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Abstract: This study is devoted to the design of an elastic polymer thin film-based capacitive
wind-pressure sensor to meet the anticipated use for real-time monitoring of structural wind pressure
in civil engineering. This sensor is composed of four basic units: lateral elastic deflection unit of a
wind-driven circular polymer thin film, parallel plate capacitor with a movable circular electrode plate,
spring-driven return unit of the movable electrode plate, and dielectric materials between electrode
plates. The capacitance of the capacitor varies with the parallel move of the movable electrode plate
which is first driven by the lateral elastic deflection of the wind-driven film and then is, after the
wind pressure is reduced or eliminated, returned quickly by the drive springs. The closed-form
solution for the contact problem between the wind-driven thin film and the spring-driven movable
electrode plate is presented, and its reliability is proved by the experiment conducted. The numerical
examples conducted show that it is workable that by using the numerical calibration based on
the presented closed-form solution the proposed sensor is designed into a nonlinear sensor with
larger pressure-monitoring range and faster response speed than the linear sensor usually based on
experimental calibration.

Keywords: capacitive pressure sensor; parallel plate capacitor; structural wind pressure; polymer
thin film; closed-form solution

1. Introduction

Wind loads may cause cyclic stress in some slender members or structures, such as light poles or
wire poles [1], wind-power towers [2], electric transmission towers [3], lifting equipment [4], long-span
bridges [5] and ultrahigh-rise buildings [6]. When the stress cycles accumulate to a certain level, fatigue
failures are very likely to occur in these structural members or structures. Therefore, to determine the
corresponding accumulating cyclic level of cyclic stress at each stress level, the real-time monitoring
of the cyclic stress in these structures or structural members is necessary. The structural safety,
accumulative damage, and residual fatigue life can thus be scientifically estimated with real-time
data monitoring. The wind-induced fatigue problem of structures, however, has always depended
on the so-called fatigue design method, which is based on predicting the wind field characteristics of
structures [7,8]. At present, real-time monitoring and assessment are rarely used in both mechanical
and civil engineering structures. An actual ambient wind field is in fact very complicated and difficult
to describe due to the fact that the distribution of wind field is random and discrete, therefore it
is usually difficult to predict and grasp the wind field characteristics of structures, especially for
ultra-high-rise buildings [9,10]. However, if we monitor the time-dependent acting force of wind
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on the exterior facade of ultra-high-rise buildings (i.e., the time-dependent wind loads of structure),
then based on the relationship between wind loads and wind-induced response of structure which can
be determined during structural design, the wind-induced fatigue of structures can be assessed by
analyzing the characteristics of wind loads varying with time, such as the maximum value, minimum
value, and cyclic frequency of the wind loads. Obviously, such a goal depends almost entirely on a
reliable and effective wind-pressure sensor, which is suitable for use in ultra-high-rise buildings, and in
particular the cost of this type of sensor should be as low as possible due to the need for a large number
of arrangements along the exterior facade of ultra-high-rise buildings. So far, however, there are no
wind-pressure sensors that can be used directly in ultra-high-rise buildings.

The monitoring methods in structural health monitoring mainly involve the measurement of force,
displacement and strain [11-13], in which the method of measuring force is rarely used due to the usually
strong force in structural members. The measurement of stress is usually achieved by first measuring
strain then transforming the measured strain into stress, rather than by measuring the force in structural
members. However, it is usually difficult to ensure that the strain monitoring results, measured by
fixing strain gauges [14] or fiber Bragg grating strain measuring instruments [15] onto the structural
members of the large-scale structures such as bridges [16,17] and ultrahigh-rise buildings [18,19],
can reflect the true strain level of the measured structural member. Usually, the effectiveness of
strain monitoring results depends not only on the accuracy of the monitoring instrument itself but
also on many factors such as the installation position and construction quality of sensors. These
methods for measuring strain could be suitable for some structural components with smaller size, but
is usually not suitable for the ones with larger size, especially for the reinforced concrete members
with larger size. However, if we directly measure the wind pressure acting on the exterior facade
of ultrahigh-rise buildings, we can avoid these strain-monitoring-related problems or difficulties.
In addition, the results of wind-pressure monitoring can directly reflect the actual wind-pressure
level (i.e., the real external action level of structures), which only depends on the accuracy of the
wind-pressure sensors. The existing methods measuring the wind pressure on the surface of structural
components or structures can be a direct method, such as pressure valve method [20,21], pressure
sensitive coating method [22,23] and pressure sensor method [24-27], or an indirect method, which is
basically measuring wind speed and then converts to wind pressure in some way [28]. The indirect
method is often affected by environmental factors such as air humidity and temperature, therefore
the direct measuring methods could be regarded as a relatively more precise method in comparison
with the direct measuring method. Among these existing direct measuring methods, most of them
have some common shortcomings, such as complicated manufacturing process, high production cost,
vulnerability to ambient factors, narrow measuring range, so that these methods are not suitable for
the use of the long-term real-time monitoring of large-scale structures, especially for the ultrahigh-rise
buildings. For an instance, Rossetti et al. [24] developed a capacitive wind-pressure sensor with a +250
Pa pressure measuring range for wireless wind sail monitoring, where the conductive polymeric films
were used to act as the elastic deformation element and the movable electrode plate of the sensing
capacitor. The once-in-50-years basic wind pressure in civil engineering is usually in the range of
300 Pa to 1850 Pa, therefore this sensor does not meet the anticipated use for real-time monitoring
of structural wind pressure in civil engineering. Another example is An et al. [25] developed a soft
capacitive wind-pressure sensor, which employed the soft silicone rubber as the dielectric elastomer
between the two electrode plates in the capacitor. In fact, this type of techniques, which is to compress
the dielectric elastomer to change the capacitance of the capacitor, has been used in various engineering
applications [29,30]. However, the range of elastic deformation of the dielectric elastomer is usually
limited, i.e., the ability of recoverable compression deformation of the dielectric elastomer is limited,
which means that the pressure measuring range is also limited. The flexible characteristic of the
dielectric elastomer should be beneficial for lowering the minimum distinguishable pressure and be
also necessary for some soft applications [31]. However, it is also the main reason for viscoelasticity
of materials, which may bring the undesirable sensor behaviors [24]. In addition, the long-term
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real-time monitoring of wind pressure on the exterior facade of ultrahigh-rise buildings requires
that the capacitive wind-pressure sensors must be able to adapt to large changes in temperature
and humidity.

The existing capacitive pressure sensors always combine the elastic deformation element with
the capacitor, i.e., the elastic deformation element is either one of the electrode plates or the dielectric
material between the electrode plates, as done in the capacitive pressure sensors using soft dielectric
elastomer or conductive thin elastic films [32,33]. This study plans to separate the elastic deformation
element form the capacitor. The developed elastic polymer thin film-based capacitive wind-pressure
sensor is mainly composed of four basic units: lateral elastic deflection unit of a wind-driven circular
polymer thin film, parallel plate capacitor with a movable circular electrode plate, spring-driven return
unit of the movable electrode plate, and dielectric materials between electrode plates. The capacitance
of the capacitor varies with the parallel move of the movable electrode plate which is first driven by
the lateral elastic deflection of the wind-driven film and then is, after the wind pressure is reduced or
eliminated, returned quickly by the drive springs. The advantages with this design are mainly reflected
in the following aspects: (1) For the elastic deformation element, we can freely select the polymer thin
film with excellent elasticity in a wide range of materials and decide its thickness according to the
minimum distinguishable pressure of the sensor, which could be much more “free” than finding the
films with excellent conductivity and excellent elasticity; (2) Under wind pressure the variation range of
the maximum lateral elastic deflection of the circular thin film is far greater than its elastic compression
range along its thickness direction, which implicates a greater variation range of capacitance of the
parallel plate capacitor; (3) The movable electrode plate and elastic polymer thin film can be quickly
returned by springs, reducing the viscoelastic phenomenon in soft pressure sensors; (4) The choice of
the dielectric material can only involve the softness and high dielectric coefficient of the material, rather
than the resilience of the elastic deformation of the material simultaneously; (5) Parallel plate capacitors
and polymer thin films with excellent elasticity have unique feature of low cost manufacturing and are
easy to assemble as a whole.

In this paper, the closed-form solution for the contact problem between the wind-driven circular
polymer thin film and the spring-driven movable electrode plate is given, and is used to determine
the analytical relationship between the wind pressure and the displacement of the movable electrode
plate, as well as the analytical relationship between the wind pressure and the capacitance of the
capacitor. Therefore, with this closed-form solution the elastic polymer thin film-based capacitive
wind-pressure sensor can be designed into a nonlinear sensor with larger pressure measuring range and
faster response speed than the linear sensor usually based on experimental calibration. In the following
section, the structure and operating principle of the sensor are introduced in detail. In Section 3,
the contact problem between the peripherally fixed wind-driven circular polymer elastic thin film
and the spring-driven movable electrode plate that is the problem of axisymmetric deformation of
the peripherally fixed circular membrane with limited maximum deflection, is analytically solved,
and its closed-form solution for deflection and stress is presented. In Section 4, the reliability of the
presented closed-form solution is verified by comparing with the well-known Hencky solution and by
the experiment conducted. In Section 5, the design of the elastic polymer thin film-based capacitive
wind-pressure sensor is clearly illustrated by two examples, including the mathematical modeling and
numerical calibration of the sensor. Concluding remarks are presented in Section 6.

2. Structure and Operating Principle of the Sensor

The structure and operating principle of the proposed capacitive wind-pressure sensor will be
illustrated in this section. The overall configuration of the proposed capacitive wind-pressure sensor
includes upper, middle, and lower three parts, as shown in Figure 1.
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Figure 1. A schematic view of structure and operating principle of the developed capacitive
wind-pressure sensor: (a) initial state; (b) working state; (c) sectional view.
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The upper part is a wind pressure receiving unit of a wind-driven circular polymer thin film
with radius a, providing a displacement driving force from the lateral elastic deflection wy, of the
thin film. For the purpose that the received wind pressure could, as uniformly and transversely as
possible, act on the thin film, the wind guiding hollow cylinder is set up at the front end of the proposed
sensor. The effectiveness of setting up the wind guiding hollow cylinder will be experimentally tested
in Section 4. The middle and lower two parts are two air-spaced circular parallel plate capacitors
with the same radius, and each one of the two parts uses an immovable annular equipotential
protection electrode plate to eliminate the influence of additional edge capacitance. The leftover part
surrounded by the immovable annular equipotential protection electrode plate on the same plane is
used as the working electrode plate of the sensor, and its radius is set up to be 3a/5. The immovable
circular working electrode plate of radius 34/5 and its corresponding immovable annular equipotential
protection electrode plate are, on the same plane, insulated electrically from each other, and the distance
between them should be as small as possible but should be greater than the distance of dielectric
breakdown. As a result, the width of each immovable annular equipotential protection electrode plate
is close to but less than 24/5, and the original distance D between the upper and lower electrode plates
of each parallel plate capacitor should be about 4/5, in order to produce a better effect of eliminating
additional edge capacitance. All electrode plates should be as thin as possible, for example, they can
be made of silver or gold coating films of about 0.2 mm, to eliminate the influence of additional edge
capacitance as much as possible.

The circular parallel plate variable capacitor in the middle part is used as a working capacitor,
and its capacitance will vary along with the movement of a movable circular electrode plate that can be
formed from a very light rigid plate coated by silver or gold. The circular parallel plate fixed capacitor
in lower part is used as only a reference capacitor to eliminate the influence of the change of dielectric
constant caused by the change of air humidity. As is known to all, the air dielectric constant is very
easy to be affected by the change of air humidity, while the capacitive wind-pressure sensors here
proposed are developed mainly for the application on the exterior facade of ultrahigh-rise buildings.
Therefore, the change of air humidity is inevitable, then the change of dielectric constant cannot also
be avoided, but the ratio of the capacitance measured values of the variable and fixed capacitors has
nothing to do with the air dielectric constant. This is why the reference capacitor is set up, which will
be seen from the derivation from Equations (1) through (3).

The distance Dy between the initially flat thin film and the initial position of the movable circular
electrode plate is set up for adjusting the minimum distinguishable wind pressure of the sensor,
which may be seen from Figure 1a and the derivation from Equations (51) through (54). The lateral
elastic deflection of the wind-driven circular polymer thin film, when greater than the distance D,
pushes the movable circular electrode plate to move in parallel, resulting in the capacitance changes
of the circular parallel plate variable capacitor. The springs are used to drive the movable circular
electrode plate to return quickly to its initial position, after the wind pressure is reduced or eliminated.
An initial compression length Al of springs is set up for adjusting the return speed of the movable
circular electrode plate. Therefore, the capacitive wind-pressure sensor developed here does not give
rise to the viscoelastic phenomenon which is very easy to be present in soft pressure sensors.

The electrical capacitance of the circular parallel plate variable capacitor is given by Cyp when the
movable circular electrode plate is in its initial position as shown in Figure 1a, i.e.,

e 2
cy = L Ba/S), )

and by C when the movable circular electrode plate left its initial position as shown in Figure 1b, i.e.,

c_ eoerm(3a/5)

= 2
D+ Doy’ @
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where ¢y describes the vacuum permittivity and ¢, is the relative permittivity of air. Meanwhile,
the electrical capacitance of the circular parallel plate fixed capacitor always keeps Cy constant.
Therefore, if we simultaneously measure the electrical capacitance of both variable capacitor and fixed
capacitor, then it is possible to combine Equations (1) and (2) into the following relationship

Co D+ Dg—wpy
e ®
The influence of the change of air humidity on the value of ¢, is thus eliminated.
From Equation (3) and Figure 1b we may realize that if the wind pressure g can be expressed into
a function of the maximum lateral elastic deflection w;, of the thin film, then it can further be expressed
into a function of Cy/C by Equation (3). To this end, in the following section we will analytically
solve the contact problem between the peripherally fixed wind-driven circular polymer elastic thin
film and the spring-driven movable electrode plate, as shown in Figure 1b, which can, in mechanics,
be simplified as a problem of axisymmetric deformation of a peripherally fixed circular membrane with
elastically restricted maximum deflection under the action of uniformly distributed transverse loads 4.

3. Analytical Solution to the Mechanical Model

The problem before the peripherally fixed wind-driven circular polymer elastic thin film touches
the spring-driven movable electrode plate is simplified into the well-known Féppl-Hencky membrane
problem, i.e., the problem of axisymmetric deformation of a peripherally fixed circular membrane under
the action of uniformly distributed transverse loads g [34—40], as shown in Figure 2a. The effectiveness of
the well-known Hencky solution is recognized. Figure 2b represents the problem after the peripherally
fixed wind-driven circular polymer elastic thin film touches the spring-driven movable electrode
plate, i.e., the problem of axisymmetric deformation of a peripherally fixed circular membrane with
elastically restricted maximum deflection under the action of uniformly distributed transverse loads g,
which will be dealt with below. The difference between the problem dealt herein and the problem
previously dealt in [41,42] is solely that one is elastic restriction on maximum deflection while the other
one is fixed restriction. However, such a small difference in physics will give rise to serious analytical
difficulties in mathematics, which will be seen below.

Suppose that an initially flat peripherally fixed circular membrane with Young’s modulus E,
Poisson’s ratio v, thickness & and radius a is subjected to a uniformly distributed transverse loads
g, as shown in Figure 2a, and as the loads g intensify, it will then come into contact with a smooth
frictionless rigid plate (i.e., the movable electrode plate in Figure 1) which is always under the action
of the springs with stiffness coefficient k and initial compressed length Al, as shown in Figure 2b.
In Figure 2, the dash-dotted line represents the geometric middle plane of the initially flat circular
membrane, in which the polar coordinates plane (r, ¢) of the cylindrical coordinates system (r, ¢, w)
locates, where 7, ¢ and w represent the radial, circumferential, and transverse coordinates, b represents
the contact radius between the deflected circular membrane and the spring-driven frictionless movable
rigid electrode plate, Dy is the initial distance between the initially flat circular membrane and the initial
position of the frictionless movable rigid electrode plate, D represents the initial distance between
the movable and immovable electrode plates in Figure 1, 4’ represents the interaction force between
the deflected circular membrane and the spring-driven frictionless movable rigid electrode plate, w;,
represents the maximum deflection of the circular membrane and w;, = w(b) for the contact state
between the deflected membrane and the spring-driven frictionless rigid plate.

Let us take a piece of the central portion of the whole deformed circular membrane whose radius
is b < r < g, to study the static problem of equilibrium of this piece of the deformed circular membrane
under the joint actions of the transverse loads g, reaction force ¢’ from the spring-driven rigid plate,
and the membrane force o,/ acting on the boundary of radius 7, as shown in Figure 3, where o, is the
radial stress and 6 is the meridional rotation angle of the deflecting membrane.
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Figure 2. Sketch of the contact problem between wind-driven circular membrane and spring-driven
frictionless rigid plate: (a) non-contact state between membrane and plate; (b) contact state between
membrane and plate; (c¢) anatomical view of interaction force between deflected membrane and
spring-driven plate.

In the vertical direction perpendicular to the initially flat circular membrane, there are three vertical
forces, i.e., the applied force rr2g, reaction force b?q’ and the vertical membrane force 2mtro,h sin 0.
Therefore, the so-called out-of-plane equilibrium equation is

2nrohsin O = nrzq — b3, 4)

where nb?q" = k(wy, — Do + Al). Since © = 0 atr = b, i.e.,, sin0 = 0 at r = b, from Equation (4) it is
easy to be found that

q =q. (5)
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b'q’ =k(Wm -Dy+Al) b |

Figure 3. The free body diagram of the membrane withinb <r <a.

Substituting Equation (5) into Equation (4) yields

2ntro,hsin O = m(r* — b?)gq, (6)
where d
. w
sin@ = P )

Substituting Equation (7) into Equation (6), one has
d
(P -b)g + 2rorhd—z: ~0. ®)

In the horizontal direction parallel to the initially flat circular membrane, there are the joint actions
of the circumferential membrane force o:h and the horizontal component of the radial membrane
force o,h, where o; denotes circumferential stress. The so-called in-plane equilibrium equation may be
written as

d
a(mr) —o0;=0. )
The relations of the strain and displacement of the large deflection problem may be written as
du 1, dw ?
=3 T50g) (10)
and u

where ¢;, ¢; and u denote the radial strain, circumferential strain, and the radial displacement,
respectively. The relations of the stress and strain are

oy = (er +ver) (12)

1 -2

and

T2 (et +vey). (13)

Substituting Equations (10) and (11) into Equations (12) and (13) yields

2
E . du 1 dw +vz] (14)

"=ty Tale) T
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and
E u du v, dw.?

Ot:m[7 +Va+§(a) ] (15)
By means of Equations (14), (15) and (9), one has
u 1 1.d
P E(Gt —voy) = E[a(mr) —voy]. (16)
Substituting the u of Equation (16) into Equation (14), it is found that
d1d, , E dw ?

The detailed derivation from Equation (9) to Equation (17) can be found from any general theory
of plates and shells [43], so it is not necessary to discuss it here. In addition, from the above derivation,
it is not difficult to find that Equations (8) and (17) are two equations for the solutions of ¢, and w.

On the other hand, in the central contact portion (0 < r < b) between the deformed
circular membrane and the spring-driven frictionless rigid plate, due to dw/dr = 0,
Equations (10) and (11) become

du
€r = ar (18)
and u
et = ; (19)
Substituting Equations (18) and (19) into Equations (12) and (13) yields
E du u
o=l ) 20
and £ d
u u
oy = m(; +Va). (21)
Substituting Equations (20) and (21) into Equation (9) yields
2
AU du (22)

a2 ar Ty

Obviously, Equation (22) satisfies the form of the Euler equation, and its general solution may be
written as

u(r) = C17’+C2%. (23)

where C; and C; are two undetermined constants. The conditions to determine C; and Cp, or the
conditions that the special solution of Equation (22) must satisfy, are u = 0 at r = 0 and u = u(b)
at r = b. Therefore, with this boundary conditions it is found that C; = u(b)/b and C, = 0. Hence,
the special solution of Equation (22) may be written as

u(b)
u(r) = - (24)

Substituting Equation (24) into Equations (18)—(21), it is found that

b
er:et:#'n0<rsb (25)

and ,
0y =0p = E Min0<r§b. (26)
1-v b
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Now let us continue addressing the contact problem here. Based on the above derivations,
the boundary conditions and continuous conditions for the contact problem may be written as

w=0atr=a, (27)
4 L Gh—von) = 0at (28)
et—r—EhO't VOoy =Vatr=a
and )
u
(et)4 = (er)p = —atr= b, (29)
E u(b)
(0)4 = (0r)p = 7——, - atr =1, (30)
k(wym — Do + Al) = nb®qatr = b, (31)

where the subscripts A and B denote the regions on two sides of the inter-connecting circle (r = b).

The side of region A is under the plane state of radial tensile or compression of the membrane within

0 < r < b, while the side of region B is under the deflection state of the membrane within b <r < a.
Let us proceed to the following nondimensionalization

oy o} b k Al . Dy
— W— = - - K=—,L=—,D°= — 2
Q SV E/ ﬂ’ p 7 a/ (3)

a’ E’ 5t =

v
X=-,a=
a

and transform Equations (8), (16), (17) and Equation (27) to Equation (31) into

(2 —a?)Q+ 2xSrC;W =0, (33)
d?s ds, 1,dw.?
2d7or ro Ladwam o
X 12 —|—3xdx—|—2(dx) , (34)
B ds,
St = Sp+x T (35)
W=0atx=1, (36)
Si—vS, =0atx=1 (37)
and .
(St —vSr) 4 = (St —vSr)p = # atx = q, (38)
1 u(b)
(S)p=(Sr)g = =0 5 atx =aq, (39)
K(Wy, —D°+L) =a’*Qatx =a. (40)
Eliminating dW/dx from Equations (33) and (34) yields
d?s ds 2
40 2970r 3g 2907 2 2\2A2
B8!S S5 4247527 4 (2 - ) Q= 0. (41)
Expand S, and W to the power series of the x — (1 + ) /2
5 = QZ/?’Zc, Ly )
and

W= QY di(x- 1;“)1. (43)
=0
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After substituting Equation (42) into Equation (41), the coefficients c; (i = 1,2,3,4,...) can be
expressed into the polynomials with regard to ¢y, ¢; and a, which are shown in Appendix A, where ¢, ¢1
and « are three undetermined constants. Further substituting Equations (42) and (43) into Equation (33),
the coefficients d; (i = 1,2,3,4, . ..) can also be expressed into the polynomials with regard to ¢y, c; and
a, which are shown in Appendix B, while dj is another undetermined constant.

The values of undetermined coefficients cy, ¢1, @ and dp depend on the concrete problem, and can
be determined by using the above boundary conditions and continuous conditions. From Equation (43),
Equations (36) and (40) give

(44)
and
o2
Quszd KQ L+De. (45)
Then Equation (45) minus Equation (44) yields
- a-1" 1-a a? o
Q1Y af(* ) - (5] = TR L4 (46)
i=1
From Equations (35) and (42), Equations (37), (38) and (39) give
oo i oo 1—gq -1
Q*3(1-v) Zcz %) + Q@Y () =0, (47)
i=0 i=1
2/3 - 23 N @=L u(b)
Q1 - chl +Q aZtci( 5 ) = 5 (48)
i=0 i=1
and ‘
o a-1." 1 ub
Q1Y a(5-) = 1= (b>. (49)
i=0
Eliminating u(b) from Equations (48) and (49) it is found that
Y ic; (2= — 0. (50)

i=1

Therefore, for the problem in which the values of 4, h, E, v and g are known beforehand,
the undetermined constants ¢y, ¢; and a can be determined by the simultaneous solutions of
Equations (46), (47) and (50). Furthermore, substituting the known cy, ¢; and « into Equation (44) or
Equation (45), the last undetermined constant dy can also be determined. The problem dealt with here
is thus solved.

4. Effectiveness of the Closed-Form Solution Presented in Section 3

To assess the effectiveness of the closed-form solution presented in Section 3, we conducted a
simple experiment. The photos of the experimental setup are shown in Figure 4. A piece of thin
synthesized latex film (2-ethyl hexyl methacrylate) with elastic modulus E = 3.01 x 10° Pa, Poisson’s
ratio v = 0.45 and thickness & = 0.3 mm is clamped by the two round ends of two transparent Acrylic
hollow cylinders with inner radius a = 70mm, and the lower surface of the circular polymer thin film
is in contact with a movable circular Acrylic plate with radius @ = 69.5 mm and thickness f; = 2 mm.
The lower surface of the movable circular Acrylic plate is connected to two springs with stiffness
coefficient k = 2x0.1867 N/mm = 0.3734 N/mm, uncompressed original length L = 43.05 mm,



Polymers 2020, 12, 2133 12 of 27

and initial compressed length Iy = 0.05 mm. A centrifugal blower with AC 220 V and 1.1 KW was used
to produce a 1707 x 103 kg (16.73 N) force, which is acting on the upper surface of the circular polymer
thin film with radius 70 mm, converted to the transverse uniformly distributed loads q = 1086.80 Pa,
the wind pressure value per unit area on the circular plane with radius 70 mm.

Centrifugal blower &

~

Centrifugal blower

RY -

Electronic scale

(e) ()

Figure 4. Experimental setup. (a—d) The case of loading the thin film, where (a) full view and (b-d)
enlarged view; (e-f) The case of loads measurement, where (e) full view and (f) enlarged view.
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Under the action of g = 1086.80 Pa, the actually measured value of the maximum deflection
of this circular polymer thin film is about w,, = 12.35 mm while the theoretical value calculated
by the closed-form solution presented in Section 3 is about w;,;, = 11.97 mm. Figure 5 shows the
deflection profiles of this circular polymer thin film, where the solid line represents the results
theoretically calculated by the presented closed-form solution and the dash-dotted line represents the
experimental results. From Figure 5 it can be seen that the solid line is very close to the dash-dotted line,
which indicates that the closed-form solution presented here is basically reliable, from an experimental
point of view.

0 T T T T T T
5+ ) / 7
N <
‘\ /"
wmm] |, RN q=1086.80Pa pal |
15+ N
Presented solution
=-=-= Experimental result
20 | I I I I I I I I | : : :
70 60 50 40 30 20 10 0 10 20 30 40 50 60 70

r[mm)]
Figure 5. Deflection profiles for g4 = 1086.80 Pa, drawn by experimental data and analytical solution.

To further prove the effectiveness of the closed-form solution presented in Section 3, a numerical
analysis is conducted as follows. Suppose that we continue adopting all the conditions of this experiment
example except for the spring stiffness coefficient k, i.e., the elastic modulus E = 3.01 x 10° Pa, Poisson’s
ratio v = 0.45, thickness i = 0.3 mm, and radius 2 = 70 mm. The transverse uniformly distributed
loads (the wind pressure value per unit area) still takes g4 = 1086.80 Pa; the springs still take
uncompressed original length L = 43.05 mm and initial compressed length Al = 0.05 mm; while the
spring stiffness coefficient k takes 10 N/mm, 1 N/mm, 0.3734 N/mm and 1 X 10719 N/mm, respectively.
Figure 6 shows the deflection profiles of this circular polymer thin film, where the solid lines represent
the results theoretically calculated by the closed-form solution presented in this paper, the dash-dotted
line represents the experimental results, and the dashed line represents the results theoretically
calculated by the well-known Hencky solution for non-contact issues. It can be seen from Figure 6 that
the horizontal segment of the solid lines becomes shorter and shorter as the stiffness coefficient k of
springs decreases, until k takes 1 x 1079 N/mm the horizontal segment becomes invisible to the naked
eye. This shows that the contact area between the circular polymer thin film and the movable circular
electrode plate of the parallel plate capacitor becomes smaller and smaller as the stiffness coefficient k
of springs decreases, until k takes 1 x 10719 N/mm the contact area almost vanishes, i.e., when k takes
1 x 1071 N/mm the contact problem here almost becomes a non-contact issue. From Figure 6 it can be
clearly seen that the solid line drawn by the closed-form solution obtained in Section 3 are very close
to the dashed line drawn by the well-known Hencky solution for non-contact issues. This indicates
that the closed-form solution presented here is reliable, as far as the recognized effectiveness of the
well-known Hencky solution is concerned.



Polymers 2020, 12, 2133 14 of 27

0 T T T T T T T T T
k=10N/mm
5| |
ok . k=1N/mm i
w[mm] sk k =0.3734N/mm i
20+ B
k=1x10""N/mm
25+ Presented solution
=-=-= Experimental result
- = -Hencky solution
30 | 1 I 1 I I I | 1 |

70 60 50 40 30 20 10 0 10 20 30 40 50 60 70

r[mm]

Figure 6. Variations of w with r when k takes 10 N/mm, 1 N/mm, 0.3734 N/mm and 1 X 10710 N/mm,
respectively, where g keeps 1086.80 Pa.

As is known to all, the direction of winds in nature is random. However, the closed-form solution
presented in Section 3 is observed actually to be for uniform transverse loading. Therefore, at the
front end of the proposed sensor we set up a wind guiding hollow cylinder such that the received
wind pressure could, as uniformly and transversely as possible, act on the thin film, regardless of the
direction of winds in nature. Now let us incline the centrifugal blower about 45 degrees, as shown in
Figure 7, to test the effectiveness of setting up the wind guiding hollow cylinder. The force produced
by the centrifugal blower after inclined 45 degrees is about 972 x 103 kg (9.53 N), which is converted
to the transverse uniformly distributed loads g = 618.79 Pa, the wind pressure value per unit area on
the circular plane with radius 70 mm. The actually measured value of the maximum deflection of the
circular polymer thin film under g = 618.79 Pa is about w;,;, = 8.34mm, while the theoretical value
calculated by the closed-form solution presented in Section 3 is about w;; = 8.12 mm. The relative
error is about 2.64%. Figure 8 shows the deflection profiles of the deformed thin film, where the
solid line represents the results calculated by the closed-form solution presented in Section 3 and the
dash-dotted line represents the experimental results. From Figure § it can be seen that the solid line is
very close to the dash-dotted line, which indicates that the effect of setting up the wind guiding hollow
cylinder is basically satisfactory.
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Centrifugal blower

Centrifugal blower

8 10 11 1213

(c) (d)

Figure 7. Experimental loading under inclining the centrifugal blower about 45 degrees. (a—d) The
case of loading the thin film, where (a) full view and (b-d) enlarged view; (e—f) The case of loads

measurement, where (e) full view and (f) enlarged view.
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Figure 8. Deflection profiles for g = 618.79 Pa, drawn by experimental data and analytical solution.

5. Numerical Calibration of the Sensor

Though the closed-form solution obtained in Section 3 has, in Section 4, been demonstrated
to have satisfactory computational accuracy, it can still not be directly used to design the proposed
elastic polymer thin film-based capacitive wind-pressure sensor. The main reason herein is that by
using the closed-form solution obtained in Section 3, we can only obtain a set of precise numerical
calculation values of the maximum deflection w,, and its corresponding loads g, rather than the
analytical relationship between the loads g and the maximum deflection w,. In other words, the explicit
function g = f(w, ), which is essential to design the sensor proposed here, can still not be derived from
the closed-form solution presented in Section 3, because the undetermined constants ¢y, c¢1, @ and dy
can be determined only under the condition that the loads g are known beforehand.

However, the expected explicit function g4 = f(w,) can be obtained by the mathematical modeling
based on the precise numerical values of the maximum deflection w,, and its corresponding loads g,
while these precise numerical values can be calculated by using the closed-form solution obtained in
Section 3. The basic modeling thinking is that since the applied total external forces 7?q is always
shared by the deflected circular membrane and the compressed springs, then we can make the contact
radius b as small as possible by adjusting the initial distance Dy between the initially flat circular
membrane and the initial position of the frictionless movable rigid electrode plate, such that the
deflected circular membrane in contact problem can roughly be equivalent to a deflected Foppl-Hencky
membrane (non-contact problem). The explicit function g = f(wy,) for a deflected Foppl-Hencky
membrane can be derived from the well-known Hencky solution (from Equation (33) in our previous

work [35])

2Eh 4

q Wy (51)

0

where g( ) is a function and c is an undetermined constant which depends, in the well-known
Foppl-Hencky membrane problem, on only the value of Poisson’s ratio v [35]. Therefore,
the mathematical model for the contact problem here can be approximated by

2Eh
natq = nazmw?ﬂ + k(wy — Do + Al), (52)
and is further simplified into
2Eh 4 k k(Al = Dy)
= - A 53
1 atcgd(c) R (3)

Therefore, if we simultaneously measure the electrical capacitance (C and Cy) of both variable
capacitor and fixed capacitor, then the analytical relationship between the wind pressure g and the
ratio Cy/C of the measured electrical capacitance can, from Equations (3) and (53), be written as

2Eh G2  k C
D+Dy-D-=2) +$(D+DO—D—O)+

k(Al - Dy)
7= a*cg3(c) ( C C '

. (54)
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Obviously, the greater the initial distance Dy is, the smaller the contact radius b will be, and the
smaller the contact radius b is, the more accurate the mathematical model of Equations (53) will be,
while the greater the initial distance Dy is, the greater the minimum distinguishable wind pressure
of the sensor will be. The acceptable minimum distinguishable wind pressure could be greater
than 50-100 Pa, as far as the anticipative use of the proposed sensor for ultrahigh-rise buildings
application is concerned. By way of illustration we will show the process or steps how to do this
mathematical modeling.

Suppose that we continue adopting all the conditions of the experiment example in Section 4,
except for the spring stiffness coefficient k and the thickness & of the thin film, i.e., the elastic modulus
E = 3.01 x 10° Pa, Poisson’s ratio v = 0.45, and radius 2 = 70 mm, but the thickness # = 1 mm,
the stiffness coefficient of spring k = 0.0015 and 0.01 N/mm, and the initial compressed length
of the spring Al = 0.05 and 0.5 mm. The initial distance D between the movable and immovable
electrode plates takes 14 mm, and the initial distance D takes 5 mm. Therefore, based on our previous
work [35] the undetermined constant in the well-known Foppl-Hencky membrane problem should be
¢ = 0.3380417 due to v = 0.45, hence g(c) = 1.105391058. The minimum distinguishable wind pressure
is, by Equation (51), calculated to be about 68.643 Pa due to w,, = Dy =5 mm.

Table 1 shows the numerical results for k = 0.0015 N/mm and Al = 0.05 mm, in which the
maximum deflection w;, and the contact radius b are calculated by using the closed-form solution
obtained in Section 3 and using the actually applied loads g, while the predicted loads 4" values
are calculated by using the prediction model g7 = 0.549144w?3, + 0.097442w,, — 0.482337 (derived
from Equation (53)) and using the calculated w,, values. Figures 9 and 10 show the variations of
wy, and b with the loads g. Figure 11 shows the variations of g and g7 with wy,, where the solid line
represents the variation of g with w,,, and the dashed line represents the variation of g7 with w,. From
Figure 11 it can be seen that the dashed line is much closed to the solid line, which means that the
computational precision of the prediction model g7 = 0.549144w3, + 0.097442w,, — 0.482337 is very
well due to the relatively small b (see Figure 10). Figure 12 shows the variation of the wind pressure g
with the ratio Cp/C of the measured capacitance, where the dashed line is drawn by the prediction
model q” = ~1506.851136(Co/C)> + 6135.036768(Co /C)? — 8327.485513Cy / C + 3767.947753, which is
derived from Equation (54).

Table 1. The numerical results for k = 0.0015 N/mm and Al = 0.05 mm.

q [Pa] Wy, [mm] b [mm] q” [Pal Relative Errors
68.7 5.0061 0.094574 68.6710 0.042213%
100 5.6598 1.774964 99.3015 0.698500%
150 6.4700 2.163162 148.3866 1.075600%
200 7.1203 2.249843 197.7866 1.106700%
220 7.3496 2.258643 217.5188 1.127818%
230 7.4586 2.260118 227.3463 1.153783%
240 7.5652 2.260116 237.2318 1.153417%
250 7.6694 2.258899 247.1701 1.131960%
300 8.1531 2.240865 296.9366 1.021133%
400 8.9823 2.180269 397.0454 0.738650%
500 9.6827 2.114636 497.3232 0.535360%
800 11.3453 1.946041 799.8860 0.014250%
1000 12.2219 1.858404 999.9076 0.009240%
1500 13.9915 1.695536  1499.9920 0.000533%
2000 15.4000 1.580867  1999.9933 0.000335%
2200 15.8973 1.543461  2199.9967 0.000150%

Relative errors = |g —q"|/g.
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Figure 9. Variations of w,, with q.
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Figure 10. Variation of b with g.

Table 2 shows the numerical results for k = 0.01 N/mm and Al = 0.5 mm, in which the
maximum deflection w;, and contact radius b are calculated by using the obtained closed-form solution
and using the actually applied loads g, while the predicted loads g” values are calculated by the
prediction model g7 = 0.549144w3, + 0.649612w,, — 2.923254 (derived from Equation (53)) and using
the calculated w,, values. Figures 13 and 14 show the variations of w,, and b with the loads g. It can
be seen from Figures 10 and 14 that the contact radius b in Figure 14 gets much bigger than that in
Figure 10 due to the spring stiffness coefficient k increased from 0.0015 N/mm to 0.01 N/mm and
the spring initial compressed length Al increased from 0.005 mm to 0.5 mm. Figure 15 shows the
variations of 4 and q” with w;,, where the solid line represents the variation of 4 with wy,, and the
dashed line represents the variation of g7 with w,,. From Figure 15 it can be seen that the solid line
and dashed line diverge slightly in comparison with the case in Figure 11, which means that the
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prediction model g7 = 0.549144w3, + 0.649612w,, — 2.923254 gives rise to a larger computational error
due to the relatively large contact radius b (see Figures 10 and 14). Figure 16 shows the variation of
the wind pressure g with the ratio Cy/C of the measured capacitance, where the prediction model
q = ~1506.85114(Cy/C)* + 6135.03677(Cy/C)* — 8335.21590C, / C + 3775.99807, which is derived
from Equation (54), is used to draw the dashed line.

2500 T T T T T T T

2000

1500
g[Pa]

1000

T

500

w, [mm]

m

Figure 11. Variations of g with w;;.
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Figure 12. Variations of g with Cy/C.
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Table 2. The numerical results for k = 0.01 N/mm and Al = 0.5 mm.

q [Pa] Wy, [Mmm] b [mm] q’ [Pa] Relative Errors
75 5.0321 4.6977 70.3192 6.2410%
95 5.4284 5.5773 88.4441 6.9010%
100 5.5170 5.6897 92.8760 7.1240%
150 6.2919 6.1665 137.9497 8.0335%
200 6.9246 6.2119 183.9075 8.0463%
250 7.4657 6.1449 230.4311 7.8276%
300 7.9425 6.0437 277.3756 7.5415%
400 8.7623 5.8240 372.2119 6.9470%
500 9.4592 5.6189 468.0044 6.3991%
600 10.0710 5.4365 564.5354 5.9108%
800 11.1196 5.1321 759.3204 5.0850%

1000 12.0089 4.8889 955.9013 4.4099%
1200 12.7884 4.6889 1153.8950 3.8421%
1400 13.4871 4.5203 1353.0622 3.3527%
1600 14.1233 4.3756 1553.2678 2.9208%
1800 14.7094 4.2490 1754.3664 2.5352%
2000 15.3745 41371 2002.7175 0.1359%
2200 16.0270 4.0371 2268.1771 3.0990%

Relative errors = |g —q”|/g.
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Figure 14. Variation of b with g.



Polymers 2020, 12, 2133 21 of 27

2500 T T T T T T T

2000 1

1500 1
g[Pa]

1000 - 4

500 y

0 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16

w, [mm]

Figure 15. Variations of g with w;;.
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Figure 16. Variations of g with Cy/C.

It should be noted that as far as the design calibration of sensor is concerned, the numerical
calibration here can also be implemented by the method of curve-fitting data, i.e., by using the
nonlinear model §” = Ajw}, + Aywy, + As to fit data in Table 1 or Table 2 with least square method
or gradient descent technique, as usually done in the experimental calibration of using a linear
model. Table 3 shows the fitting results to the data in Table 2 with least square method, in which
the fitted nonlinear model is g7 = 0.5339 w3, + 9.965 w,, — 45.67, and the fitted linear model is
q" = 189.6w,, —1107. Figure 17 shows the variations of g, g7 and g with w;,, where the solid line
represents the variation of g with wy,, the dashed line represents the variation of 47 with wy,, and the
dash-dotted line represents the variation of g/ with wy,. From Figure 17 and Table 3 it can be seen
that the fitting effect of the nonlinear model within 75-2000 Pa has been well improved in comparison
with Figure 15. Figure 18 shows the variations of g, ¢’ and g with the ratio Cy/C of the measured
capacitance, where the solid line represents the variation of g with Cy/C, the dash-dotted line is drawn
by the linear-fitting model g = —-2654.4Co/C + 599.4, and the dashed line by the nonlinear model
q” = —1465.0216(Co /C)? +2825.3988(Cy/C)* — 1955.8378Cy/C + 433.2281. From Table 3 it can be
seen that the errors caused by the linear-fitting model has exceeded the 15% allowable error in civil
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engineering while the errors caused by the nonlinear-fitting model within 75-2000 Pa is about 3%.
Therefore, from Table 3 and Figures 17 and 18 it can be concluded that the nonlinear-fitting model
g’ = Awy, + Aywy, + As is well suitable for the numerical calibration here, while the method of fitting
a straight line is unworkable.

Table 3. The fitting results to the data in Table 2 with least square method.

q [Pa] Wy, [mm] q"”" (Linear-Fitting) [Pa] Relative Errors  q” (Nonlinear-Fitting) [Pa] = Relative Errors
75 5.0321 —145.6289 294.1719% 72.5060 3.3253%
95 5.4284 —-73.1492 176.9991% 93.8264 1.2354%

100 5.5170 —-56.9347 156.9347% 98.9627 1.0373%
150 6.2919 84.7962 43.4692% 150.0177 0.0118%
200 6.9246 200.5032 0.2516% 200.6043 0.3022%
250 7.4657 299.4734 19.7894% 250.8869 0.3548%
300 7.9425 386.6774 28.8925% 300.9783 0.3261%
400 8.7623 536.6332 34.1583% 400.8342 0.2086%
500 9.4592 664.0885 32.8177% 500.4716 0.0943%
600 10.0710 7759777 29.3296% 600.0327 0.0055%
800 11.1196 967.7824 20.9728% 799.1984 0.1002%
1000 12.0089 1130.4199 13.0420% 998.6217 0.1378%
1200 12.7884 1272.9987 6.0832% 1198.3950 0.1337%
1400 13.4871 1400.7866 0.0562% 1398.5545 0.1032%
1600 14.1233 1517.1518 5.1780% 1599.1406 0.0537%
1800 14.7094 1624.3581 9.7579% 1800.1276 0.0071%
2000 15.3745 1745.9871 12.7006% 2047.7912 2.3896%
2200 16.0270 1865.3335 15.2121% 2311.9721 5.0896%

7]

Relative errors = |g —q”|/g or |7 —q""|/q.
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Figure 17. Variations of g with w;,.
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6. Concluding Remarks

In this paper, an elastic polymer thin film-based capacitive wind-pressure sensor is proposed
to meet the anticipated use for real-time monitoring of structural wind pressure in civil engineering.
From this study, the following conclusions can be drawn.

The proposed capacitive wind-pressure sensor can eliminate the influence of the change of dielectric
constant caused by the change of air humidity. Therefore, it is suitable for use in natural environment.

In comparison with the existing capacitive pressure sensors using soft dielectric elastomer
or conductive thin elastic films, the proposed capacitive wind-pressure sensor has a larger
pressure-monitoring range, which profits from allowing free choice of polymer films with excellent
elasticity. It could implement 100-2000 Pa pressure measurement, and can thus meet the requirements
of wind-pressure real-time monitoring in civil engineering.

The closed-form solution presented in this paper has been proved to be basically reliable, and can
be used to generate the accurate fitting data for the numerical calibration of the proposed capacitive
wind-pressure sensor. The numerical examples conducted show that the numerical calibration here
could be conducted directly by the nonlinear-fitting model ¢ = Ajw3, + Aswy, + Az, without having
to use the well-known Hencky solution.

However, the present research is only in theoretical stages or provides only a basic theoretical
framework for the design of the proposed capacitive wind-pressure sensor, and many details still need
to be further studied, especially need to be combined with more comprehensive experimental research.
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—4416T3B3c)c1 — 15541° B2 + 4814 B2co — 43°Bey — 567°¢p)

o
N

— 1 1 134 .5 12 .3 .6 12 .5 4
= 7agt7m o (18432061} — 9216076123 + 11980808 i

~7833607p cic] + 2856960B cScT — 26265607p10cct + 2972160p10c]c2
—434304078°c5c] + 1198080pcBey — 3571200788 cf 4 24576pM 5y
—1159687p'0c3c] + 158976728%c3cs — 593287°B8c2ct + 921606%¢)
—124416077 By + 22272p10c§ — 2595841%coct + 60038472 B3¢l /
—3254407°B7 )] — 921607p0c) — 1224961855 + 6819847287 cocy
—6262087B0c;ct + 2174407%B0ch — 4846087 o — 1186567 B
—428873B5¢3 + 103367 p>cc1 — 54167°Bcoct + 126087*B%c)
—144407°B3cer — 88961°p2c) — 4377)
ds = —s5058 @ (645120pMcdc8 — 322560813 1c3c” + 51609601353
—3225600782c5c + 161280008 2c5e} — 1322496078 cocy + 245145608 ] c)
~2838528078'0cSct 4 181440008'0cScd — 3358656018°c) 3 + 17740882 coc2
—6658561B'cicy + 79200072B10c3ct — 27187273 cAc] 4 54835208y
—208857607p5c5cs 4 3655688 ey — 23715841410coch 4 41103367287 cyc
—188812873p8c;c] + 322560p%¢;" — 5644800187 coe1 + 1559048'0c]
—25175047°cSey + 742137672 8¢)ch — 49760647787 coc; — 32256015,
~7411207p8c] + 53291527747 cSey — 609619277 B0c5c] + 1191888728°C]
—33490567°p>cfe1 + 144007785 cy — 708487387 cheq + 982321 B0c]c]
—392047°coc; — 61171273 B4c]) — 816647 0] 4 2482247487 ¢y
~1594007°B*cic? + 1438401* ey — 2032727°B3cher — 792167°B2c;
+9477°B2¢) — 89217 ey — 118217 ¢y)

where = (1+a)/2, 7 = (1+2a-3a?)/4.
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