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Abstract

As Lab-on-Chip platforms with micro-and nano-dimensions evolve biosensors using miniaturized
and high-sensitivity cantilevers are becoming more attractive. Although these sensors function in
non-isothermal situations, computational mathematics generally ignores the temperature.
Conversely, biosensor cannot be designed with a single-layered cantilever. Yet, in Nano-Electro-
Mechanical-Systems, the influence of temperature is more likely to be dominant since the surface-
to-volume ratio is higher. In the context of this conclusion, the mathematical modelling comprises
temperature and the associated material attributes. This work presents a simple and direct
analytical technique for analysing the control of bimetallic cantilevers with NEMS-based sensing
and actuation mechanisms. Methodological techniques were used to develop and solve some well-
known models of mathematical equations. Parametric analysis data is a major factor in the
functioning of all of the other works studied. The findings of FEA comparisons and experiments
reveal that the mathematical model's predictions are more than 20% correct.
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1. Introduction

As Lab-on-Chip platforms with micro-and nano-dimensions evolve, biosensors using miniaturized
and high-sensitivity cantilevers are becoming more attractive. Although these sensors function in
non-isothermal situations, computational mathematics generally ignores the temperature.
Conversely, no biosensor can be designed with a single-layered cantilever. Yet, in Nano-Electro-
Mechanical-Systems, the micro-electro-mechanical systems (MEMS) have recently enabled the
medical sector to develop a new generation of chemical and biological sensors. When it comes to
biological sensing, NEMS and the sensors and actuators that go with it are becoming important
and it is possible to build sensing systems using micro-and nanoscale parts. The outcome of such
systems are more reliable, faster, and accurate (Gupta et al., 2016), (Vasan, Doraiswami and Pecht,
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2011). Microsensors and actuators based on silicon were the standards in the early 1990s. MEMS
devices have been increasingly popular since they emerged to develop IC manufacturing
technologies. It has been claimed that a wide range of MEMS-based sensors may be used in a wide
range of scientific fields, including biochemicals, microfluidics, and aeronautical and optical
studies. Micro bridges and cantilevers, two components of MEMS and NEMS, have several
medical applications. Most intelligent systems are likely to include core structures with numerous
layers (Mohd Ghazali ef al., 2020). It has only been that novel actuation techniques have evolved
in the past few years. An actuation mechanism called the bimetallic effect may be of interest if you
wish to regulate displacement in response to temperature changes (Navakul et al., 2017). A NEMS
cantilever's deflected free-end characteristic and force relationship are explored here to determine
the cantilever's temperature change. To create actuation, the free end of the cantilever must move
in a perpendicular direction(Ali ef al., 2017). According to Figure 1, a bimetallic cantilever has a
typical temperature influence on molecules.
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Fig. 1. Temperature effect on bimetallic cantilever with respect to molecular biosensing

1.1 Temperature Effects on Sensing Methods

Many sensing technologies, such as tuneable capacitors have been developed for micro to nano
sensing applications (Kouravand, 2011). There are several sources of information on sensing and
actuation, with the most widely employed techniques being chemical, optical, thermal,
mechanical, piezoresistive, capacitive, piezoelectric, resonant, magnetic, electrostatic, and so on
(Cote, Lec & Pishko, 2003), (Fu et al., 2007), (Saylan et al., 2019). This research presents a series
of unique integrated capacitive sensing and actuation technologies based on nanostructures.
Capacitance fluctuations caused by the deflection of bimetallic cantilevers loaded by linear or
nonlinear electrostatic forces and thermal bending forces are used in sensors and actuators
(Vineetha et al., 2018), (Hegner & Arntz, 2003). The static behaviour of nano cantilever beams
was also investigated (Katta et al., 2020).
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Thermal noise is produced when a microcantilever is in thermal equilibrium with its
surroundings (vibration caused by thermal agitation). Due to energy dissipation, the mechanical
energy stored in a microcantilever is wasted as heat (Khaleel & Hashim, 2020). Random excitation
is caused by the multiple microscopic degrees of freedom in a microcantilevers environment. The
statistical mechanics "fluctuation-dissipation theorem" captures the relationship between energy
dissipation and random thermal excitation(Nordstrom et al., 2008), (Yu-Jie Huang et al., 2013).
Consequently, lower mechanical Q results in a more noticeable noise force. equation. 1
demonstrates the “equi-partition theory” to obtain the mean square vibration amplitude for a
certain oscillation mode at temperature T.

1 1

EkBT = EkBZZ (1)

When the microcantilevers deflection is measured, kg is the Boltzmann constant, k is its stiffness,
and z is its displacement. The spectral density Sr (4kzTB/w,Q and the force noise (F) in a
bandwidth (B) are given by equation. 2 if the noise spectrum is assumed to be white (i.e.,
frequency-independent) (Kouravand, 2011b).

,4k TB
Fin = z 2)
w,Q

There is a natural cantilever frequency, fo, equal to 2fy. equation. 3 may represent a minor
measurable force on a rectangular cantilever (Neethu & Suja, 2016).

1
wt2\2 1 1

Its width (w), thickness (t), length (L), E (Yang's modulus), and density (F) are all measured

in units of density. In the same way, the mean square root deflection is obtained by equation. 4,
(Vineetha et al., 2018).

k 2 2k 2 3%
2
Zyrms = < T)Z = < T) L_ (4)
kg wE t3

Although equation. 3 and 4 may be utilised to design the sensitivity of microcantilevers, it
is clear that very high-quality factors are required for ultrasensitive devices.

1.2 Effect on material properties

The temperature has a significant impact on the characteristics of microcantilever (Neethu & Suja
,2016 and Mathur et al., 2016), (Rosen & Gurman, 2010). For example, elastic modulus decreases
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with increasing temperature. For the high-temperature limit, the elastic modulus of silicon has been
modelled semi empirically using equation. 5.

E(T) = E, — BT exp(— %) (5)

Where Eo is Young's modulus at absolute zero degrees Celsius. Temperature-independent
constants B > 0 and T, > 0 are aluminium trioxide (Al,05), Eo is around 4.6 X 1012 dyn/cm?, B is
4.41 x 108 dyn/cm?, and Ty is 373°K. Over a wide range of temperatures, the frequency shift of
silicon microcantilevers and changes in the Q-factor have been examined (Chen & Feng, 2011 and
Kim et al., 2019).

1.3 Effect on Geometry

The geometry of a microcantilever is also affected by temperature, with a rise in temperature being
correlated to an increase in dimensions via a metric known as the coefficient of thermal expansion
(CTE). A polymer's thermal expansion is in the range of 50 —100 parts per million (ppm) per degree
Celsius, whereas silicon is 3.2ppm/°C. As can be seen from the explanation presented here, the
microcantilevers calibration and operation must be accomplished at the same temperature and
within extremely tight tolerances. Differential measurements using coated and uncoated
microcantilevers must be carried out without temperature control (Boisen & Thundat, 2009).
Perhaps the first time, we used computational modelling to conduct an in-depth and systematic
investigation into the influence of Au layer coverage and thickness on the thermo-electro-
mechanical characteristics of the sensor. The prediction model is tested by comparing theoretical
values to experimental data given in the literature.

2. Literature Survey

In a recent work, researchers discovered that resistive/Joule heating of dc-biased piezoresistors has
a considerable impact on the performance of this double piezo - resistive micro/nano cantilevered
sensors (Wee ef al., 2005). (Lee et al., 2015). Furthermore, it was demonstrated that self-heating
induced cantilever deflection, resulting by a variation in the thermal coefficient of expansion
(TCE) level in a hybrid cantilever. It is the most significant contribution to thermal drift in sensor
output. As a result, the present research will be helpful in answering the following questions: (i) to
achieve insight into the effect of multi-layer due to the large TCE, which contributes significantly
to TCE stimulated deflection and therefore thermal drift inaccuracy (sensor reliability); and (ii) to
optimize not only measurement reliability by diminishing thermal drift but also sensor
performance in terms of both electrical and biological sensitivity by optimization the coverage and
thickness of each layer.(Wadas et al., 2017; Rao & Wootla, 2007; Miranji & Sandanalakshmi R,
2020a; Katta et al., 2021).



Miranji Katta, Sandanalakshmi R

This work uses a finite element method (FEM) based solver owing to the sensors
complicated composite construction and multiphysics environment. Even though mathematical
models are employed to forecast the cantilever deflection profile, resonant frequency, and TCE
induced deflection. Aside from the reasons stated above, the inability of simplified models to
predict complex multi-morph deflection, the geometrical influence of the Au patch on the
cantilever platform, and the abrogation of the coverage effect of Au on TCE deflection all
contribute to the accuracy of computer-based computation model.

2.1 Experimental validation

Computational findings are compared with experimental data from different devices described in
the literature to validate the modeling method used in this study. To compare our modeling method,
researcher’s modeled devices documented in the literature with the same shape and applied
thermal, electrical, and mechanical boundary conditions to examine their properties. Table 1
summarizes the comparison of modeling techniques with experimentally reported data.

Table 1. Comparison of modeling techniques with experimentally reported data.

Reference Simulation Results Experimental Results % Change

Relative change in Nominal Resistance(AR/R)
Zhou et al., 2009 1.81 x 1073 1.1x103 6.45
Loui et al., 2008 0.65 <10 0.6 x 10 8.33
Input power-10mW
Lee et al., 2007 209°C 200.34°C 4.32
Non-Identical TCE residual deflection

Zhou et al.,2009 84.15nm 79.20nm 6.25

According to Lee et al., (2015) modeled and examined the device's temperature profile and
maximum cantilever temperature (Tmax) to compare thermal modeling approaches. The cantilever's
maximum temperature has been taken into account in our calculations. The maximum temperature
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of the modeled device is 209°C at a power level of 10mW. However, the device's recorded
temperature is 200.34°C, resulting in a 4.32 percent inaccuracy. Furthermore, we simulated a
silicon dioxide cantilever sensor described by Zhou (Zhou et al., 2009) to compare the cantilever's
thermo-mechanical response (Z/Z|TCE). According to the results, the magnitude of Z/Z|TCE for
the modeled device is 84.15nm. For the identical device, the reported value of Z/Z|TCE is 79.20
nm, which is 6.25 percent lower than the modeled device. Both point loading (R/R|p) and surface
stress loading (R/S) are used to verify the electro-mechanical modeling technique. We simulated
the device published by Loui ef al. (Li et al., 2008) to compare electro-mechanical response, i.e.,
AR/R input due to point loading. The magnitude of AR/R for the modeled device (0.64 x 10#) and
the experimentally reported value (0.6 x 10#) differ by 6.66 percent at an endpoint tip deflection
of 1.7mm. A 4.54% deviation in the magnitude of R/R|s produced by modeling the constructed
device was found in the results. There is a discrepancy between the simulated device's R/R|s and
the stated value of 1.15 x 10°m/N. Because of this, the discrepancy between the model findings
and the presented experimental data is considered reasonable.

3. Mathematical Modelling

Figure. 2(a) shows the schematic of the bi-metallic cantilever geometry of the nano actuator with
length €, thickness t, width w, and elasticity modulus E. In contrast, bottom layer parameters are
indicated with subscript 1, and top layer parameters are indicated with subscript 2. In the designed
model, two metallic layers are sandwiched and assumed to be identical in length. Such an
arrangement is suitable for providing the maximum force (assuming all other parameters are
constant). All other parameters may be dissimilar and denoted with indices 1 and 2, respectively.
Let us suppose that where is the coefficient of thermal expansion (see figure 2). Usually, bimetallic
nanoactuators use metals deposited onto silicon and conform to this assumption. An embedded
heating resistor assumes a homogeneous thermal distribution encircling the cantilever. "X"
indicates the length, and "Z" indicates the cross-section at the origin. A beam deflection w(x)
alongside the x-axis is presented in figure.2 (c).
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Fig. 2. The cross-sectional area of bimetallic cantilever (a) Forces acting on the cross-section of
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and z directions (f) Slippage between bi metallic layers.



Mathematical modelling and analysis of temperature effects in MEMS based bi-metallic cantilever for molecular biosensing applications

On the sandwiched beam, segments cross-section is shown in Figure 2(b) as force and moment
imposed by increasing temperature. There are tensile and compressive forces Fi, F2, coupled by
Ci1 and C; across the sections of material 1 and 2, which result in different internal stresses. These
forces must be in equilibrium over any cross-section of the beam(Miranji Katta & Sandanalakshmi
R, 2020) i.e.

Fr=F=F (6)

F(ti+t
%ZCE-}-CZ (7)

According to beam Theory

Eily Ex L,

G = . G, = r (8)

Where E-Young’s modulus and I - moment of inertia, - radius of beam curvature. By using
equation (3), (2) can be reduced to

F(t, +t) E,  El
=114
2 T T

©)

Above equation has two unknown parameters F and r, hence one more equation is needed to
relate these parameters. At the inner surface, ordinary strain of two sandwiched layers are same,
therefore

t F t
+2—1= -2 (10)

AT +
% r E,t,b, 2r

Eitib

Here AT is the change in temperature and ¢, w are thickness and width of the cantilever
byt
12’

bot3 .
beam, I;and I, are % respectively.

By solving the above equation for beam curvature k = % is

1 6b1b2t1t2E1E2(t1 + tz)(az - al)AT (11)
r

- (b1E1t3)% + (byE,t2)% + 2b, byt t, E{E» (283 + 3tt, + 2t2)

There are many bimetallic cantilever-based actuators with numerical (nearly non-zero) tip
deflections (Chu et al., 1993). In particular NEMS based cantilevers, due to their small dimensions
and thickness, the temperature effects are more dominant, and the curvature is existed because of
residual stress in the thin-film materials (Mathur et al., 2016). Two basic assumptions are made in
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equation (11), which states a linear distribution of strain over the beam thickness and that two
sandwiched materials are perfectly bonded at their edges. The equation (11) can represent changes
in curvature with temperature in a bimetallic cantilever with non-zero deformation. The curvature
derived in equation (12) is different from the below equation of previous publication (Chen &
Feng, 2011 and Chun-Hao & Chen, 2009) and is being used in the field of nanomechanics

. 1.5(t, + t,)AaAT
COL75(ty + ty)2 — 24ty + (Eybit; JEybyty) + (Eybyts /E1boty)

(12)

In addition to tip deflection, the force generated at the bimetallic cantilever's edge (free end) is also
studied here. A bimetallic cantilever can deflect as temperatures vary due to the material’s
temperature coefficient. Therefore, it is necessary to provide an external counter force Feq to the
beam to avoid the bi-metallic effect to regulate the cantilever's tip at a fixed point. When a
cantilever is loaded at the end, its deflection is given by beam theory as (Chen & Feng, 2011),
(Zhou et al., 2009).

Fq = 3EId/13 (13)
Here employed the transformed-section technique (Kooser et al., 2003 and Passian & Thundat,
2008) to calculate the composite cantilever El's flexural stiffness. An axis of neutral rotation
doesn't need to be centred on a bimetallic beam's cross-section and cross-sectional dimensions.
When the cantilever is subjected to thermal strain, its free end has constant curvature, resulting in

a deflection of the magnitude (Yanagida et al., 2017):
d=kl?/2 (14)

For l K< r.

Tip force and temperature can be converted to each other with ease if tip deflection is determined
as a function of input power or temperature using equation (8). Figure 3(a) shows both the free
end bending and the force generated when the electric input power is increased. As shown in Figure
3, a deflection occurs without a tip (b). Analyzing the acquired research results, we compare them
to the findings of the finite element method. Figure 4 depicts the cantilever tip deflection as a
function of temperature change using a 3-D finite element analysis simulation model.

The cantilever deflection in the second instance is caused by temperature variations and the
electrostatic force applied along the beam, as shown in Figure (2a). Figure 2(b) shows that the
bending moment is expressed as (Yang et al., 2016):

£

M) = f 4(©)(E — x)de (15)

X



Mathematical modelling and analysis of temperature effects in MEMS based bi-metallic cantilever for molecular biosensing applications

Here q(§) is electrostatic force in unit lenth is obtained from the below equation(Chu ef al.,
1993)

q(®) =

g VEW

2(g, —w($)? (16)

Here &,, v, W, g,, W($), are air permittivity, bias voltage applied to beam, width of the bi-metallic
cantilever beam, preliminary gap and beam deflection respectively. As per the above equation
deflection of the beam is nonlinear. From the above two equations, the correlation between
deflection of bi-metallic cantilever at a given temperature can be expressed as

d’w _ 12n(a; — a;)AT 6(1+n)e, V2 fl( & —x) dz (17)

dx2  h(n2+14n+1) E;(n?2+14n+ 1)h3 g0 — W(f))z

When the applied voltage or temperature variations are increased, linearizing the above equation
concerning w may cause significant errors. This is because “w” has a large value relative to the
initial gap. As a result, it is recommended that the applied voltage and temperature be progressively
raised (Mukhopadhyay et al., 2005 and Kouravand et al., 2011). It is linearized by utilizing the
Step-by-Step Linearization Method (SSLM) and generates a linear differential equation that is
solved by using the Finite Difference Method (FDM).

4. Results and Discussions

The dimensional parameters of the cantilevers are a1=3.2x10%, 0,=1.85x107, Ei=150GPa,
E>=60GPa, Li =400nm, L, = 350nm, W; = 120nm, W> = 100nm, t;=18nm, t,=25nm, they are the
same parameters used in [2] for the fabrication and measurement of the devices (see Figure. 3(b)).
Using (11), the estimated tip deflection is just 6% off from what the FEA predicted. The computed
tip deflection using (12) is clearly incorrect. The nanofabricated bimetallic cantilevers used in this
study were tested in two different ways. Researchers assess the bimetallic cantilever temperature
anomaly in the atmosphere with respect to electrical power input during the first experiment. The
cantilever edge deformation in the air is determined, in the second experiment as a function of
electrical input power.

The following simulation results with COMSOL multiphysics in the static and dynamic
environment, parametric sweep variable as temperature (T) shows different resonance frequencies
(f,). For the above dimensional parameters, variable temperature 25, 40, 55, 70, 85, 100 in °C
shows various resonance frequencies from figure 3(a)-(f). Here double layers of cantilever beam
simulated individually for the analysis of TCE effect on deflection and resonance levels.

10



Miranji Katta, Sandanalakshmi R

v 7.27x10° ¥ 9.87x10°

(b)

v 1.01x10%

Y,j,n ' 1

¥ 5.35x10%° ot &oz.suxln“
(e)

Fig. 3. COMSOL-Simulation results of cantilever beam under static and dynamic analysis with

identical temperature range (a) Deflections capability of top layer (b) Deflections capability of

bottom layer (¢) & (d). Resonance frequency change in top layer (e) & (f) Resonance frequency
change in bottom layer

05

15 2

1"



Mathematical modelling and analysis of temperature effects in MEMS based bi-metallic cantilever for molecular biosensing applications

a b
—& —1=25mm
Q —E—t=18nm
o-—-4] ]
o---9 8___3__3____3
@ 98-8
- -5
£ 200} -o ] gp\?g_o faF
£ gg_ - o g8
o -
£ - i ] 88° g8 With Constant geometrical
g e ﬁ—g_ 8 2 [ _E__E__EI structure with variable
1501 g-® S 1 @ 10 &8 thickness force excerted ]
A8 3 @ With constant length o 3 !
g 86 & - and g ?‘ a-4 on cantilever with respect to
.E 08 IF- width variable = 1 —-a applied electric power
2 | f-a thickness of g g— ©
£ 100 -6 P cantilever results 258
A o _a deflection $ &
g@ E_B-E' in micrometers %73'
g
50 ﬁ#% ;f
q
oLt L L " L " L L " 10t . . . | \ \ ,
20 40 60 80 100 120 140 160 180 20 40 60 80 100 120 140 160 180

Electric input power in nW Electric input power innW
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The cantilever's temperature-dependent tip deflection may be computed by adding the findings
from these different experiments. For the bimetallic cantilevers according to Chu et al., (2009),
the edge deformation is not zero in the presence of residual stresses. The ambient temperature
required to compensate for the pre-set tip deflection may be used to accommodate for the starting
curvature. The estimated tip deflection based on equations (12) and (17) are shown in Table 2
precisely, the developed model here provides more accurate results.
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Fig. 5. Estimated edge deformation using (12) and (18) and finite-element analysis
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Table 2. Comparison of edge deformation calculated from (7) and (8) with Experimental results

Measured Measured Tip Deflection Deflection
Temperature in (°C) Deflection in nm Calculated using (6)  Calculated using (7)
25 680 654.78 382.15
40 470 448.92 225.48
55 368 354.68 124.32
70 175 158.14 79.56
85 128 112.25 59.46
90 68 64.78 31.25
a 0 e T T I b 0
RN ---t=15m
M -=-t=25m
ol \,.;:::\\ t=35m 05k
\\‘\‘ £
g \\\\ :
£ SN P
.g Ak \\\\\\ g b
§ \\ \\\ %
E \\ \\\ o m AN
\\ \\ 15 WAl S
15 W —-Sid ®
\\ ===AuW
\ 2 P B Ly L Ll P T B
| ST T v mw W m W %
s w0 10 000 280 X0 30 40 Length o the bean it um
Length of the beam in nm
Cc 0 T wmaﬂr,,u“genr' e T S—— I----.._I hhhhhh
E 05k 4
&
&
g 1+ ", 4
SN
0 KN Y,
g |- T=90 Degree ", ;
A A5k | T=60 Degree \\\ ]
: \,
T=30 Degree N\,
=== T=10Degree N
_2 | | | | | | | | |
0 50 100 150 200 250 300 350 400 450 500
Length of the beam in nm

Fig.6. The influence of composite material arrangement on bimetallic beam deflection (a)
Reverse relationship between beam deflection and a bimetallic layer thickness (b) Effect of
material arrangements on beam deflection in a second model. (¢) Deflection of the bimetallic

cantilever with respect to temperature for the second model.
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Analyzing a bimetallic cantilever nano actuator edge deflection and force using a simple
methodical form is presented. Experimental results and comparison with finite element simulation
are used to verify the model's validity. Analytical results of the model presented have an accuracy
of at least 20% from ccomparison of tip deflection computed from (12) and (18) with experimental
results obtained.

When the temperature does not alter, the bending of a beam is solely dependent on the
electric potential applied. Figure 6(c) shows the deflection of the beam structure as the temperature
increases. The bias voltage may be changed to adjust the lateral deformation. For a statistical
approach, the deformation of a cantilever is calculated using the Finite Difference Method (FDM).
Depending on the system's geometrical and material characteristics, simulation output results may
vary significantly. The deflections of cantilever beams depend on the type of material and
geometrical properties that have been used. For the second model, with a temperature increase of
50°C and a bias voltage of 5 volts, the results are given in Figures 6(a) and (b). Bimetallic cantilever
beams were shown in Figure. 3 to show the various impacts of material configurations on
displacement. Increasing the variance in thermal expansion coefficients (CTE) between layers
increases the suggested model's responsiveness. To further illustrate this, if the thickness of each
layer in a bimetallic cantilever beam is increased, the flexural deformation decreases (see Figure.
6 (a)). Therefore, the model's sensitivity to beam deflection has an inverse relationship to the
thickness of the bimetallic layer.

5. Conclusion

In this paper, a mathematically modeled nano-electro-mechanical cantilever is investigated.
Models are composed of governing equations obtained and solved numerically and analytically.
Numerical findings show that using the appropriate materials and geometric characteristics may
increase sensitivity. From the simulation findings, the difference between the coefficients of
thermal expansion (CTE) of layers increases as the cantilever's length increases. Improvement in
cantilever beam deflection when the layer thickness is minimized.

In contrast, this approach has many limitations, which can potentially lead to a muddled
system. This limitation arises from the need to select the voltage such that the pull-in phenomenon
is avoided when selecting the voltage. Compared with electrostatically actuated thermal actuators,
the electro-thermal actuating mechanism has several advantages, such as avoiding static charges
on the plates, improving the tuning reliability, and requiring lower driving voltages. Considering
these factors as a whole could be necessary for a particular design of MEMS. Moreover, their use
at various temperatures is affected by dimensions, materials, the level of sensitivity required, and
environmental factors.
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