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There is an increasing interest to realize smarter sensors and actuators that can deliver a multitude

of sophisticated functionalities while being compact in size and of low cost. We report here

combining both sensing and actuation on the same device based on a single microstructure.

Specifically, we demonstrate a smart resonant gas (mass) sensor, which in addition to being

capable of quantifying the amount of absorbed gas, can be autonomously triggered as an electrical

switch upon exceeding a preset threshold of absorbed gas. Toward this, an electrostatically

actuated polymer microbeam is fabricated and is then functionalized with a metal-organic frame-

work, namely, HKUST-1. The microbeam is demonstrated to absorb vapors up to a certain thresh-

old, after which is shown to collapse through the dynamic pull-in instability. Upon pull-in, the

microstructure can be made to act as an electrical switch to achieve desirable actions, such as

alarming. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4955309]

Micro and nano-resonators have been shown to be a

promising platform for the detection and recognition of bio-

logical elements and chemical gases.1,2 Different types of

microstructures, such as cantilever and clamped-clamped

microbeams, have been employed for resonance sensing.3–6

Classically, the shift of the natural frequency of a micro-

structure is tracked to determine the amount of adsorbed

mass attached on the functionalized surface. As the demand

for smarter sensors grows larger, new techniques for mass

detection have emerged. Nonlinear-dynamics based gas sen-

sors have shown outstanding potential to detect accurately

an added mass.7–10 Kumar et al.7 recently demonstrated a

bifurcation-based mass sensor using the softening behavior

of a piezoelectrically actuated cantilever. Dai et al.8 empha-

sized the advantages of using the nonlinear response of a

nanomechanical device for mass sensing.

In parallel to the developments of Microsensors, Micro-

and Nano-switches, especially Radio Frequency (RF)

switches, have been researched and proposed for various

applications.11–14 These switches are based on a nonlinear

static instability in parallel-plate capacitors, pull-in, in which

the movable electrode of the capacitor collapses into the

other stationary one by a DC voltage load.15 This collapse

closes an electric circuit as a switch.

Unlike RF switches, resonant mass sensors rely on a DC

load VDC superimposed to an AC harmonic load VAC to drive

the microstructure into resonance.16 Recent research has

shown that if VDC and VAC are increased beyond certain lim-

its, dynamic pull-in instability can occur leading to the col-

lapse of the microbeam.17–19 More interestingly, for certain

ranges of VDC and VAC, an instability frequency band is born,

pull-in band, wherein the microbeam is forced to collapse if

operated within this band. In the classical sense, this

dynamic instability is viewed as destructive to resonant sen-

sors, and hence, is undesirable and needs to be avoided.

Dynamic pull-in and the pull-in band form the basis of

the switch principle of this work. The basic principle is illus-

trated in Fig. 1, where a stable resonator is excited into reso-

nance at a fixed frequency outside the pull-in band. Upon

gas detection exceeding a certain threshold, the natural fre-

quency of the beam, and accordingly its pull-in band, shifts

to lower value making the operating frequency lying inside

it. Hence, the beam then collapses as a switch. This is further

clarified in Fig. 1(a), which compares the time history of the

beam before pull-in (stable response) to that when pulls-in

(diverging unstable response).

The experimental investigation starts with the fabrica-

tion of an electrostatically actuated clamped-clamped beam

of length 700 lm with a two-third electrode configuration.20

The partial electrode configuration aims to electrically sepa-

rate the upper electrode (the beam) from the lower electrodes

upon collapsing so that the beam can survive and to allow

repeatable experiments. Also, the two-third electrode can be

used to excite the third mode of the beam, if needed, to

increase the sensitivity of mass detection.20 A silicon dioxide

layer for insulation is deposited on the 4-in. silicon wafer.

Then, a gold/chrome layer of thicknesses 250 nm/50 nm is

sputtered to form the lower electrode. The sacrificial layer is

formed of amorphous silicon, which is deposited on top of

the gold and chrome layers. The lower electrode is connected

to the upper electrode through two anchors etched in the sac-

rificial layer. The upper electrode is formed by chrome/gold/

chrome layers of thicknesses 50 nm/250 nm/50 nm. In order

to form the structural layer, 6 lm thickness layer of polyi-

mide is spun and cured at gradually increasing temperature

from 150 �C to 350 �C for 50 min and then held at 350 �C for

30 min. Finally, to protect the microbeam during the reactive

ion etching, a 50 nm nickel layer is sputtered on the top sur-

face of the structural layer (Fig. 2).

Next, to investigate the resolution of the smart switch, a

noise analysis is performed.21 We start by measuring the

phase variation in time at a fixed frequency. For a fixed oper-

ating frequency, phase variation with time can be related to
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the thermal fluctuations around the resonator, which are con-

sidered a key factor for resonant sensors that determines their

capabilities and limitations. There are also several other

sources that can contribute to noise, such as the flicker noise,

which is inversely proportional to the frequency and is espe-

cially troublesome at low frequencies, the extrinsic noise due

to the experimental setup, and the electrical noise from the

electrical connections. Here, due to the limitations of the im-

pedance analyzer that does not allow an AC voltage above

1 V, we conduct the noise analysis on a voltage load of

VAC¼ 1 V and VDC¼ 15 V. This differs from the latter used

voltage load of VAC¼ 16 V and VDC¼ 1 V. Since both lead

to almost the same harmonic electrostatic amplitude of

(2 VAC VDC), this should lead to close results.

A precision impedance analyzer Agilent 4294A is con-

nected to the microbeam in order to measure the phase

fluctuations. The constant excitation frequency is selected

in order to be in the linearly fitted zone (Fig. 3(a)). The

phase evolution in time at a constant excitation frequency

f¼ 73.1 kHz is plotted in Fig. 3(b),from which the phase var-

iation is determined to be d/ ¼ 0:1�. Using the calculated

slope jd/=df j ¼ 0:0016ð�=HzÞ, one can determine the mini-

mum detectable frequency dfnoise ¼ d/=jd/=df j � 60ðHzÞ.
To determine the minimum detectable mass of the

microbeam, the sensor resolution is calculated using

<�1 ¼
�
�
�
�

dm

df

�
�
�
�
¼

2mef f

fres;0V

; (1)

where meff¼ 236 ng is the effective mass22 of the microbeam

and fres,0V¼ 79 kHz is the natural frequency at VDC¼ 0 V.

From Eq. (1), the responsivity of the microbeam is

<�1 � 6ðpg=HzÞ. It follows that the minimum detectable

mass can be expressed as dmnoise ¼ <�1dfnoise, which is

found equal dmnoise¼ 360 pg.

The microbeam is functionalized with HKUST-1, which

is a Metal-Organic Framework (MOF) that is considered a

very promising chemical layer for gas absorption compared

FIG. 1. (a) Measured time history show-

ing the displacement amplitude before

pull-in (black) and after pull-in (red). (b)

Experimentally measured frequency

response curve (solid black) near pull-in

before gas exposure. The blue vertical

line represents the operating frequency

of the resonator, which is initially

(before mass) outside the pull-in band,

as seen with respect to the black curve.

Then, it becomes inside the pull-in

band after mass detection, as seen with

respect to the schematically dashed

curves that represent the scenario during

gas exposure. (c) Schematic of the

microbeam before gas exposure, where

the upper electrode does not touch the

lower electrode, and after gas exposure,

where the two electrodes touch each

other.

FIG. 2. (a) Top view picture of an elec-

trostatically actuated clamped-clamped

polyimide beam with partial electrodes

configuration. (b) A schematic of the

clamped-clamped microbeam showing

the partial electrodes underneath for

actuation.

FIG. 3. Noise analysis at a voltage load

of VDC¼ 15 V and VAC¼ 1 V and at a

pressure of 3.3 Torr. (a) Admittance

and phase as a function of frequency

near resonance. (b) Variation of the

phase in time at f¼ 73.1 kHz.
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to traditional organics and polymers.23–27 Drop-on-demand

inkjet printer with a nozzle of 20 lm diameter is used to coat

the microstructure. Fig. 4(a) shows a scanning electron

micrograph (SEM) of the HKUST-1 MOF droplet after de-

posited on the beam surface. In order to ascertain the exis-

tence of the MOF on top of the microbeam surface, powder

X-ray diffraction (PXRD) is performed. Fig. 4(b) confirms

the formation of the HKUST-1 MOF structure as concluded

from the excellent agreement of the HKUST-1 thin film

PXRD (Figure 4(b) blue line), with the bulk HKUST-1 MOF

calculated PXRD pattern (Figure 4(b) black).28

The experimental setup for vapor sensing is shown sche-

matically in Fig. 5. A scanning laser Doppler vibrometer

MSA-500 from Polytec, Inc.,29 is used for optical measure-

ment in order to demonstrate the pull-in phenomenon. A cus-

tomized test chamber is designed and connected to the test

hardware. A high-pressure nitrogen supply is connected to a

bubbler, which contains the desired gas in the liquid phase.

The output of the bubbler is connected to the test chamber

via the flow controller. A data acquisition card is connected

to the flow controller and is set to allow 0.4 l/min of the etha-

nol vapor flow, which leads to a pressure of 3:3 Torr.

Fig. 6(a) represents the measured frequency response

of the microbeam for VDC¼ 1 V and VAC¼ 16 V at 3.3 Torr.

Fig. 6(b) shows a close up for the pull-in band, which is

Df ¼ 520 Hz. These figures have been obtained after raising

the exciting voltage load gradually so that the dynamic

response goes from linear behavior to hardening behavior,

and then to the dynamic pull-in regime.

To demonstrate the concept of the switch triggered by

gas, the operating frequency needs to be selected in a safe

stable regime outside the pull-in band. The limits of this re-

gime are determined according to the noise analysis. The

upper limit of the operating frequency range depends on

the quantity of mass that can be stored in the MOF. The

operating frequency fOperating ¼ 75:01 kHz is selected for

the experiments, as shown in Figs. 6(a) and 6(b) (point A),

which is located at df¼ 87 Hz away from the start of the

pull-in band (point B). Although the noise analysis is per-

formed at a different excitation force and at 73.1 kHz, we

found out experimentally that increasing the AC voltage

from 1 V to 16 V decreases the phase fluctuations. Hence, the

minimum detectable frequency in the gas sensing experiment

at 75.01 kHz is much less than 60 Hz.

Fig. 6(c) shows the gradual increase in the midpoint dis-

placement of the microbeam during the ethanol vapor expo-

sure. This increase in displacement is due to the shift of

the pull-in band toward the operating frequency. It can be

viewed equivalently as sliding the operating frequency to

higher values toward a fixed pull-in band (riding the upper

curve of Fig. 6(a)). After 52 s, the displacement suddenly

increases exceeding the gap width (2lm) between the two

electrodes after a certain mass threshold, thus indicating

a pull-in event where the beam hits the lower electrode.

Fig. 6(d) confirms the operating frequency of the time history

of Fig. 6(c) through calculating its Fast Fourier Transform,

FFT.

To quantify the absorbed mass during the amplitude

increase, and also at the event of pull-in, we linearly curve-fit

the upper branch of the frequency response curve of Fig. 6(a)

before pull-in. The slope is found to be jdY=df j ¼ 3:95

�10�3ðlm=HzÞ. Based on the slope and the starting operating

frequency, one can determine the frequency shift, and hence

the absorbed mass, from the measured amplitude. For exam-

ple, by measuring the difference in amplitude just before the

pull-in and the initial displacement value at the operating

point, DY ¼ 0:353 lm, it is estimated that the frequency shift

to reach pull in is Df ¼ 89:4 Hz corresponding to an added

mass threshold of Dm¼ 536 pg. Note that the calculated fre-

quency shift is close to the actual value of 87 Hz (3% error).

The added mass threshold can be controlled by shifting the

operating frequency to lower or higher values. For example,

to decrease the mass threshold value, the operating frequency

can be moved closer to the pull-in band up to the limit the

noise permits (dfnoise ¼ 60Hz).

In conclusion, we proposed a device that has the poten-

tial to combine sensing and switching functionalities in a

FIG. 4. (a) An SEM top view image of

an HKUST-1 Metal-Organic Framework

droplet after deposition on the beam sur-

face. (b) A PXRD pattern of the MOF

droplet on the beam (blue) and calculated

(black).

FIG. 5. A schematic of the gas sensing setup.
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single device excited near pull-in. This smart platform is

configured in order to be triggered after a certain threshold,

which is related to the selected operating frequency. An ap-

proximate technique to quantify the captured mass as the dis-

placement increases before pull-in has been developed. The

accuracy of this technique remains in question as the behav-

ior before pull-in may not necessarily result in the near linear

frequency response upper branch as the one shown in this

letter. Hence, more studies are needed to be conducted to

examine this aspect. In addition, the demonstrated device

requires operation at a reduced pressure, which puts limita-

tions on its practical use. Hence, operating the devices at

atmospheric pressures needs to be investigated in the future.

This study has shown a proof-of-concept experiment of how

to control and trigger the pull-in event upon mass detection.

With a specially designed circuit, this action can be used to

close an electric circuit as a switch and thus deliver a desira-

ble functionality, such as alarming.
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FIG. 6. Gas sensing experiment. (a)

Frequency response near the pull-in

band before vapor exposure with

f¼ 75.01 kHz selected as the operating

frequency. (b) An enlarged view of the

frequency response of Fig. 6(a) to

show the pull-in band. (c) Time history

of the midpoint displacement of the

beam during vapor exposure. (d) FFT

of the time history.
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