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Cascaded “Triple-Bent-Beam” MEMS Sensor for
Contactless Temperature Measurements in

Nonaccessible Environments
Bruno Andò, Salvatore Baglio,Senior Member, IEEE, Nicolò Savalli, and Carlo Trigona

Abstract—A microelectromechanical systems (MEMS) temper-
ature sensor based on a cascade three-stage “bent-beam” structure
is described in this paper. A suspended structure mechanically
deforms in response to the change in ambient temperature, and
then, a displacement is obtained; the structure is composed of
three cascaded systems in order to enhance sensor sensitivity. The
�nal conversion is made to an electrical signal that is obtained by
using an interdigitated capacitor having one electrode �xed to the
substrate and one electrode embedded into the moving tip of the
MEMS sensor. The device has been conceived to operate passively
in harsh environments where high temperatures could harm active
electronic devices. The readout of the unknown temperature is
therefore remotely performed by coupling the variable MEMS
capacitor to a �xed inductor to compose a resonantLC circuit,
which is magnetically coupled to a reader circuit placed outside the
environment where the measurement takes place. The tempera-
ture to be measured is therefore �rst converted into a displacement
that, in turn, induces a change in a capacitor value; a variation
in the resonant frequency of anLC circuit is �nally observed
through the remote readout circuit. This paper focuses on the
analytical and numerical modeling of both the temperature-to-
displacement and displacement-to-capacitance conversions, on the
design and fabrication of an experimental prototype, on the ex-
perimental validation where results are extensively presented and
commented, and, �nally, on the design of the integrated resonant
device for contactless measurements.

Index Terms—Bent-beam structures, contactless sensors, micro-
electromechanical systems (MEMS), temperature sensors.

I. I NTRODUCTION

SEVERAL SCENARIOS exist where a cabled connection
between the primary sensor and the signal conditioning

circuit is not allowed. Contactless measurement strategies can
therefore be adopted to gather information from sensors used
in hostile or inaccessible areas. The literature offers many
examples and many application �elds for remote and con-
tactless sensors; examples are remote data acquisition from
an autonomous sensor module based on an optical link [1],
pressure sensors in microelectromechanical systems (MEMS)
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technology for high-temperature applications [2], contactless
sensors for biomedical applications [3], and chemical sensors
for high-temperature environments [4].

A particular situation could arise when the measurement
environment is unsuitable for electronic circuitry due to high
temperatures and the temperature itself is the quantity to be
measured. Solutions to this problem are required not only in
the area of process control but also in risk prevention and
contingency management and whenever a sensor is required
to be placed inside the environment. High-temperature rooms,
industrial ovens, or, generally speaking, environments that are
incompatible with either wire or active electronic parts are some
examples.

A typical approach to the problem of remote temperature
sensing relies on radiation-based thermometers; however, small
low-cost devices that can easily be placed inside the measure-
ment environment are of great interest.

A temperature sensor for applications in such environments
must show a large operating range and the capability to transfer
the information without wired connections, onboard power
supply, and active electronic components.

From this perspective, MEMS technology allows suitable
solutions providing different materials that are compatible with
high-temperature environments and that allow for the imple-
mentation of contactless reading mechanisms.

Several designs and procedures for the fabrication and testing
of microfabricated mechanical temperature sensors have been
presented in the literature [5], with a variety of architectures
[6]. The common working principle is based on the structural
deformation that appears as a consequence of a temperature
increase.

In this paper, a novel contactless temperature sensor is devel-
oped. It is based on an array of V-shaped bent-beam structures
[7]. Similar structures have been previously proposed in the
literature mainly as in-plane thermal actuators [7]–[11] or strain
sensors [12], [13]; here, the remote sensing of environment
temperature is addressed.

A cascade triple-beam architecture has been designed in
order to enhance the sensitivity of the sensor. A passive remote
readout system, based on anLC resonant architecture with
varying capacitor, which produces a frequency shift as output
in response to the temperature change, has been conceived.
Therefore, wires, contacts, active elements, and power supplies
within the sensor have been removed. Some preliminary results
on the sensor characterization have been previously reported

0018-9456/$26.00 © 2011 IEEE
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Fig. 1. Structure and operation of a single-bent-beam sensor.

by the authors in [14], while some results on a hybrid solution
for the wireless sensor readout have been also presented in
[15] where the MEMS sensor is used in a system including an
external printed circuit board coil.

Here, both a more exhaustive characterization and a more
accurate modeling of the MEMS device are presented.

The MEMS sensor has been designed so that the temperature
induces a displacement of one conductive electrode (the tip of
the cascaded triple bent beam) toward a �xed electrode, thus
realizing a variable capacitor that is coupled with an embedded
coil inductor [14]. ThisLC circuit will respond, when remotely
interrogated, with a resonance frequency that is a function of the
capacitance value which, in turn, depends on the temperature to
be measured [15].

An accurate analytical model of the proposed device, to-
gether with the actual design realized with the MetalMUMPs
technology [16], is presented in this paper. In particular, an
accurate analysis of the nonideal characteristics of the MEMS
sensor will be developed here, leading to a better comprehen-
sion of some unexpected behaviors. Finally, extensive simula-
tion and experimental results, obtained by using the designed
and fabricated prototype, will be reported to validate the ap-
proach discussed here.

II. D EVICE MODELING

A reference bent-beam device is shown in Fig. 1. It is
composed of a V-shaped beam anchored at the two ends. The
thermal expansion of the structure induces a displacement of
the central apex along they-direction. Owing to its symmetry,
this is the only possible direction of deformation for the device
considered.

Because of the system symmetry, it is suf�cient to analyze
only one-half of the structure. In order to determine the free
displacement, the beam can be considered as subjected to an
equivalent force that causes the free expansion at the apex.
Flexure symmetry is also useful to determine the boundary
conditions. Displacements and rotations of the beam ends are
constrained to be zero, except in the direction of the applied
force, and the boundary conditions are determined by solving
the equilibrium equations� F = 0 , � M = 0 , and � T = 0 ,

whereF , M , andT are the forces, the moments, and the torques
applied to the structure, respectively.

These boundary conditions are expressed in terms of the
reaction forces, moments, and torsions at the end of the beam.
Finally, Castigliano’s second theorem [17] states that the partial
derivative of the strain energyU of a linear structure, with
respect to a given loadP, is equal to the displacement� of the
point where the load is applied. This theorem can be extended
to the applied momentsM and their corresponding angular
displacements� , resulting in

� =
�U
�P

� =
�U
�M

. (1)

In applying Castigliano’s theorem, the strain energy must
then be expressed as a function of the load. If, for example,
a straight bar subjected to a number of common loads (axial
forceN , bending momentM , shearing forceV , and torqueT)
is considered, the strain energy has the following form:

U =
�

N 2

2AE
dx +

�
M 2

2EI
dx +

�
�V 2

2AG
dx +

�
T2

2JG
dx

(2)

whereA is the cross-sectional area,G and J are the torsion
modulus and the torsion constant, respectively, the productEI
is called the �exural rigidity of the beam,E is the Young’s
modulus of elasticity,� is a coef�cient depending on the cross-
sectional shape [18], andI is the bending moment of inertia.

By focusing on the subject of this paper, only the displace-
ments resulting from bending are considered in the analysis,
whereas deformations from shear, beam elongation, and short-
ening are neglected; the strain energy of the beam is found by
integrating the strain energy density along the beam

U =

L�

0

M 2

2EI
d�. (3)

The � -coordinate points along the beam axis, whileL is the
length of the beam. The angle at the �xed end of the beam� 0

is �xed at zero by the symmetry of the �exure. An external
bending momentM 0 constrains the angle in the analysis. The
beam bending moment is

M = M 0 Š Fy � (4)

where� is along the beam (x-axis) andFy is alongy.
A �rst invocation of Castigliano’s second theorem gives a

relation between the external moment and the load

� 0 =
�U

�M 0
=

1
EI

L�

0

M
�M
�M 0

d� =
1

EI

L�

0

(M 0 Š Fy � )d�.

(5)

That, combined with the constraint� 0 = 0 , givesM 0 = Fy L/ 2.
The displacement along they-direction� y can be obtained as

� y =
�U
�P

=
1

EI

L�

0

M
�M
�P

d� =
1

EI

L�

0

Fy

�
L
2

Š �
�

d� (6)
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Fig. 2. (a) Structure of a cascaded (triple) bent-beam sensor. (b) Iperstatic problem and equivalent isostatic system.

then

� y = Fy
L 3

12EI
. (7)

The last step is to derive the moment of inertiaI = I zz = I xx +
I yy , where

I xx =

+ L/ 2�

ŠL/ 2

A
L

x2 sin2(� )dx =
AL 2

12
sin2(� ) (8)

I yy =

L�

0

A
L

� 2dy =
AL 3

3
cos2(� ) = I z cos2(� ). (9)

Finally

� y = Fy
L 3

12E(I xx + I yy )
=

Fy L 3

12EI z cos2(� ) + AEL 2 sin2(� )
(10)

whereFy = � EA � T sin � is they-component of the axial
equivalent force related to the temperature change� T.

The equation indicates that the displacement at the apex
depends linearly on the temperature increase and nonlinearly
on the geometric parameters de�ning the half bent beam.

The resultant in-plane displacement of a central apex can
be increased by cascading several elementary V-shaped bent
beams as shown in Fig. 2(a) for the case of a cascaded (triple)
bent-beam sensor.

A more general approach has been considered in this case to
analytically model the device. The virtual work principle [17]
has been applied to derive the displacement of the apex for the
triple cascaded bent beam (TCBB), shown in Fig. 2(a). As with
the simpler structure described previously, symmetry allows the
analysis of only half the structure.

By starting from an iperstatic structure, it is possible to
study the isostatic system in which �ve reaction forces act
on the suppressed constraints, to satisfy both equilibrium and
congruency conditions, as shown in Fig. 2(b).

As for the case of the single bent beam, the model evinces
a linear dependence of the apex displacement� y on the tem-

Fig. 3. “Normalized apex displacement” versus temperature. Comparison
between the single bent beam and the cascaded bent beam (triple).

perature� T; in particular, the displacement of the apex can be
expressed as follows [17]:

� y = Š
1

2EI
L 3X 1

�
cos(� 1) sin(� 1) + cos2(� 2)

�

+ L 3X 2 cos2(� 1) Š L 2X 3 cos(� 1) +
L 3

2
X 4 cos2(� 2)

+ L 2X 5

�
cos2(� 1) +

cos(� 2)
2

�
(11)

whereX 1, X 2, X 3, X 4, andX 5 are the aforementioned reaction
constraint forces that are determined separately.

The equations obtained allow the evaluation of the differ-
ences between the single and the cascade structures in terms
of sensitivity to the external temperature: Sensitivity is strongly
enhanced with the proposed TCBB con�guration, as shown in
Fig. 3 (the results are normalized due to their dependence on
the geometrical features of the structures).

The idea developed in this work is that the deformation of the
structure, due to a change in the environment temperature, and
the resulting displacement of the apex is measured as a variation
in capacitance if a suitable electrical component is placed on
top of the moving tip of the structure; an interdigitated comb
capacitor has been used for this purpose. The change in the
capacitance can therefore be used as a resonantLC circuit to
implement a contactless readout strategy.
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Fig. 4. MetalMUMPs process cross section.

III. M ICROFABRICATION TECHNOLOGY, WORKING

PRINCIPLE, AND SIMULATION RESULTS

Electroplated nickel cascaded bent beams have been realized
by using the high-aspect-ratio MetalMUMPs process [16] pro-
vided by MEMSCAP.

The device is built directly over a silicon nitride isolation
layer with a 1-µm air gap, or over a 25-µm-deep trench,
which is etched into the substrate as shown in Fig. 4. The
MetalMUMPs process uses a six-mask process with eight thin-
�lm layers.

Thermal isolation trenches are formed by opening windows
in the silicon nitride layer, and potassium hydroxide (KOH)
is used to etch 25µm into the substrate. These trenches help
improve thermal isolation to the substrate and improve dynamic
performances due to enhanced convection.

The device prototypes have been made by using a minimum
linewidth and space for the nickel structural layer equal to 8µm.
As one can see from the analytical model, device sensitivity is
directly proportional to the length and inversely proportional
to the beam’s width and angle. The prototype has a beam
length of 500µm, a width of 10µm, and beam angles equal
to � 1 = 14� and� 2 = 7 � . These parameters were chosen based
on optimization of the mathematical model.

The CoventorWare [19] software tool has been used in the
device design phase to perform �nite-element method (FEM)
simulation, to simulate the etching results, and to design the
mask layout. The simpli�ed layout and a 3-D model of the
cascaded bent-beam prototype are shown in Fig. 5. The in-
terdigitated variable capacitor whose value depends on the
environmental temperature is visible: The movable electrode is
placed on the bent-beam apex, whereas the other electrode is
�xed to the substrate.

A magni�cation of the circled areas in the device layout, at
the left and right sides of the interdigitated apex, is reported
in Fig. 6; it shows as the Vernier scales have been designed
and realized to perform the temperature-to-apex-displacement
characterization.

They have been placed on the opposite sides of the interdig-
itated capacitor with 5-µm shift so that, even if a maximum
pitch of 10µm can be designed with the proposed technology,
a resolution of 5µm can be obtained by looking at both sides.

Image processing has been used to allow measurements
in displacement of fraction of micrometers under thermal
excitation.

Fig. 5. (Left) Simpli�ed layout showing only the metal mask used for de�ning
the nickel areas. (Right) Three-dimensional view of the triple cascade bent-
beam device prototype; both the variable capacitor and the Vernier scales are
shown.

Fig. 6. Magni�cation of the structure in proximity of the Vernier scales. It has
a pitch of 10µm; however, the two sides have been shifted 5µm to increase
resolution.

The choice of the MetalMUMPs process has been dictated
by mechanical requirements (for example, the achievable beam
displacements) and the need to maximize the surface area of
the interdigitated electrodes. MetalMUMPs allows a thick top
nickel layer that other technologies, such as SOIMUMPs or
PolyMUMPs [16], do not.

The nickel layer of the MetalMUMPs process exhibits also
a high coef�cient of thermal expansion, being approximately
13× 10Š6 KŠ1 [14]. Therefore, a very high sensitivity to tem-
perature variation is obtained. On the other hand, the maximum
operating temperature of nickel is about 623 K, and therefore,
this value represents the upper boundary of the operating range
of this device.

FEM simulations have been used to estimate both the
displacement of the moving electrode in the interdigitated
comb and the variation in capacitance through the Coventor
“CoSolve” tool. In Fig. 7, the deformed shape of the triple
bent beam is shown, and it is possible to observe that the
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Fig. 7. Coventor simulation through CoSolve: Two results obtained (left) at 298 K and (right) at 500 K.

Fig. 8. SEM image of the interdigitated capacitor. From this picture, it is
possible to evaluate the change in the �nger thickness along their height
(distance between the vertical dashed lines). This parameter is then taken into
account in the analytical model.

Fig. 9. Estimated capacitance variation obtained by �nite-element analysis
and analytical models.

overlap between interdigitated �ngers changes signi�cantly
with temperature.

Comparisons of the results from FEM and analytical simula-
tions are shown in Fig. 9 for the variation of capacitance with
temperature.

In order to derive the analytical expression of the capaci-
tance, we could consider the simple expression for a number
of parallel conducting plates arranged into an interdigitated
capacitor structure [20]; however, some considerations arise
when considering experimental prototypes. In fact, if we con-
sider Fig. 8, where a SEM image of the interdigitated capacitor
fabricated is shown, it can be seen how, due to fabrication
variation, the �nger width changes with thickness. From Fig. 8,
it is possible also to evaluate the width at the base of each �nger
and therefore also the air gap between �ngers; in fact, this latter
varies from 4µm, at the bottom of the �ngers, to the nominal
10µm, on the top surface of the �ngers.

The following equation has been therefore used to derive the
analytical values of the interdigitated capacitance, considering
that the etching process of the adopted technology does not lead
to a rectangular pro�le but to a trapezoidal one, as shown in
Fig. 8. Then, the temperature dependence of the capacitance
can be expressed as

C(T) = 2 Nme � 0� r (y0 + y(T))

t�

0

dt1

x(t1)

+(2 Nme + 1) � 0� r
(wM + wm )t

2 (gf 0 Š y(T))
(12)

where the variables are de�ned as follows.
– Nme is the number of �ngers of the movable electrode

(from the design,Nme = 16).
– y0 is the initial overlap (engagement) between �ngers at

a temperature of 298 K (from the design, the theoretical
value isy0 = 15 µm).

– y is the displacement of the movable electrode dependent
on the temperature.

– t is the nickel layer thickness (from the technology
parameters,t = 20.5 µm).

– � 0 is the dielectric constant of free space.
– � r is the relative dielectric constant.
– x(t1) is the lateral gap between �ngers that is a function

of the vertical dimensiont . It varies approximately
linearly between 2µm (at the bottom part of the �ngers
corresponding to a maximum beamwidthwM = 14 µm)
and 10µm (at the top part of the �ngers corresponding
to a minimum widthwm = 10 µm): x(t1) = 4 E Š 6 +
2 tg(� ) t1 (for 0 < t 1 < t = 20.5 µm).
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Fig. 10. (Left) Layout of a 10 mm× 10 mm MetalMUMPs die in which 36 identical elementary cells have been connected in parallel. (Right) Picture of the
prototype in a standard 120-pin dual in-line ceramic package.

– The second term of (12) is for the capacitance to the
frontal electrode; therefore,gf 0 is the frontal gap at
ambient temperature(gf 0 = 85 µm).

– The angle� has been estimated from SEM images and
suitable image processing procedures, leading to a value
of about 8.7� .

The same trapezoidal pro�le has been also considered in
FEM simulations. In Fig. 9, the capacitance values are reported
as a function of temperature resulting from the FEM simulation
and from the solution of (12). There,y(T) is also obtained from
numerical simulations.

From the previous numerical and analytical analysis, a sen-
sitivity Ssingle = 0 .35 fF/K is obtained for the cascaded triple-
bent-beam device shown in Fig. 7.

In order to enhance the device sensitivity to temperature
changes, the basic capacitor cell can be replicated, and the
outputs can be summed. In our case, we will proceed by
designing and fabricating a 36-cell capacitor such that to have
an estimated sensitivity equal toS36 = 12.6 fF/K.

IV. EXPERIMENTAL RESULTS

These devices have been fabricated by using the Metal-
MUMPs technology. In particular, 36 elementary cells as those
described in Section III have been designed and connected in
a parallel con�guration in a 10 mm× 10 mm die, as shown in
the left of Fig. 10. The right of Fig. 10 shows an image of the
packaged microsystem.

A SEM picture of the fabricated device is shown in Fig. 11.
Measurements have been performed by applying a known

temperature to the thermally controlled holder of an optical
microscope, up to a maximum of 473 K (200� C). Both the
structure displacement and the capacitive variation have been
characterized as a function of the temperature changes.

The fabricated Vernier scales have been taken as reference,
and their relative positions are registered as shown in Fig. 12.

The experimental curve, represented in terms of the variation
of the apex displacement as a function of the variation of
temperature, has been derived, and it is shown in Fig. 13. In
the same �gure, the experimental results are compared with
the expected behavior estimated through the analytical and the
numerical FEM simulations.

Fig. 11. SEM image of the fabricated cascade triple-bent-beam temperature
transducer.

Fig. 13 shows the apex displacement as a function of the
temperature considering small changes in angle� 2. A nonlinear
response to the temperature change has been obtained with
respect to the linear behavior shown in Fig. 3 assuming a
constant value of� 2; in fact, as it is shown in Fig. 14, this
angle changes signi�cantly with the temperature and cannot be
considered constant in the analytical model.

By taking into account this variation of the angle, a non-
linear output is obtained using the analytical model (this is
also reported in [21] for a similar structure), and a very good
agreement is obtained between the numerical simulation, the
analytical calculations, and the experimental observations.

The second device characterization step has been focused on
measuring the variation of the capacitance versus the variation
of the temperature. A precision LCR meter (Agilent 4284A)
has been used for the capacitive characterization. The minimum
phase method has been adopted, whereas a working frequency
of 1 kHz and a working amplitude of 10 mV have been set.
The choice of these values comes from the considerations that
the capacitive readout strategy has the inherent problem of
interferences due to the electrostatic forces that arise between
the two capacitive electrodes in response to the voltage applied
to perform capacitance estimation. A quick evaluation of the
forces in this system allows assessing that this voltage will
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Fig. 12. Microscope pictures of the TCBB. (a) Vernier at 298 K. (b) Vernier at 353 K. (c) Vernier at 413 K. (d) Vernier at 473 K.

Fig. 13. Apex displacement as a function of temperature. The (bottom line)
experimental results are reported together with the (center line) FEM and the
(top line) analytical expectations.

induce electrostatic forces that are negligible with respect to
those produced by thermal effects.

The capacitance variation has been obtained as a function of
temperature variation, and it is shown in Fig. 15.

The experimental sensitivity in the �rst region of the re-
sponse shown in Fig. 15 isS36,sper � 12.66 fF/K, in accor-
dance with the theoretical result reported in Section III.

There are two main observations arising from the analysis of
this �gure: The capacitance value obtained is larger than what
is expected from the model, and its response to the temperature
is strongly nonlinear.

These behaviors may be explained in two ways. The capac-
itance nonlinearity is caused by the vertical misalignment of
the �ngers shown in Fig. 16(a), a consequent to the residual
stress action, that produces a quadratic behavior; on the basis
of these considerations, the analytical model reported in (13)
has allowed the experimental data to be �tted using a quadratic

Fig. 14. Change of the angle in the triple-bent-beam structure with
temperature.

Fig. 15. Experimental measurement of the capacitance value against the
temperature. In this �gure, it is also shown the comparison of the experi-
mental characteristic of the bent-beam (TCBB) temperature sensor and the
capacitanceC� (T ) evaluated through (13) that takes into account the quadratic
behavior.
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Fig. 16. (a) SEM picture of the bent beam at room temperature. It is possible to see the �nger vertical misalignment due to the structure residual stress.
(b) Optical microscope image of the TCBB. Vernier at 393 K. Effect of the residual stress on the lateral misalignment observed in some cells.

function dictated by the contribution of the thermal expansion
on both the width side and the thickness side

C�(T)=2 ·36·Nme ·
s
d

·[y0 ·(1 + � y T)] · [t0 · (1 + � t T)] + c

(13)

where
Nme number of �ngers of the movable electrode

(Nme = 16) ;
y0 initial experimental engagement between �ngers at

298 K(y0 = 21.3 µm);
t0 initial experimental thickness whose value is known

only at environmental temperature;
� y , � t thermal expansion coef�cients;
d lateral gap (10µm);
T temperature variation (with respect to the environmen-

tal one);
c constant value (to represent the offset experimentally

observed deriving from the residual stress action).
A multidimensional unconstrained nonlinear minimization

(Nelder–Mead) method [22] has been used to �t the exper-
imental data with a quadratic function as that reported in
(13). Coherently with the theoretical expectations, the fol-
lowing parameters have been estimated for this model:� y =
2.47× 10Š2 KŠ1, � t = 1 .39× 10Š2 KŠ1, t0 = 18.4 µm, and
c = 12.57 pF. It can be seen that the two thermal expansion
coef�cients are of the same order of magnitude.

A lateral asymmetry observed for some cells of the device,
as shown in Fig. 16(b), has the effect of enhancing both the
capacitance value and its sensitivity to temperature changes,
as reported also in [15], with respect to the theoretical and
numerical analysis.

V. DESIGN OF THEINTEGRATED

CONTACTLESSFRONT END

In order to address a contactless readout strategy, an electro-
magnetic energy transfer has been determined between the sen-
sor capacitance, coupled to an inductor to comprise a resonant
LC system, and a remote active transponder circuit. A layout
draft of the whole passiveLC integrated module is shown in
Fig. 17. If, in these conditions,Csensor is assumed to vary
approximately in the range 13–19.6 pF, as it can be derived

Fig. 17. Schematic setup of the integratedLC passive temperature sensor.

Fig. 18. Two conductor segments for mutual inductance calculations.

from Fig. 15, forT varying in the range 298 K–473 K, then a
planar spiral (squared) inductor has been designed in the same
MetalMUMPs technology.

For modeling purposes, the inductance of a planar spiral
structure is well calculated in [23] and [24]. Considering
an inductor made of straight segments as shown in Fig. 18,
the inductance is the sum of self-inductances and mutual
inductances [24]

L T = L 0 Š M + Š M Š (14)

where L T is the total inductance,L 0 is the sum of self-
inductances of all straight segments,M + is the sum of positive
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mutual inductances, andM Š is the sum of negative mutual
inductances.

The mutual inductance is the inductance resulting from the
magnetic �elds produced by adjacent conductors. It is positive
when the directions of currents on conductors are in the same
direction, and it is negative when the directions of currents
are in opposite directions. The mutual inductance between two
parallel conductors is a function of the length of the conductors
and of the geometric mean distance between them. The mutual
inductance of two conductors is calculated by

M = 2 lF nH (15)

wherel is the length of the conductor in centimeters andF is
the mutual inductance parameter and is calculated as

F =ln

�
�

	

�
l
d

�
+




1 +
�

l
d

� 2
� 1/ 2

�


�
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1 +
�

d
l

� 2
� 1/ 2

+
�

d
l

�

(16)

whered is the geometric mean distance between two conduc-
tors, which is approximately equal to the distance between the
track centers of the conductors.

Then, in Fig. 18,j andk are the indices of the conductor,
and p and q are the indices of the length for the difference
in the lengths of the two conductors. Such a con�guration
(with partial segments) occurs many times along their perimeter
for conductors in multiple-turn spiral inductors. The mutual
inductance of conductorsj andk in the aforementioned con-
�guration is

M j,k =
1
2

{ (M k+ p + M k+ q) Š (M p + M q)}

=
1
2

{ (M j + M k ) Š M q} , for p = 0

=
1
2

{ (M j + M k ) Š M p} , for q = 0

= M k+ p Š M p, for p = q

= M k , for p = q = 0 . (17)

If the lengths ofl1 and l2 are the same(l1 = l2), then (17)
is used. Each mutual inductance term in the aforementioned
equation is calculated as follows by using (16) and (17):

M k+ p = 2 lk+ pFk+ p (18)

where

Fk+ p = ln

�
�

	

�
lk+ p

dj,k
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1 +
�
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� 1/ 2
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�
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1 +
�
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� 2
� 1/ 2

+
�

dj,k

lk+ p

�
. (19)

The previous model has been implemented in a Matlab proce-
dure. For the device considered in this work, a square planar
spiral inductance has been designed. For a target resonance

frequency of 10 MHz andC = 13 pF at ambient temperature,
an inductance value ofL = 19.4 µH is required.

The estimated parameters of such an inductor are as follows:
• number of turns= 29;
• metal width= 100 µm;
• metal spacing= 20 µm;
• inner diameter= 10 mm (equal to the 36-cell bent-beam

capacitance area);
• outer diameter= 16.9 mm.
The layout of the whole device is shown in Fig. 16(b); there,

the inductance diameter is to scale, whereas the inductance
linewidth and spacing are not.

Then, ifL � 19.4 µH is coupled to the variable capacitance,
the resonance frequency of theLC circuit is varying approxi-
mately in the rangef r � 10Š8.15MHz. As a result, a variation
of the resonance frequency� f r � 1.85 MHz is expected. This
leads to a nominal sensitivity expressed as the variation of the
resonance frequency as a function of the measurand (external
temperature) of about

Sf �
� f r

� T
� 10.6

kHz
K

. (20)

In conclusion, with a nominal resistivity of nickel equal to
8 µ� · cm, a series resistance for the inductor must be taken
into account. Its expected value is approximately equal to
61.2 � . Then, the quality factorQ of such anRLC circuit is
approximately equal to 20.

VI. CONCLUSION

The development of a novel temperature sensor for contact-
less measurements has been described in this paper. Cascaded
V-shaped bent-beam devices have been modeled, both analyti-
cally and numerically, and then designed and fabricated through
the MetalMUMPs process.

The experimental characterization of the device behavior has
been performed both in terms of displacement versus tem-
perature change and in terms of capacitance variation versus
temperature variation. The Vernier scales fabricated, together
with the sensor, have been used for quantifying the device
displacement by processing sequences of microscope images
taken at different known temperatures; moreover, in order to
avoid possible undesired effects of asymmetric motions on the
results, a complete superposition and device shift procedure has
been implemented from the sequence of microscope images.

In order to enhance the output signal, the single capacitive
cell has been replicated into a 6× 6 array.

The capacitance variation, as a function of the imposed tem-
perature, has been separately characterized through different
methods, including state-of-the-artLC meters or dedicated
circuits.

Great efforts have been devoted here to gain a better under-
standing of the device behavior. In fact, even if the whole device
is represented by a linear model and the displacement is linear
with temperature, the measured output capacitance was nonlin-
ear. This apparent contradiction was explored to gain complete
knowledge of the system. The effects of process nonidealities
on the capacitance response to temperature have been here
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discussed and modeled, closing the gap between the theoretical
modeling and the experimental observations. Finally, referring
to contactless readout, the design of an integrated inductor has
been presented in order to realize anLC resonator that can be
coupled with a remote readout circuit to sense the resonance
frequency shift in response to temperature variation.
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