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ABSTRACT The design of a sensitivity improved dual diaphragm based vibrating wire transducer for
sensing pneumatic pressure is proposed. The improvement achieved in sensitivity of a dual diaphragm
structure over the single diaphragm category is verified through experiments. An experimental setup for
efficiently assessing the dynamic performances of the pressure transducers is presented. Eventually, the
improved sensitivity concedes improvement in precision and resolution of the instrument.While the vibrating
wire transducer based pressure sensors always show better dynamic performances over others, the present
dual diaphragm structure offers improved sensitivity, which adds to their dynamic performances and overall
performance characteristics.

INDEX TERMS Diaphragm structure, dynamic pressure sensor, sensitivity improvement, time constant
measurement.

I. INTRODUCTION
Pressure sensors and acoustic transducers working on the
elastic properties of metallic diaphragms were reported in the
past [1]–[2]. Appropriate pickup devices were linked with
the diaphragms and the signals were sensed and calibrated
for the pressure acting on the diaphragms [3]–[8]. As a fur-
ther extension of the work on this line the stress induced
in the diaphragm due to application of pneumatic pressure
was transformed into vibrations on a wire stretched to the
vertex of a diaphragm and its frequency was measured to
calibrate for the pressure acting on the diaphragm [9]–[11].
The vibrating wire transducer was claimed to offer improved
dynamic performances over the conventional strain gauge
types of elements clamped to the diaphragm. We now pro-
pose a dual diaphragm structure holding a tightly stretched
wire at the vertices of the diaphragms as to increase the
sensitivity of the pressure transducer. The enhancement
in sensitivity improves further the dynamic performance
of the pressure transducer and is quite suited in applica-
tions measuring relatively low changes in the magnitude
of applied pressure. Also, an experimental setup to assess
efficiently and precisely the dynamic performances of the
dual diaphragm vibrating wire transducers are presented. This
test setup can be used for determining the dynamic perfor-
mances of other pressure sensors as well. For measuring

pneumatic pressure, diaphragm based cantilever excited pres-
sure cell was proposed in the past [12]. Later, its performance
was improved by considering dual diaphragm structure [13]
which could measure differential pressure as well. Further-
more, dual diaphragms incorporating spherical corrugations
in the diaphragm structure linked to appropriate pickup
was also reported [14]. These dual diaphragm structures
were showing improved performances over single diaphragm
structures. Nevertheless, as these devices are not involving
vibrating wires they have limited dynamic performances.
Now we consider dual diaphragm structure with vibrating
wire for improving its sensitivity and other performance
characteristics.

II. DUAL DIAPHRAGM ACTUATED VIBRATING WIRE
PRESSURE SENSOR
The single diaphragm based vibrating wire pressure sen-
sor reported earlier [10]–[11] is presently extended to dual
diaphragm structure.

A. CONSTRUCTIONAL FEATURES
Fig.1 shows the schematic of the pressure transducer having
two symmetrically spaced metallic diaphragms with their
vertices facing each other. The vibrating stainless wire is
bonded at the vertices of the diaphragms. The diaphragms
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FIGURE 1. Simplified Schematic of Dual Diaphragm Implanted Vibrating
Wire Pressure Transducer.

are brazed rigidly inside a metallic hollow cylinder at an
estimated spacing between them.

The wire is set into vibration by mechanical force exerted
onto it magnetically. As the wire vibrates, the frequency of
the vibration is measured by an opto-coupler fixed around
the wire. The light projected from an LED of opto-coupler
falling on its photocell is interrupted by the vibrating wire.
The waveform of the sensed signal is processed and fre-
quency is determined. Then the frequency is calibrated for
the pressure acting on the diaphragms. In order to maximize
the output the directions of the magnetic vibration exciter
and the opto-coupler are kept mutually orthogonal to each
other.

B. RELATIONSHIP BETWEEN FREQUENCY AND PRESSURE
The frequency of the vibrating wire stretched between
the diaphragms depends on the pressure acting on the
diaphragms. As the pressure induces stress on the wire it
influences the nature of vibrations and its frequency. The
relationship between the frequency and applied pressure is
established as follows.

A tightly stretched string of length L (Fig.2) at the extreme
ends is subject to set into vibration by small force acting on it.
The forces experienced on the string in orthogonal directions
are given below.

Fy = T .Sin (θ +1θ)− T .Sin θ (1)

Fx = T .Cos (θ +1θ)− T .Cos θ (2)

where T is the tension involved.
As the transverse displacement y is small and θ& θ +1θ

are also small in magnitudes the above expressions become

Fy = T .1θ (3)

Fx = 0 (4)

As reported before [9], the partial differential equations con-
cerning the transverse motions in terms of space and time as

θ

Θ + Δθ

x
   x + Δxy

FIGURE 2. A Portion of the Vibrating String.

follows.

∂2y
∂x2
=
ξ

T
∂2y
∂t2

(5)

where

ξ =
m
L

(6)

in whichm is mass of the wire in Kg and L is length in meters.
The solution of the partial differential equation (5) is

y (x, t) = r(x).Cos (ωt) (7)

The second derivative in terms of time and spatial distance
are

∂2y(x, t)
∂t2

= −ω2r(x)Cos (ωt) (8)

∂2y(x, t)
∂x2

=
∂2r(x)
∂x2

Cos (ωt) (9)

Using (8) and (9) in (5) we get

∂2r(x)
∂t2

= −
ω2ξ

T
r(x) (10)

The solution of the above equation is

r(x) = K .Sin

[
ω.x

√(
ξ

T

)]
(11)

Applying boundary conditions at x = 0 and x = L we get

ω.L

√
ξ

T
= nπ (12)

As ω = 2π f , we get

f =
n
2.L

√
T
ξ

(13)

The fundamental frequency of oscillations would be

f1 =
1
2.L

√
T
ξ

(14)

With the use of two diaphragms experiencing vector added
tensions T1 and T2 the frequency f1 becomes

f1 =
1
2.L

√
(T1+ T2)

ξ
ax (15)
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FIGURE 3. Block Schematic of the Pressure Transducer.

where ax is the alignment factor concerning fixing the two
diaphragms whose magnitude would be slightly less than
unity.

If A is the area of the diaphragm then tension acting on the
diaphragm is

T = p.A (16)

where p is the pressure acting on the diaphragm.
With T1 and T2 remaining the same, the frequency f1

becomes

f1 =
1
2.L

√
2.p.A.ax

ξ
(17)

The frequency f1 has a magnitude
√
2 times greater than

the single diaphragm structure. This therefore increases the
sensitivity accordingly.

C. BLOCK SCHEMATIC OF PRESSURE SENSOR
A simplified block diagram of the pressure transducer with
the dual diaphragm vibrating wire structure is shown in Fig.3.
The microcontroller has standard features such as I/O ports
EPROM, RAM memory, keyboard and display interface.
Through one of its output port a programmed magnetic excit-
ing pulse train is sent to the pressure transducer. The vibrating
wire is an alloy made of Tungsten, Silver and other few
elements [9]. At selected portion falling in themidway of wire
is coated with magnetic sensitive ferrous elements required
for producing magnetic excitation. The electromagnetic core
surrounds this part of the wire and attracts it on one side
and opposite side successively and periodically due to the
pulsating current excitation. This sets the wire into vibration
and its frequency would depend on the pressure acting on the
diaphragm.

The diaphragm used is a medium strength Al alloy of 5cm
radius, 1mm thickness and 1cm of height for the spherical
shell with Young’s modulus 200GN/m2 and Poisson ratio
0.3. The range of pressure input for this cell is worked out
to be 20KPa to 100KPa. The opto-coupler fixed orthogonal
to the direction of vibration picks up the electrical signal
proportional to the interruptions given to the light beam and it

FIGURE 4. Frequency Sensed vs Pressure Applied.

is digitized and read by the microcontroller. From the stream
of data of opto-coupler the frequency is evaluated both in time
domain and in frequency domain.
Time domain determination of the frequency is based on

the zero crossing instants of the opto-coupler signal. The
frequency domain determination of f1 of the vibrating wire
depends on the application of FFT. The FFT also gets the
harmonics of the vibrating wire, but we use only the fun-
damental component of the frequency. In both computation
techniques, the frequencies are estimated on five trials basis
and the medians are estimated first and these two medians are
averaged finally to get the frequency of vibration.
A lookup table providing the relationship between the fre-

quency and pressure is saved in EPROMmemory. After deter-
mining the frequency the pressure acting on the diaphragm is
obtained from the lookup table and it is sent external to the
microcontroller both in digital form and in analog form. The
relevant data is also displayed in LEDs as desired. The data of
pressure thus obtained are also saved in FIFO (First In First
Out) organized in RAMmemory. Therefore, when the device
is set into action, the frequency is continuously monitored and
the pressure is delivered to output.
The relationship between the frequency measured from

the wire and pressure acting on the diaphragm is shown
in Fig.4 for single diaphragm structure and dual diaphragm
structure holding vibrating wires. This shows nonlin-
ear behavior of the frequency of vibrations against the
pressure.

III. CONDUCTING EXPERIMENTS
Fig.5 shows a simple block diagram for conducting practical
experiments for the pressure sensor.With the block schematic
of the pressure sensor shown in Fig.3, only an I-to-P converter
is included in the setup as shown in Fig.5. With this inclu-
sion the microcontroller facilitates performing wide ranges
of experiments by driving the appropriate electrical signal
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FIGURE 5. Simplified Block Schematic of the Experimental Setup.

waveform to I-to-P converter. The analogue output delivered
from the microcontroller to the I-to-P converter produces an
equivalent pressure applied to the pressure cell. As before,
the vibrations of the wire are picked up from the opto-coupler
and the signal are processed in the microcontroller for deter-
mining the measured pressure. The nonlinearities present in
the characteristics shown in Fig.4 are linearized appropriately
by programming the EPROM bearing the lookup table of
frequency and pressure.

It is to be noted that the I-to-P converter is an important
device connecting microcontroller to the pressure chamber of
the pressure cell. It works on force balance principle with a
coil suspended in a magnetic field on a flexible mount [15].
A flapper valve connected at the lower end of the coil operates
against a precision ground nozzle to create a backpressure
on the servo diaphragm of a booster relay. The input current
flows in the coil and produces a force between the coil and
the flapper valve, which controls the servo pressure and the
output pressure.

A. STATIC TEST
The static test is performed with constant pressure applied
relatively for longer time and the responses are tested. Static
test is mainly meant for assessing the accuracy and precision
of the pressure sensor in its operating range. The difference
between the applied pressure and the response of the cell
should be negligibly small as to have high accuracy. Static
tests for single diaphragm vibrating wire pressure sensor, dual
diaphragm vibrating wire sensor and single diaphragm strain
gauge wire pressure sensor are performed and the responses
are plotted in Fig.6.

The dual diaphragm vibrating wire transducer is sensing
precisely the low pressure applied since the frequency of
vibrations generated in dual diaphragm case are always
greater than the single diaphragm case of vibrating wire trans-
ducer. For higher pressures applied the measurements shown
by all three transducers are almost similar but always preci-
sion results closer to the applied pressure is shown invariably
by dual diaphragm vibrating wire transducer. Table I shows

FIGURE 6. Response to Static Test.

the data taken from EPROMs of the three sensors for selected
applied pressures in the set measurement range.

TABLE 1. Lookup table data in eproms at selected pressures.

Pressure
Applied KPa

Pressure
Sensed

Single Diaph
Vibrating
Wire KPa

Pressure
Sensed Dual

Diaph
Vibrating
Wire KPa

Pressure
Sensed

Single Diaph
Strain Gauge

KPa

20 19.990 19.998 19.851

40 39.991 39.999 39.855

60 59.992 59.999 59.856

80 79.992 79.999 79.857

100 99.992 99.999 99.857

B. MEASURING THE TIME CONSTANT
The time constant of a pressure cell might be required to
be measured in several occasions. The geometry and the
materials used for the diaphragm and the wire would decide
the system order of the instrument and the time constant. It
might fall into the category of a first order system or an over
damped second order system.
For a first order instrument time constant is determined by

applying unit step input and marking the time it takes for the
response to reach 63.2% of the step size. This is ascertained
by the following.
The transient response of the pressure cell for the step input

is given by

eo (t) =
(
1− e−t/τ

)
(18)

where τ is the time constant.
At the instant when time t reachesτ , the response eo(t)

would be (1 – 1/e) and this value is 0.632.
When the microcontroller sends the pressure input as a

step a software counter organized in memory is initialized.
As the response rises exponentially the microprocessor reads
it successively to mark the instant of reaching 63.2% level.
The software counter is incremented until this marking level
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FIGURE 7. Dynamic Response of Pressure Cell.

is reached and then it is terminated. Therefore, the software
counter data provides a measure of the time constant of the
pressure sensor. A lookup table in EPROM is made available
with the microcontroller for providing readily the time con-
stant whenever the software counter data is driven to it. It is
to be noted that the elastic properties of the material would
decide mainly the value of the time constant.

The over damped second order model has the transient
response to step input resembling the first order system. It
is well known that the differential equation characterizing the
second order system is given by

ÿ+ 2ζωnẏ+ ω2
ny = f (t) (19)

where y: response in time, ζ : damping factor, ωn: natural
frequency of oscillations and f (t): forcing function.

The step response of the over damped (ζ > 1) second order
system is given by [16]

ys (t)=
1
ω2
n

[
1−

ωn

2
√
ζ 2 − 1

(
τ1.e−t/τ1 − τ2.e−t/τ2

)]
(20)

where τ1 and τ2 are the time constants. The largest of these
two is known as dominating time constant and this can be
determined as in first order system.

C. PERFORMING DYNAMIC TESTS
Dynamic response of a pressure cell depicts the characteris-
tics of the pressure cells under dynamically varying pressure
inputs. Standard test signals such as decayed sine wave input,
triangular and square wave inputs are usually applied to pres-
sure cell to see its response. Here, we give more sophisticated
dynamic input of staircase waveform with varied step size
and duration and the responses are obtained. The pressure
sensors of single diaphragm vibrating wire, dual diaphragm
vibrating wire and single diaphragm strain gauge are taken for

the experimentation and the responses are plotted as in Fig.7.
The step magnitude in pressure is progressively changed from
1KPa, 2KPa and 4KPa and the duration of the steps is kept
successively as 100µs, 200µs and 400µs. The steps are issued
from the starting level of 50KPa. As seen in the response,
the dual diaphragm based vibrating wire offers better perfor-
mance compared to others.

IV. CONCLUSION
The improved performance of the dual diaphragm based
vibrating wire pressure cell in its sensitivity encourages us to
replace the single diaphragm vibrating wire pressure trans-
ducers used in practice. The cost factors involved in dual
diaphragm cell and single diaphragm cell are comparable
as only a meagre increase in cost is encountered in dual
diaphragm cell.
The deflection characteristics of the diaphragm depend on

the elastic properties of the material used for wire and for
diaphragms and on the physical dimensions of the materials
employed. Therefore, the material for the diaphragm are so
chosen as to have the elastic properties that offer only the first
order deflection on the surface of the diaphragm. For mea-
surement of extremely high pressures, the thickness need be
relatively larger as to withstand the pressure and offer reason-
able durability. Depending upon the range of measurement of
the pressure the materials for the diaphragm and wire should
be chosen accordingly for the different application ranges.
Under the circumstances of measuring dynamic variations
in pressure the diaphragm would adjust itself to the varying
loads causing no permanent deformation in the physical and
mechanical geometry of the diaphragm.
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