cantilevers and operating-cantilever. On

the other hand, Fig. 8 shows the frequency response of operating-

cantilever, as the excitation forces on operating-cantilever and

auxiliary-cantilever have the same magnitude but 180◦ out of phase

(anti-phase). As indicated by the solid line in Fig. 8(a), the measured

Fig. 7. The typical frequency response of micro-cantilever array at in-phase excita-

tion: (a) magnitude, and (b) phase.

frequency response of operating-cantilever has a quality factor

of Q = 58.03. Thus, the quality factor of the middle cantilever is

increased from 48.17 to 58.03 (+20%), due to the hydrodynamic

coupling of cantilevers in anti-phase vibration. In addition, the mea-

sured phase diagram in Fig. 8(b) indicates the 180◦ out of phase

between auxiliary-cantilevers and operating-cantilever.

This study also characterized the variation of quality factor

of operating-cantilever with the gap between cantilevers at anti-

phase and in-phase excitation. In this experiment, cantilever arrays

of seven different gaps (gaps ranging from 20 �m to 80 �m) were

characterized. The dimensions of the cantilevers remain 300 �m

in length, 50 �m in width, and 1.68 �m in thickness. The spread

of resonance frequencies between the three cantilevers in one

array induced by manufacturing non-uniformity is listed in Table 1.

The variations of the resonant frequencies in one array are within

Table 1
The resonance frequencies of the cantilevers measured at different micro-cantilever

arrays. In these arrays, the variations of the resonant frequencies caused by the

fabrication process are within ±1.8%.

Gap (�m) Middle beam (Hz) Right beam (Hz) Left beam (Hz)

20 16,080 15,948 16,080

30 15,852 15,778 15,912

40 15,671 15,767 15,728

50 15,697 15,662 15,819

60 15,738 15,718 15,627

70 15,716 15,685 15,676

80 15,884 15,597 15,802



84 J.-H. Lee et al. / Sensors and Actuators A 165 (2011) 79–85

Fig. 8. The typical frequency response of micro-cantilever array at anti-phase exci-

tation: (a) magnitude, and (b) phase.

±1.8%. The excitation forces on operating-cantilever and auxiliary-

cantilever have the same magnitude. As shown in Fig. 9, when the

gap varying from 20 �m to 80 �m, the variation of quality fac-

tor of operating-cantilever is changed from 25% increase to 5%

increase for anti-phase case, and changed from 39% decrease to

4% decrease for in-phase case. As a result, the tuning range of the

quality factor is decreased when the gap between cantilevers is

increased.

Moreover, the influence of excitation forces on auxiliary-

cantilevers was investigated. In this experiment, the auxiliary-

cantilevers and operating-cantilever with a gap of 30 �m were

driven in anti-phase. The excitation forces on auxiliary-cantilevers

Fig. 9. Tuning the characteristic of Q by varying the gap between cantilevers.

Fig. 10. Tuning the characteristics of Q by varying the loads applied on auxiliary

beams, (a) frequency response of operating-cantilever, and (b) variation of Q with

force ratio.

have the same magnitude (i.e. F3 = F1, as indicated in Fig. 2). Fig. 10

shows the effect of different magnitudes of auxiliary-cantilevers

excitation forces on the dynamic response of operating-cantilever.

Fig. 10(a) shows the measured dynamic responses at differ-

ent force ratios of F1/F2. Measurements show the dynamic

response of operating-cantilever near the resonant frequency

is especially magnified while increasing the excitation force of

auxiliary-cantilevers. As shown in Fig. 10(b), when the excita-

tion force F1 increasing from 0.5 to 2-folds (while the force on

operating-cantilever F2 = F remains the same), the quality factor of

operating-cantilever increases from 54.24 (+13%) to 61.2 (+27%).

As discussed in Section 2, increasing the excitation forces (F1

and F3) on auxiliary-cantilevers increases the induced hydrody-

namic forces on operating-cantilever, and such effect is enlarged

near the resonance. Thus, the magnitude of excitation force on

auxiliary-cantilevers can be exploited to tune the quality factor of

operating-cantilever.

In summary, as compared with the existing active Q-control

method [17–19], the hydrodynamic coupling of micro-cantilever

array approach has a smaller tuning range of quality factor. How-

ever, it provides a much simpler way to active control the quality

factor of a cantilever. The complicated electronic feedback sys-

tem to trace the vibration phase of the cantilever is prevented.

Moreover, a cantilever with larger width could induce larger

air flow force to its adjacent microstructures. Thus, the tuning

range of quality factor could be further enhanced using wider

auxiliary-cantilevers. Furthermore, an alternative driving method

(in-phase in one of auxiliary-cantilevers and anti-phase in the other

auxiliary-cantilever) would induce torsional vibration modes in the

operating-cantilever, which may help to reduce the hydrodynamic

damping of cantilevers working in liquids.



J.-H. Lee et al. / Sensors and Actuators A 165 (2011) 79–85 85

5. Conclusions

This study experimentally investigates the effect of controlling

the dynamic response of a micro-cantilever using hydrodynamic

coupling of active micro-cantilever array. The active micro-

cantilever array consists of one operating cantilever and two

auxiliary-cantilevers. The vibrating auxiliary-cantilevers generate

hydrodynamic forces on operating-cantilever, so as to change the

air damping of operating-cantilever. Thus, the dynamic response

of operating-cantilever can be modified by controlling the oscil-

lation of auxiliary-cantilevers. To implement the experimental

investigation, magnetic actuated micro-cantilever arrays were fab-

ricated and characterized. Experimental results show the quality

factor of operating-cantilever can be increased or decreased by

changing the phase of the excitation force on auxiliary-cantilevers.

Moreover, the tuning range of the quality factor is decreased

when the gap between cantilevers is increased. As gap varying

from 20 �m to 80 �m, the quality factor of operating-cantilever

is changed from +25% to +5% for anti-phase case, and changed

from −39% to −4% for in-phase case. Additionally, the excitation

force of auxiliary-cantilevers can be exploited to tune the quality

factor of operating-cantilever. As the excitation force on auxiliary-

cantilevers increasing from 0.5 to 2-folds, the quality factor of

operating-cantilever increases from +13% to +27%.
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