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Abstract

A new torque transfer standard using metallic TBTF resonant sensor was
developed to overcome the overload capability problem which occurs with
conventional metallic resistance strain gauges. Previous research work,
however, has shown that the first prototype of the metallic TBTF resonant
sensor was not suitable for use in a torque transfer standard due to its
size and subsequent sensitivity to parasitic lateral forces. To maximize
the benefits from this sensor, particularly overload capability and long-
term stability, in the high accuracy torque measurement application area,
there is a need to develop significantly smaller devices.

The aim of this thesis is to research through FEA modelling and
experimental characterisation the key performance parameters required
to produce a miniaturised metallic TBTF resonant sensor that provides
better performance when applied in a torque measurement system. For
high accuracy any torque transducer using these sensors ought to have
low sensitivity to parasitic influences such as bending moments and
lateral forces, which can only be achieved with reduced size. The
problems with the existing design, key design issues, possible
configuration and packaging solutions of the metallic TBTF resonant
sensor that could be used for achieving a higher accuracy torque transfer
standard are considered.

Two designs of miniaturised metallic TBTF resonant sensors, SL20 and
SL12, are considered and experimentally investigated. The lateral forces
are reduced by 52% for SL20 design and by 80% for SL12 design when
compared to the original SL40 design. A torque transducer using the
SL20 design was calibrated falling into the Torque Transfer Standard
class of accuracy 1 category, uncertainty 0.8%. A torque transducer using
the SL12 design was made and calibration showed a class of accuracy
0.5 category, uncertainty 0.2%.

The results from this research indicate that the SL12 design is suitable for
use in a torque transfer standard. The SL12 design is optimal and the
smallest size possible based on the overload capability design criteria
requiring the tine cross sectional area to remain constant.
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Chapter 1

1. Introduction

1.1 Aims and Objectives

The aim of the research work reported in this thesis is to contribute to the
development of a new torque transducer, based on a metallic triple beam
tuning fork (TBTF) resonator configuration, giving high overload capability
and direct frequency output signal, for implementation as a torque
transfer standard. The first objective is to study the performance of the
current design of TBTF resonator in order to understand the performance
characteristics and drawbacks with this current design. The second
objective is to apply Finite Element Analysis (FEA) in order to analyse the
source of measurement errors in torque transducers and model the new
design which minimise those flaws. The third objective is to fabricate the
prototype of the new TBTF design according to the FEA model and
examine its performance from the experimental results. The new
prototype is calibrated against the national torque standard at the
National Physical Laboratory (NPL) with a view to classify the accuracy of
this new torque transducer. Finally, another prototype metallic TBTF
resonator is fabricated and characterised, which will achieve additional
performance improvements and satisfy industrial needs.

1.2 Justification of the Research

Torque is involved in almost everything in human daily life such as,
tightening of wheel nuts on a car, manufacturing of caps for pill bottles
and maximizing the output of a jet engine etc (Robinson, 2007). In
manufacturing, torque value must be verified for the safety and quality of
products by using torque transducers. Moreover, if companies wish to be
certified as part of a quality system, their equipment must be calibrated in
order to ensure that the measured value is correct, that is the basis of
traceability. Measuring test equipment will be calibrated against a
reference standard that itself has been calibrated in unbroken succession
back to the national standard (Rainer, 2002). There are many kinds of
reference standards such as primary standards, secondary standards,
working standards etc. depending on the accuracy. The accomplishment
of linking between these reference standards is succeeded by using
transfer standards to transfer the measured quantity (torque) from the
national standard to a reference standard, then to working standards
such as calibration devices and ultimately to test devices, such as power
test benches.

In torque calibration, the most common torque transfer standards widely
used in laboratories and in industry are based on strain gauge sensors,
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where the torque value is acquired from the electrical output signal of the
strain gauge circuit. These conventional metallic resistive strain gauges
produce low amplitude output signal, thus the surface strain is generally
designed to approach the elastic limit of the sensing element in order to
obtain a measurable value. As a result, the overload capability of the
strain-gauges-based torque transducers will be limited by this factor (Yan
et al, 2004b). This problem with overload capability has led to the
development of the new torque transfer standard using metallic resonant
sensors. Evidence shows that the resonant sensor, fabricated on stiff
structures will provide better overload capability than strain gauges and
also increase the torque measuring range (Yan et al, 2004b).

Moreover, the output signal of the strain-gauge-based torque transducers
is an analogue voltage signal, so an analogue-to-digital conversion unit is
required if used with digital circuitry. Metallic resonant sensors directly
give a frequency signal output, which is compatible with digital circuitry so
the analogue-to-digital conversion unit can be eliminated for this kind of
torque transducer. From this point, implementing metallic resonant
sensors as a torque transfer standard is more convenient and the cost of
the torque measurement system will be reduced compared to strain
gauges. In addition, the resolution achievable using metallic resonant
sensors would be as good as strain gauges as the frequency can be
measured with high accuracy, which is very important for transfer
standards. Moreover, resonant sensors provide better long-term stability
since the frequency signal is not dependent on the amplitude of the
electrical signals and the measurement accuracy is not limited by the
signal-to-noise ratio, which occurs with an analogue signal (Yan et al,
2004b).

An additional consideration is that the installation of strain gauges is
normally labour intensive, the metallic resonant sensor is the better option
due to the convenience of mounting the sensors to the torque shaft either
by laser welding or simply using the appropriate adhesive. Furthermore,
the combination of photochemical etching technique and thick-film screen
printing processes used in the fabrication of the metallic resonant sensor
presents a low-cost manufacturing opportunity for mass batch production.

The Brunel Centre for Manufacturing Metrology (BCMM) is an
organization within Brunel University that had developed sensors
employing resonant metallic double-beam and triple-beam tuning forks
and utilized them in many applications, such as force measurements,
pressure sensors and torque transducers. The advantage of two parallel
beams is that the bending and the shearing forces at the common
mounting points are cancelled out when those beams move in opposition
to each other. For this reason, very little vibrational energy is dissipated
to the structure at the ends so that Q-value is greatly increased (Yan et
al, 2004a). Double-beam has some benefits, however, there is a
drawback with the piezoelectric printing process which has to be made
twice at the side of both of the two beams. The triple-beam resonant
structure was developed in order to solve this problem so that the
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piezoelectric paste can be printed on the central beam in one operation.
Thus, the cost of manufacturing triple-beam resonators will be lower than
for the double-beam sensor.

The metallic resonant sensors based on a triple beam tuning fork (TBTF)
design, activated by the PZT material, showed promise in the
measurement of torque. However, the first successful metallic TBTF
resonant sensor with thick-film drive/pickup elements is too large for
current force, torque and pressure sensing applications and has
additional problems when assembled on a transducer shaft for use as a
torque transducer. FEA models showed that the TBTF not only measure
the changes in tensile/compressive strain, which is the desired measured
value, but experienced shear strain and twist that affects the accuracy of
the torque transducer. The predominant source for this error was due to
the length of the TBTF which affects the measurement accuracy of the
torque transducers. By reducing the overall length of the TBTF thus
minimizing lateral force, this will improve the class of the transfer
standard accuracy whilst maintaining the stiffness of the resonant
sensors. Consequently, the challenge of reducing the resonant sensor
dimensional footprint will be part of this dissertation.

In conclusion, using metallic resonant sensors in torque measurement
transfer standard offers a number of advantages to industry due to its low
cost, reliability and with high accuracy. All these factors will reduce the
cost of ownership of torque transfer standards with subsequent
improvements in productivity and quality.

1.3 Project Strategy

The transfer of a calibrated torque measurement from a national standard
to working equipment in industry is via the torque transducer. This
transfer from the lever-beam deadweight system to the torque measuring
devices requires not only a high accuracy of torque transducer but also
stability, repeatability and reliability. Several kinds of sensors have been
used by national laboratories to obtain the best result.

The torque transducer in this project is the metallic triple-beam tuning-fork
resonant sensor which was designed to replace conventional metallic
resistive strain gauges because of the difficulties in the mounting
technigue and the poor measurable output signal. For practical
applications there is a need to reduce the size of the sensor footprint.
This research will compare the physical limits of size reduction by
measuring key performance parameters. During the development of
TBTF sensors, it would be necessary to model the characteristics of the
resonator by developing a FEA model for the sensors for comparison and
design development purposes. Once a model has been established,
some experiments have been conducted to understand the sensors
behavior with regard to the application for torque measurement. Then the
viability of using TBTF technology in a torque transducer will be evaluated
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and its use as a transfer standard will be determined. In addition, the
uncertainty in TBTF manufacturing will be considered and minimized in
order to improve the accuracy of the TBTF resonators. The strategy of
this research is illustrated in figure 1.1.

1.4 The Thesis Layout

The first chapter of the thesis outlines the aims and objectives of this
project with justification of the research, project strategy and the thesis
layout.

Chapter 2 is the literature review of three main topics associated with this
research. Torque measurement: several kinds of torque transducers with
characteristics, advantages and drawbacks, and torque standards
involved in the research and additional theoretical contributions to
knowledge are discussed. This is followed by the general concept of
resonant sensors, which considers the configuration, characteristics and
some applications using resonant sensors. Lastly, the use of resonant
sensors for torque application will be discussed. This section will mention
the demonstrated feasibility of resonant sensors in torque measurement;
the design, construction and fabrication of the current metallic TBTF
resonant sensors, and the characteristics and performances of the
metallic TBTF-based torque transducers.

Chapter 3 will discuss the general case of torque: the theory and
background of torque, torque measurement methods, torque measuring
system and the calibration of torque.

Improvement in torque transducer design will be described in Chapter 4.
This chapter will evaluate previous experimental tests, FEA analysis of
the existing design, problems with existing design such as temperature,
lateral forces and manufacturing uncertainties. Lastly, a method of
repositioning the sensor on the transducer to measure force rather than
torque will be investigated, with possible solutions being proposed.

Chapter 5 and 6 will cover the miniaturisation of the metallic TBTF
resonant sensors. Two designs of the miniaturised TBTF were
investigated including their configurations and characteristics.

The conclusions of this research work and suggestions for future
development are summarised in the last chapter.
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Chapter 2
2. Literature Review

This chapter will present topics which are related to the research work.
Torque will be discussed first, which will include torque definition, torque
measurement, and torque standards. Then, the resonant sensor will be
described, as this type of sensor is the underpinning technology used in
the new torque transducer design. The principle of operation, important
characteristics, advantages, disadvantages and some applications of the
resonant sensors will be given. Lastly, implementing a torque transducer
using the metallic triple-beam tuning-fork (TBTF) geometry will be
explained. Previous research has shown the proof of principle but further
research is required to understand and develop the required accuracy
and resolution of a possible torque transfer standard using this
technology.

2.1 Torque

2.1.1 Torque Definition

Torque is an important measurement quantity, which plays a significant
role in assessing the quality of products. It can be loosely defined as a
measure of the tendency of a force to rotate the body on which it acts
about an axis, as shown in figure 2.1 (Westbrook et. al, 1994). The
magnitude of the torque can be calculated by multiplying the force value,
acting in a plane perpendicular to the axis of rotation, by the
perpendicular distance from the axis to the line of action of the force (Eq.
2.1). The Sl unit of torque is newton metre (Nm), which is equivalent to
the torque produced by a force of 1N acting at a radius of 1m (Adams,
1975). This definition can be applied to both static and dynamic problems.

T=Fxr (2.1)
where: T = torque
F = force
r = displacement from the axis of rotation to the line of force
action

Figure 2.1 Force F acting on body C at a distance r from the point of
rotation. (Westbrook et. al, 1994).
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In the case of a shaft rotating with angular velocity o and carrying power
P, torque can also be simply calculated from

TP 2.2)
w

When a solid circular shaft, fixed at one end of length I, is subjected to a
torque T (Fig. 2.2), there will occur an angle of twist 8 given by
0 Tl

=25 (2.3)

where J is polar moment of inertia = zr*/2 (solid circular shaft)
G is modulus of rigidity

The maximum shear stress t occurs at the surface of the shaft and can
be found from

T=— (2.4)

A
|
L ¢
I

Figure 2.2 Circular shaft under torsion (Westbrook et. al, 1994).

Substituting J =ar*/2, the angle of twist, 8 will be

2Tl
Q= 2.5
G (23
And the maximum shear stress, 7 is
T= 2T3 (2.6)
Tr

2.1.2 Torque Measurement

Torque measurement is essential in many commercial and industrial
applications which are used to determine mechanical power, either power
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required to operate a machine or power developed by the machine.
Another important reason for measuring torque is to obtain load
information necessary for stress or deflection analysis (Beckwith et. al,
1993). This information helps ensure that the design of the rotating
element in products is suitable and adequate to prevent failure under
shear stresses from applied torque (Morris, 1991).

In general, there are two types of torque application, the static system
and dynamic system. In a static system, torque value is the moment that
makes the object to be twisted. In a dynamic system, the force will rotate
or turn the object. Measuring torque in dynamic system is more
complicated than in static system because of the difficulty in signal
communication between the stationary and rotating part. The method of
determining torque in both systems will be explained in this chapter.

According to the theory of torque and torsion of circular shaft above,
torque can be determined from the following parameters,

Force and displacement
Power

Angular of twist

Shear stress

PwpPE

There are many researchers such as Abbott (1966), Bass (1971), Adams
(1975) etc. suggesting a variety of methods for torque measurement.
Some of them use mechanical techniques, such as measuring force on a
lever arm or tension in the rope, as in the prony brake. Other methods
use various techniques such as optical, magnetic, electrical, or
piezoelectric sensors, amongst others. Torque transducers are mostly
used to detect the applied torque. In addition, torque can be simply
calculated from knowing the electrical power input and speed of rotation.
The following section contains brief outlines of the principle and detail of
each method for torque measurement.

In 1966, Abbott proposed a Moiré fringe torque transducer (Fig. 2.3)
which is an angular twist-type optical torque transducer. This method is
an interesting technique for many researchers because it is a non-contact
system that can be used to measure torque in dynamic application. This
system consists of two Moiré fringe patterns with the equal space of the
transparent and opaque areas which are concentrically mounted on the
adjustable collars, which are mounted on the gauge arbors. When a
torque is applied, light passes through the total transparent area of the
combination, and its intensity is dependent upon the angular position
between two patterns due to the twist in a stressed shaft. Light intensity is
detected by a solar cell which is connected to a suitable circuit. The
output signal can be a voltage, which is proportional to the illuminated
area of the solar cell, which is also proportional to the transparent area of
the Moiré pattern.
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Figure 2.3 Moiré fringe torque transducer (Abbott, 1966).

Although this method gives the benefit of non-contact measurement,
there is the difficulty in the adjustment of the system: light source,
patterns and solar cell.

Later, torque transducer which is based on magnetostrictive technique
had been developed by exploiting the fact that the permeability of
magnetic materials will be changed when subjected to strain on the shaft;
permeability decreases with positive strain, and increases with negative
strain (Bass, 1971). This method measures the strain in the shaft itself.
The system consists of two a.c. energized coils wound on iron cores,
generating the flux paths through the shaft at +45° coinciding with the
direction of maximum strain, similar to strain gauge method, are
positioned close to the shaft as shown in figure 2.4.

Figure 2.4 Magnetostrictive transducers in torque measurement
(Bass, 1971).

This method gives non-contact measurement so there is no need for any
modification to the shaft, and it is relatively compact. However, the bridge
balance can be upset by any very small changes in the air gap between
the coil cores and the shaft, unless these changes are identical for both
coils (Bass, 1971).

In the same year, an inductive transducer which is used to measure the
angle of twist as shown in figure 2.5 was proposed. Flange A and flange
B carry a coil and an iron core respectively, to form the inductive
transducer. The iron core attached to flange B will move in and out of the
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coil according to the relative displacement of the two flanges due to the
twist when the torque is applied.

Coil

Figure 2.5 Inductive torque transducer (Bass, 1971).

Using four coil-and-core units arrangement, as shown in figure 2.6, will
give better sensitivity and linearity according to Bass.

_ Core

Figure 2.6 Inductive-bridge torqué transducer (Bass, 1971).

Another form of angular displacement measurement using flanges is the
single-toothed wheel (Fig. 2.7), which will generate voltage pulses in the
inductive pick-offs C and D respectively (Bass, 1971). At zero torque, the
voltage pulses will be simultaneously generated as the shaft rotates, as
the two teeth are aligned with each other. When the torque is applied,
there is an angular displacement of flange A relative to B, so a time
interval between the two voltage pulses will occur which can be
measured by an electronic timer.

Figure 2.7 Single-toothed wheels for measuring torque (Bass, 1971).

Replacing the single-toothed wheels with multi-toothed wheels will
generate voltage pulses from the pick-offs in sinusoidal form. If the two
wheels are correctly aligned at no applied torque, the output signal will be
in phase. When the applied torque is increased, the signals will become
more out of phase therefore the phase difference can be used as a
measure of torque (Bass, 1971).
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Applying two magnetic or photoelectric transducers instead of inductive
coils with the multi-toothed wheel, as shown in figure 2.8, was proposed
by Adams (1975).

These toothed wheel methods eliminate errors arising from the use of slip
rings, as they are non-contact measurements.

\

Slotted discs

N~

To elreﬁctroryrcr un!! . Magnetic or photoelectric
= ST transducers

Figure 2.8 Multi-toothed wheels with magnetic or photoelectric
transducers (Adams, 1975).

Adams suggested that the torque value can also be obtained from the
gravity-balance method as shown in figure 2.9. The principle of this
method is moving a mass (m) along an arm or varying the magnitude of
the mass at a constant distance until the value of the torque, which is the
product of force and distance, F+, equals the torque which is to be
measured. In this case, the arm must be horizontal, so that the moment-
arm distance is perpendicular to the line of action of the force. A
measurement error may occur due to a friction torque caused by the force
at a bearing supporting the shaft. Alternative arrangement to apply equal
and opposite forces to give the same torque can solve this problem.

Figure 2.9 Gravity-balance method (Adams, 1975).

Moreover, a method of measuring the reaction torque on the motor
support cradle either, acting as a power source or power sink, was
proposed by Adams and other several authors (Doebelin, 1966, Adams,
1975 and Morris, 1991). The principle is that transmitted torque in the
shaft is equal to the reaction torque which is more easily measured than
an applied torque in some situations (Adams, 1975). In this case, by
measuring the reaction force F on the cradle, either on power source or
power sink, knowing the arm length, torque value can be calculated. This
method is simple but reveals an error source due to bearing friction
(Doebelin, 1966 and Morris, 1991) and windage torques (Morris, 1991)
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within the motor. Figure 2.10 is the arrangement of measuring torque by
torque-reaction methods suggested by Adams.

Figure 2.10 Measuring torque by torque-reaction methods
(Adams, 1975).

An another optical method of a torquemeter uses a light ray, pq, deflected
from two mirrors A and B to a stationary scale as shown in figure 2.11
(Adams, 1975). If there is no twist occurring in the shaft, two mirrors A
and B are parallel, then the outgoing ray rs is parallel to the incoming ray
pg. However, when a torque is applied, there will be twist in the shaft so
that one mirror is moved out of parallel, then the outgoing ray is deflected
through an angle which is the same angle of twist in the shaft, and now
follows the line r’s”. Hence the angular deflection 6 of the light ray can be
obtained which is proportional to the twist of, and hence the torque in, the
shatft.

7
i s~ _| 2
Collimated light ray ™ \{,A ®

Figure 2.11 Torquemeter principle (Adams, 1975).

A torque transducer with permanent magnets and a ring core was
presented by Harada and Sakamot in 1976. This torque transducer can
measure torque in both the rotating state and stationary state. The
configuration of the torque transducer is shown in figure 2.12. The torque
shaft is fixed with two cup adapters at both terminals and there is a tape
wound toroidal core inserted between the cup adapters. Several
permanent magnets are attached along the periphery of each adapter in
order to generate a magnetic field across the core. The applied torque is
detected by measuring the magnetic field in the circumferential direction
of the tape which is proportional to the twist deflection angle occurring in
the shaft.
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This torque transducer can measure torque in dynamic system without
contact. But in the static condition, the sensitivity of the detector varies
with the stopped position of the magnets fixed around the adapter.

Cup Adapter Stand Still  Cup Adapter

Figure 2.12 Torque transducer with permanent magnets and a ring core
(Harada and Sakamoto, 1976).

The advantages in measuring the angular twist according to Westbrook
and Turner are: no need of the sensors which require precise location
and orientation, minimise the influence of any local variation in material
properties or shaft geometry since the effect of an applied torque is
integrated along the length of the shaft, and non-contact torque
measurement systems can be possible with this principle if the larger
displacements are available when movements of the two ends of a shaft
are compared.

Collett and Hope (1978) suggested a simple method to determine torque
by the angular displacement method as shown in figure 2.13. Each end of
a rotating shaft carries a pointer and the scale respectively. When a
torque is applied, the angle of twist over a given length of bar causes the
pointer to move relative to the scale, which can be directly read from the
scale in a static system. However, it is still possible to read the angular
displacement in a dynamic application by using a stroboscope. This
method is inexpensive, assuming a stroboscope to be available. In
general the angular displacement is small, and the reading accuracy is
consequently poor. To overcome this problem, the pointer and scale may
be replaced by the similar transducer used to measure small linear
displacements. However, the practical problems of using displacement
transducers are associated with the satisfactory mounting of the
components of the transducer on the shaft, and with making the
necessary electrical connections to it (Bass, 1971).

Calibrated disc

attached to shaft

Rotating shaft

L Pointer

—————"""  Rigid bar
attached to shaft

Stroboscope

Figure 2.13 Stroboscopic torque meter (Collett and Hope, 1978).
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A new torque transducer, which is employing the magnetostrictive effect,
uses two stress-sensitive amorphous ribbons glued on a torsion bar,
shown in figure 2.14 (Harada et al, 1982). Magnetoelastic magnetic
anisotropy of the anisotropy constants (Ko) in both amorphous ribbons lie
in the opposite direction along +45° to the shaft axis. When the torque is
applied to the torsion bar, the anisotropy constants of two amorphous
ribbons are different.

exciting coi

sense coil

Figure 2.14 Stress sensitive amorphous ribbons torque transducer
(Harada et al, 1982).

In the past, torque transducers employing magnetic phenomena had
problems with the fluctuation in the output signal due to the lack of
circular symmetry of the transducer structure. This new torque transducer
is free from these fluctuations because of its circularly symmetric
structure. Furthermore, this torque transducer is of the non-contact type
and can detect both instantaneous and static torque. In addition, its
structure is simple and the sensitivity is high.

Few years later, the pattern of amorphous ribbons on the torque
transducer was modified into the chevron-pattern (Sasada,Hiroike and
Harada, 1984) which exhibits wide dynamic range and good linearity is
developed. Several pairs of stress-sensitive amorphous ribbons of
rectangular form or of parallelogram form are glued to the shaft in a
chevron-pattern as shown in figure 2.15.

sensing coil exciting coil

,,,,,,,,,,
saeseeess Lo

Figure 2.15 Torque transducer with stress-sensitive amorphous ribbons
of chevron-pattern (Sasada,Hiroike and Harada, 1984).

If the electrical power and rotation speed in a dynamic system were
known, the torque value can be determined from equation 2.2. Devices
used for power measurement are commonly referred to as
dynamometers. According to Nakra and Chaudhry (1985), it can be
classified into three types; driving type dynamometer, transmission type
dynamometer and absorption type dynamometer, depending on the
machine arrangement (Fig. 2.16).
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generator / absorber

Figure 2.16 Dynamometer arrangement (Nakra and Chaudhry, 1985).

The principle of each dynamometer will be briefly given here. The detall
about dynamometers can be found in the power measurement section in
many textbooks.

Driving type dynamometer. The power driven by the motor can be
obtained from the dynamometer itself or the dynamometer is the power
generator like an electric motor.

Transmission type dynamometer. The power being transmitted through
the device is measured by transimission type dynamometer. It is neither a
power generator nor a power absorber.

Absorption type dynamometer: The absorption type dynamometer will
absorb the mechanical energy after it is measured.

This torque measurement using power has the benefit of no need for the
mechanical intervention in the system. However, dissipated power and
the operating status of the machinery can contribute to the large errors in
the calculation (Rainer, 2002).

In 1991, Morris had developed the optical technique that uses two black
and white striped wheels instead of multi-toothed wheels as shown in
figure 2.17 (Morris, 1991). When no torque is applied, the two pulse-trains
of reflected light from the wheels, transmitted back to a receiver by a
second pair of fibre-optic cables, are in phase with each other and move
out of phase when the torque is increased. This method is inexpensive
and is satisfactory for many applications due to their small physical size.

Shaft
rotation

Y 71
79{1 Optes

Laser Receiver
transmitter

Figure 2.17 Optical torque measurement (Morris, 1991).

Prony brake is another method that Morris suggested to measure torque
in a rotating shaft (Morris, 1991). It consists of a rope wound around the
shaft with one end of the rope being attached to the spring balance and
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measures force Fs whilst the other end carries a standard mass, m giving
a load to the rope (Fig. 2.18). Then the effective force, Fe, exerted by the
rope on the shatft is given by

F,=mg-F

e

(2.7)

S

And the effective radius, Re is the sum of the radius of the shaft, R and
the rope, R,.

R, =R, +R, (2.8)
Then the torque in the shaft, T, can be calculated from

T=F, xR, (2.9)
This method is well-known for measuring torque. However, a water
cooling system is needed because a lot of heat is generated due to the

friction between the rope and shaft, and this makes the system more
expensive.

Figure 2.18 Prony brake (Morris, 1991).

A year later, a new type of magnetoelastic torque transducer was
published by Garshelis (1992) utilizing a circularly polarized ring thus
having the ability to be used as a non-contact torque transducer. The
system configuration for this kind of torque transducer is shown in figure
2.19.

FIELD SENSOR -

"l 4
SHAFT tRING

Figure 2.19 Torque transducer utilizing a circularly polarised ring
(Garshelis, 1992).

It consists of two elements which are a magnetostrictive ring and a Hall
effect or similar magnetic field intensity sensor. The ring is attached to a
shaft and the sensor is mounted in proximity to one end of the ring. The
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ring has been made to have continuously constant magnetisation from its
manufacture or assembly. When the torque is applied, the ring is stressed
so the magnetic anisotropy is altered along one of the principal stress
directions. In this condition, the ring magnetisation will be reoriented from
purely circular direction to a more or less steep helix, depending on the
magnitudes of the torque. The ring acts as a hollow cylindrical magnet so
the electrical output signal from a Hall effect, or similar field vector
sensing device, near one end of the ring measures the torque value on
the shaft.

The benefits of this kind of torque transducer are: the ability to use as a
non-contact torque transducer, avoiding the complexities associated with
conventional magnetoelastic torque transducer constructions which need
external sources and means for magnetic excitation such as electronic
circuitry, and finally the overall size can be reduced. However, there is a
concern about the stability of the remanent circular magnetization in the
ring over time under varying temperature conditions and with usage.

A modified torque transducer is constructed to replace a single circularly
polarized ring by using two oppositely polarized rings (Garshelis and
Conto, 1994). The construction of this torque transducer is shown in
figure 2.20.

RINGI CJFs

Mr, !
[f V " X [TORQUE
+ Mrs

FSCZ RING2

Figure 2.20 Torque transducer utilizing two oppositely polarized rings
(Garshelis and Conto, 1994).

Two concentric rings, having oppositely directed circular magnetizations,
are used and two field sensors (FS) are located in a diametrically
opposite position. For this arrangement, the two rings are subjected to the
same torque and the axial field so that the total detected field is free of
the ambient magnetic fields found with single ring transducers. Moreover,
an output signal is independent of all such fields due to the use of two
field sensors. However, a minor reduction in sensitivity to torque
measurement is obtained.

Another example of utilizing the magnetostrictive effect uses five coils
wound onto a common five-armed core (Fig. 2.21) was proposed in 1994.
The centre coil acts as the primary winding of a transformer, and the
other four circumferentially positioned coils act as secondary winding and
connected together in a Wheatstone bridge arrangement similar to strain
gauge method. The currents induced in the four secondaries are equal in
the case of no torsion so the bridge out-of-balance voltage is zero. When
the torque is applied, the permeability will be changed equally but
opposite amount in the tension and compression directions, which gives
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the amplitude of the resulting bridge output voltage proportional to the
applied torque (Westbrook and Turner, 1994).

\ Load torque

Air gap

LR
i’\\/#\/d \Compre;smn line

Engine torque
Figure 2.21 Magnetostrictive torque sensor
(Westbrook and Turner, 1994).

The problems, according to Westbrook and Turner, of this torque sensor
are associated with the inhomogeneity of the shaft material, sensitivity to
changes in the sensor/shaft gap, thermal effects and variations in the
sensor output due to changes in the shaft rotation speed.

The strain gauge torque transducer, which measures the strain in an
elastic element built into the shaft, is the most common torque transducer
and widely used in many laboratories and in industry according to
Westbrook and Turner (1994). Four strain gauges are mounted around
the circumference of the shaft as a Wheatstone bridge circuit. At each
side of the shaft, two strain gauges are arranged at +45° to the shaft axis
and the adjacent gauges are placed at an angle of 90° from each other as
seen in figure 2.22.

pofential

Figure 2.22 Strain gauges for shaft torque measurement
(Westbrook and Turner, 1994).

When torque is applied to the shaft, shearing strain occurs in the two
directions inclined by 45° from the axial line, thus one pair of gauges
which are mounted parallel to each other will have tensile strain which
increase the resistance of the circuit, while the other pair will decrease in
resistance due to compression strain. Then the output voltage which is
proportional to torque value is read with a measuring instrument.

This arrangement is fully temperature compensated, therefore it can be
used in a wide range of temperatures (Westbrook and Turner, 1994) and
is also insensitive to bending or axial stresses (Bass, 1971). It is the most
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common method for torque measurement in recent years because there
is no friction torque introduced in the system, as occurred in the cradled
shaft bearing and prony brake (Morris, 1991). Strain gauge transducers
can be applied in both static and dynamic measurements having
excellent linearity, hysteresis, reproducibility and long-term stability
(Westbrook and Turner, 1994).

However, if the shatft is lightly loaded, the generated strain is not sufficient
for strain gauges to provide on adequate output signal. Moreover, there is
difficulty with connecting the bridge to its power-source and display
equipment (Bass, 1971). A set of slip rings can be used for power and/or
data transmission system but it can be unreliable when operated in a dirty
environment (Westbrook and Turner, 1994). The noise level in variation
of contact resistance may be the same order of magnitude as the signal
itself (Collett and Hope, 1974). Precise positioning of the strain gauges on
the shaft axis is very difficult to achieve and makes this transducer
relatively expensive (Morris, 1991).

Surface Acoustic Wave (SAW) sensor, which is made of a piezoelectric
material with etched aluminium electrodes, can be used to measure
torque (Wolff et al, 1996). These transducers have an interdigital
configuration determining the wavelength of the wave (Fig. 2.23). An
alternating voltage is applied to these transducers creating the waves on
the surface of the piezoelectric substrate and then reflected by a similar
array.

Piezoelectric Wavelength of centre
substrate frequency
\ D

Reflectors

HITETLT R

Excitation
source

Interdigital
‘fingers’

Figure 2.23 Configuration of SAW sensor (Wolff et al, 1996).

SAW torque transducer uses two sensors mounted at +45° to the axis of
the shaft and at 90° to each other (Fig. 2.24). If the torque is applied, the
natural frequency of each sensor will be changed due to the twist in the
shaft. The torque value is determined from the difference between the
two natural frequencies.

Resultant Strain Direction

v
Tension /:/' Gauge A 0

Compression

'\Torsional Moment A
Figure 2.24 SAW sensor in torque measurement (Wolff et al, 1996).
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SAW sensors can operate in the high frequency range so that the radio
signals can be used for interrogating the sensor in a dynamic system and
they are easily compatible with other SAW sensors making use of multi-
sensor systems in measuring many parameters at the same time.

In 1998, a piezoelectric torque sensor operating in a hon-contacting mode
is proposed (Hammond and Lec, 1998). The shaft is attached with the
sensing element, a piezoelectric torque sensor, on the surface as shown
in figure 2.25. When the torque is applied, the material properties of the
piezoelectric will change with the stresses and strains occurring in the
shaft due to twist. For this reason, the resonant frequency of the
piezoelectric plate will be changed according to the applied torque.

\ Piezoelectric

Torque
Sensor

@ Angular Deflection

Figure 2.25 Piezoelectric torque sensor (Hammond and Lec, 1998).

The advantages of this piezoelectric torque sensor are; small size,
selectivity, sensitivity, low-cost manufacturability and performing in on-line
conditions (Hammond and Lec, 1998).

A Magnetostrictive type Torque Sensor (MTS), using an inverse
magnetostrictive effect, shown in figure 2.26, is presented by Wakiwaka
and Mitamura (2001). The torque sensor comprises of eight detecting
cores, which are set up with the detecting coils around the circumference
of the shaft and one exciting coil enclosing the shaft. When the torque is
applied, the magnetic field in the shaft is changed so the output voltage is
changed proportionally to the applied torque.

20

Detecting coil Fixed edge

¥ Surface stress

Flow of .
magnetic flux

.
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\Detecting core
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Figure 2.26 New magnetostrictive type torque sensor
(Wakiwaka and Mitamura, 2001).

This magnetostrictive torque sensor can be used in dynamic torque
applications. Moreover, the large hysteresis property normally associated

30



with the magnetostrictive type torque sensor can be decreased with this
new sensor configuration.

Figure 2.27 is a commercial torque transducer of HBM uses the torque-
reaction method. It is very frequently used to determine power, the
viscosity of a medium via the supporting force of a motor in an agitator
(Schicker and Wegener, 2002). A force transducer is installed at the end
of the lever arm to measure the force acting on it when the torque is
applied. The length of the lever arm was known so the torque value can
be simply determined from equation 2.1.
Lever arm

Force Transducer

Figure 2.27 A lever arm with a force transducer at the end
(Schicker and Wegener, 2002).

The disadvantages of this method are the changes in the length of the
pendulum over time and expansion of the lever arm due to temperature
changes, which can cause measurement errors. Moreover, the mass
moment of inertia of the large masses makes it a significant problem in a
dynamic system.

Figure 2.28 shows the measurement of the angular twist of a stainless
steel wire gauge inserted between the drive and the load (Antonio,Achille
and Stefano, 2006). Two optical reflective sensors, D; and D, are used to
detect the black strips mounted on two rings at each end of the torsion
spring wire. The applied torque is measured in electronic signal via the
optical reflective sensors which generate a current when the black strips
cross the detection area. This torque transducer is low cost, reliable and
accurate.
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Figure 2.28 The angle twisted type torque transducer
(Antonio,Achille and Stefano, 2006).
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2.1.3 Torque Standard

Section 2.1.2 clearly shows the great efforts made over the years by
researchers to develop cheap, reliable methods to measure torque.
However, nearly all the papers cited do not give values for measurement
accuracy, resolution, stability, or the ability of the sensor to withstand
overload situations (ruggedness/stiffness). The whole range of
transduction technologies (strain gauge, magnetostrictive,
magnetoelastic, optical, inductive, SAW, etc.) need some electronic
interfacing and conditioning and then the output signal needs to be shown
how to be equated to torque in units of Nm.

In order to validate the reliability of the measuring device to measure
torque accurately, the torque transducer must be calibrated against a
reference standard. The torque measuring device may only be the torque
transducer or a whole measurement chain that includes the signal
detection, amplifier electronics and an instrumental display unit.

Calibration is a method to determine the relationship between the
measured value of the output quantity (from the transducer/electronics)
and a known input quantity (Schicker and Wegener, 2002). The reference
standard used in any calibration must be traced back to the national
standard in an unbroken chain. In metrology, traceability to the base Sl
unit is very important to ensure that the measured value is correct.

From the definition of torque, which is the product of force and distance,
torque can be traceable to the fundamental units of mass, length and time
as shown in figure 2.29. The hierarchy of metrology is as follows; primary
standard, secondary standard, calibration machine and measuring
instrument. The accomplishment of linking between the levels of this
hierarchy is succeeded by using transfer standards.

Each country has its National Standard laboratories. In England these are
held at National Physical Laboratory reference to UKAS. In Germany,
Physikalisch-Technische Bundesanstalt (PTB) which is the national
metrological institutes has the legal duty to hold the national standard and
a reference standard is reserved for DKD accredited calibration
laboratories. It is necessary that the accuracy of the reference is higher
than the accuracy that needs to be demonstrated in the equipment being
calibrated. A factor of 2 to 5 is recommended as the difference between
each level of accuracy (Schicker and Wegener, 2002).

Basically, there are three techniques used in torque calibration. They are
lever-arm-mass system, torque reference transducer and force reference
transducer.

Lever-arm-mass system or deadweight system is used at the present
time in all calibration laboratories for the high accuracy technology. In this
system, the torque transducers are calibrated with a calibrated dead
weight hanging from the end of a stiff beam. If the exact length of the
beam from the axis of rotation to the hanging point is known, the resulting
torque can be computed easily by multiplying the load force by the length
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of the beam (Herceg, 1976). There are two different designs of mounting
torque transducers to be calibrated. They are horizontally mounted and
vertically mounted torque calibration machines.

Mass Length Time International
Standards

Torque Primary Standard National
(Lever Deadweight Machine) Standards

Torque Secondary Standard Reference Standards
(Reference Torque Transducer)

Torque Standard Working Standards
(Calibration Machine)

Measuring Instruments

Figure 2.29 Traceability chart of torque measurement.

Horizontal torque calibration machines are more popular because it is the
most simple and direct way to apply torque (Robinson, 2007). However,
this design has many disadvantages. Firstly, a bending moment can
affect the torque transducer if a force is produced from a single
weightstack (Robinson, 2007). To overcome this problem, a spurious
torque must be counteracted by an equivalent torque in the opposite
direction (180° apart). Two identical arms attached to the torque
transducer 180° apart will be used and the equal weights are suspended
from each arm (Herceg, 1976). Secondly, the weight loading depends on
the earth’s gravitational field so the local gravity must be measured in
calibration laboratories (Davis, 2002 and Schicker and Wegener, 2002).
In addition, the length of the lever arm must be accurate which depends
on whether it is aligned precisely horizontally or not (Schicker and
Wegener, 2002). The Centre for Metrology and Accrediation (MIKES) in
Finland has presented the new construction of its 2kNm Torque Standard
Machine to solve this problem (MIKES metrology annual report, 2005).
The control system, which has two functions, is introduced in order to fulfil
this requirement. The first control is based on the force loading to the
lever. It will drive the beam to the horizontal level when the level has tilted
due to loading. The second function is distance control, which has been
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realised using a laser sensor. It will be changed from force measurement
to distance control when removing the load. Moreover, the imprecise
relative axial location between the torque transducer and the point of
applied torque produces unbalanced forces in the system (Davis, 2002).
Furthermore, the effective weight of the beam can give significant error if
the hanging weight is not normal to the beam (Herceg, 1976). This
requirement can be verified by observing the output signal of the
measuring system. The position that the weights are suspended exactly
perpendicular to the beam will show the highest peak of the output
reading whilst the signal will be smaller on either side of the peak when
the torque transducer body is rotated slowly and slightly against the
torque load (Herceg, 1976).

The Physikalisch-Technische Bundesanstalt (PTB) in Germany occupies
the most sophisticated of this type of static torque calibration machine
(Fig. 2.30). This machine can operate in two measuring ranges which are
from 2 Nm to 1kNm with a reported uncertainty of 2x107, and from 0.2Nm
to 5Nm with a reported uncertainty of 1x10™,

Figure 2.30 PTB 1kNm torque standard machine (PTB, 2009).

Another design is the lever-deadweight system with a vertically mounted
transducer. The advantages are that the lever beam construction is
balanced, the location of the central fulcrum point is accurate and the
bending moment on the torque transducer is zero (Davis, 2002). This kind
of system is adopted to be used as the first national torque standard (Fig.
2.31) in UK. It was designed and manufactured by the National Physical
Laboratory (NPL) and would then be used to calibrate transfer devices to
disseminate the unit of torque within industry. The maximum capacity of
the torque calibration machine is 2 kNm with an uncertainty of £0.002%
(k=2).

According to the analysis of Smith, it reveals that the error sources are
mainly from the length measurement of the lever beam and the
suspension wire connections from the lever beam to the deadweight
hanger (Davis, 2002). Moreover, converting the vertical force generated
by the weightstacks into a horizontal force in order to transfer torque to
the lever beam, is complicate (Robinson, 2007). However, this problem
can be solved by using a proper arrangement of boron fibre tapes used
for suspending the deadweights, and a pulley air bearing supporting the
lever beam which is designed to rotate independently of the torque
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transducer when applying both clockwise and anti-clockwise torque
loading (Robinson, 2007).
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Figure 2.31 NPL trutanrd mazc':‘ﬁvine‘ (Igéobinson, 2007).

The second technique in torque calibration is using a force reference
transducer with a lever arm (Schicker and Wegener, 2002). Apart from
using the deadweight mechanism to apply force, a hydraulic system can
be an alternative choice for many laboratories to use as a torque
calibration machine (Davis, 2002). The Laboratoire National d’Essais
(LNE) in France is one of many laboratories that use this kind of machine.
The hydraulic rams are attached to the upper lever beam to generate
force and the force transducers mounted on the lower beam are used to
measure the reaction force. The 200kNm torque calibration machine with
the uncertainty of 1x10 at LNE is illustrated in figure 2.32.

A R e
Figure 2.32 LNE torque machine Figure 2.33 The 1.1 MNm torque
(Davis, 2002). standard machine of PTB (PTB,
2005).

PTB is also developing a torque standard machine with a vertical
measuring axis (Fig. 2.33). The measuring range is up to 1.1 MNm with a
measurement uncertainty of 0.1%.
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The forces, acting on the equal-armed double lever arm with mechanical
spindle drives in the lower machine platform used to generate torque, are
measured by means of the pair of tension-compression force
transducers. The mechanical disturbances such as bending moments
and transverse forces generated during loading by asymmetries are
minimized by using additional drives (PTB, 2005).

Using a torque reference transducer is another method to calibrate
torque. Any mechanism can be used to generate torque in this system.
The torque reference transducer is used to measure torque and then this
value directly compared to the torque transducer being -calibrated.
(Schicker and Wegener, 2002)

This method has many advantages such as it is convenient for using in
on-site calibration on a test bench, due to regarding its transportability.
Moreover, there is no need for complicated arrangement of weights which
makes it possible for torque measurement to be made with a high level of
automation. (Schicker and Wegener, 2002)

However, the friction occurring in the bearing between the reference
torque and the torque transducer can cause an error in measurement
results. Using air bearings to ensure that the mechanism it is free of
friction can overcome this problem. (Schicker and Wegener, 2002)

A torque transfer machines (TTM) using this method is illustrated in figure
2.34 and belongs to the Centro Nacional de Metrologia (National
Metrology Center, CENAM) in Mexico. It can calibrate torque up to 2 kNm
with an uncertainty of 5x10™.

\ 2 —

Figure 2.34 2 kNm Torque Transfer Machines (CENAM, 2006).

2.2 Resonant Sensors

Sensors which are rugged, reliable, low cost and compatible with
computer controlled systems, which are dependent on digital processing,
are increasingly required in all industrial sectors. Historically, most
sensors have been based upon the measurement of electrical
parameters, which give an analogue output signal. Utilising these sensors
in control systems, which require digital signals, an analogue-to-digital
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conversion unit is required. This additional stage involves some degree of
complexity with an inevitable penalty in terms of reliability and cost of the
system (Jordan, 1985, Myrvoll, 2003). Consequently, resonator sensors
have been developed to replace those sensors as they can produce an
intrinsic digital output signal (Jordan, 1985), making them very attractive
in the precision measurement field. In early 1960, these resonant sensors
have been presented, but with complex structures. Later, around 1982,
they have been introduced again with more simple structures and ease of
fabrication in mind (Jordan, 1985).

2.2.1 Introduction

Resonant sensors or frequency output sensors are devices with vibrating
elements that are designed to exhibit the resonator’s natural frequency or
relative phase of oscillation in a mechanical structure (Jordan, 1985,
Langdon, 1987, Elwenspoek and Wiegerink, 2001 and Beeby et al.,
2004). The resonance frequency of the resonator sensors will change
when subject to the measured quantity that alters the stiffness, mass, or
shape of the resonator (Beeby et al., 2004). Figure 2.35 is a block
diagram of a typical resonant sensor.

Measurai nd

output

Vibration Vibration

excitation —> Resonator |—— detection

mechanism mechanism
P

Figure 2.35 Block diagram of a resonant sensor (Beeby et al., 2004).

There are several configurations of the resonating elements such as
beams, diaphragms or membranes, the “butterfly” structure, the “H”
structure, tubes, cylinders, strings, rods, or micro machined pieces of
quartz (Elwenspoek and Wiegerink, 2001, Myrvoll, 2003). Figure 2.36
illustrates some examples of these vibrating elements.

@ﬁ > o
simple flexural beam torsional resonator
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tuning fork
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Figure 2.36 Various structures used in resonant microsensors
(Elwenspoek and Wiegerink, 2001).
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Each of these shapes can also have several types of vibrations, e.qg.
transversal, longitudinal, torsional, and lateral. Generally, there are
several vibrational modes occurred with every type of vibration. The
resonant sensors are designed such that one of these modes dominates
and the resonance frequency of this mode is made dependent on the
measurand (Elwenspoek and Wiegerink, 2001).

2.2.2 Fabrication Technology

In general, the resonators can be fabricated by either bulk
micromachining or surface micromachining, and also the combinations of
both technologies (Tilmans, et al., 1992).

Bulk micromachining is associated with the etching of a piece of material
into a three-dimensional structure (Tilmans, et al., 1992). The thickness
range may cover from 200 to 500 um (Varadan, et al.,, 2001) and the
lateral size ranges from 75 to 200 mm (Gardner, et al., 2001). This
technique can be divided into wet etching which uses liquid etchants, and
dry etching which uses vapor and plasma etchants (Varadan, et al.,
2001).

Surface micromachining is different from the bulk micromachining
because this technique does not shape the bulk wafer but instead builds
structures on the surface of the wafer by using thin films deposition of
‘sacrificial layers’ and ‘structural layers’ and later removing the sacrificial
layers in order to release the mechanical structures (Tilmans, et al., 1992,
Varadan, et al., 2001). The dimensions of the structures obtained from
this technique can be several orders of magnitude smaller than the
previous technique. This technique could also be performed using both
wet and dry etching methods (Varadan, et al., 2001).

The resonators can be fabricated from a variety of materials including
metals and non-metallic such as crystal, quartz and silicon. In high-
frequency applications, resonators made of piezoelectric material are
preferred (DeVoe, 2001).

2.2.3 Coupling Mechanisms

There are several mechanisms used for coupling the resonator to the
measurand, such as strain effect, shape coupling effect and mass effect.
In mechanical sensing applications, the most common mechanism is to
apply a strain across the structure. It is achieved by mounting the
resonator in a suitable location on a sensing structure that deflects due to
the application of the measurand. The output of the resonator, which is its
natural frequency, is increased when the stiffness of the resonator is
increased due to the applied strain from the deflection of the sensing
structure. Force sensors, pressure transducers, and accelerometers
apply this principle (Beeby, et al., 2004).
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Another similar method to the strain effect is the shape coupling effect.
The principle of this method is not related to the strain but it is about the
changes in the geometry of the resonator due to the measurand, which
leads to a shift in the resonant frequency (Beeby, et al., 2004).

Coupling the measurand to the mass of the resonator is implemented if
the resonator is used to measure a liquid or gas. There are several
methods for this coupling, such as surrounding the structure by a liquid or
gas, coating the resonator in a chemically sensitive material and
depositing material onto the resonator. The resonant frequency will be
decreased when the mass of the resonator is increased. This decrease in
frequency can be caused by the effective inertia of the resonator being
increased due to the presence of the surrounding liquids or gases, as in
density and level measurement, or by the absorption of molecules of a
particular gas into the sensitive material coated on the gas sensor
(Beeby, et al., 2004).

2.2.4 Vibration Excitation and Detection Mechanisms

The other components of a resonant sensor are the vibration drive
mechanism, which excites the vibrations in the structure, and detection
mechanisms, which senses these vibrations. These mechanisms are very
important because they are used to determine the resonance frequency
of the resonator sensors (Tilmans, et al., 1992, Elwenspoek and
Wiegerink, 2001). The efficiency of excitation of a particular mode of
vibration depends on the driving load distribution along the beam length
that should be symmetric with respect to the centre of the beam because
it is impossible to excite an anti-symmetric mode theoretically (Tilmans, et
al., 1992). There are number of techniques used to drive the mechanical
vibrations of the sensing elements such as coils, magnets, piezoelectric
elements and techniques utilizing fiber optics, depending on the material
properties of the vibrating element (Myrvoll, 2003). Six pairs of excitation
and detection mechanisms have been proposed (Tilmans, et al., 1992,
Elwenspoek and Wiegerink, 2001).

2.2.4.1 Electrostatic Excitation and Capacitive Detection

The principle of electrostatic excitation is that it uses the attractive force
between the two plates or electrodes of a capacitor which are the
resonator sensor and the substrate as the driving load (Tilmans, et al.,
1992, Elwenspoek and Wiegerink, 2001). When the capacitance between
a charged capacitor fluctuates, there will be current flows through a
biased capacitor, which is sensed by capacitive detection mechanism
(Elwenspoek and Wiegerink, 2001).

This scheme is very attractive in term of easy fabrication of the
resonators and integration with electronics (Tilmans, et al., 1992). The
problem with this method is the damping of the squeeze film in the narrow
gap between the substrate and the resonator (Elwenspoek and
Wiegerink, 2001). Another disadvantage is due to the small capacitance
value which gives a very small output signal. In this case, the detection
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signal of the mechanical resonance will be obscured by electrical
feedthrough and/or parasitic capacitances (Tilmans, et al.,, 1992,
Elwenspoek and Wiegerink, 2001). Introducing of on-chip buffering and/or
amplification is necessary for solving this problem (Tilmans, et al., 1992).
For precision measurement, very stable voltages and amplitudes of
vibration are required as the resonance frequency highly depends on the
polarization voltage and the instability (Tilmans, et al., 1992).

2.2.4.2 Magnetic Excitation and Detection

An external magnetic field can be used for magnetic excitation and
detection mechanisms. Lorentz force results from an electrical current
flowing through the resonator sensors and used as the driving force
(Tilmans, et al., 1992, Elwenspoek and Wiegerink, 2001). When the
beam vibrates, the magnetic flux passing through the current loop will
change due to a change in area of the current loop that will induce a
voltage in the loop, providing the detection signal (Tilmans, et al., 1992).
These mechanisms are suitable for metallic resonators. However, if a
non-metallic material is used, the piezoelectric drivers can be used for
this purpose (Langdon, 1987). Rosemount had used a metal resonator,
which was magnetically driven, instead of using a quartz device because
of long-term drift and hysteresis problems occurred in the quartz
resonator itself (Cucci, 1982). However, some applications are not
suitable to use a metallic resonator such as measuring density in
corrosive fluids so a non-metallic material is chosen (Jordan, 1985).

The fabrication of this method is relatively simple but there are several
problems such as very small signals and the difficulty of integrating the
magnet in the sensor that requires the positioning of a magnet close to
the resonator (Tilmans, et al., 1992, Elwenspoek and Wiegerink, 2001).
There is also compressive axial stress induced in the resonators due to
thermal expansion between the resonators and the support because of
the dissipation of the heat by conducting a current through the resonator
(Tilmans, et al.,, 1992, Elwenspoek and Wiegerink, 2001). This effect
results in a lowering of the resonance frequency (Tilmans, et al., 1992).

2.2.4.3 Piezoelectric Excitation and Detection

Piezoelectric excitation and detection are based on the inverse
piezoelectric effect and the direct piezoelectric effect, respectively which
is widely used for resonators made of quartz because this material can be
piezoelectric itself (Tilmans, et al., 1992, Elwenspoek and Wiegerink,
2001). If the resonators are not made of quartz, other materials such as
zinc oxide (ZnO) or aluminium nitride (AIN) will be used in the form of thin
films sandwiched between two electrodes for use in silicon-based
resonators. (Tilmans, et al.,, 1992, Elwenspoek and Wiegerink, 2001).
These electrodes must be deposited and patterned on the surface of the
resonator at the location which is carefully designed to maximize the
excitation and detection signal (Beeby, et al., 2004). The geometry of the
electrodes should also be carefully designed for drive efficiency (Beeby,
et al., 2004). In the inverse piezoelectric effect, an electric field such as a
voltage is applied to these electrodes, therefore thickness and lateral
dimensions of the film are changed (Tilmans, et al., 1992, Elwenspoek
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and Wiegerink, 2001). In this case, a bending moment produced by the
lateral deformation is used to excite the resonators (Elwenspoek and
Wiegerink, 2001). Conversely, a dielectric displacement in the material,
resulted from a mechanical stress or strain through the direct
piezoelectric effect, can be detected as an electric current in an external
circuit (Tilmans, et al., 1992).

The advantage of using piezoelectric materials is that it enables to
maintain the vibration in the structure by a simple drive circuit (Jordan,
1985). Furthermore, crystal materials such as quartz and silicon are
particularly interesting materials to produce the resonator sensors
because of their high accuracy and repeatability properties with low cost
of manufacture and low power consumption (Langdon, 1987).

Although ZnO is a very attractive material for using in these mechanisms
because of its strong piezoelectric coupling efficiency (Tilmans, et al.,
1992) there are some problems with piezoelectric transduction used ZnO
thin film. For example, it has sensitive to humidity, light and the history of
thermal treatment. Furthermore, the Q-factor is reduced because of the
deposition of a ZnO layer on the resonator which also increases the
temperature sensitivity due to differences in thermal expansion (Tilmans,
et al., 1992, Elwenspoek and Wiegerink, 2001). Moreover, encapsulation
of the ZnO layer in silicon nitride layers, to avoid zinc contamination and
protect the ZnO layer against the different etchants used, is necessary
because ZnO is not an IC-compatible material. In low frequencies
applications (< 1 MHz), the fabrication process is more complicated
because special configurations are required. When considering the
properties of the piezoelectric layer after heat treatment at high
temperature (1000-1150 °C), there is a possibility that the epitaxial growth
of silicon may be excluded. Encapsulating the piezomaterial in a
passivation layer can increase the resistance of the piezoelectric layer to
the sacrificial layer etchant and also the protection against the etchant
(Tilmans, et al, 1992).

2.2.4.4 Electrothermal Excitation and Piezoresistive Detection
Electrothermal excitation and piezoresistive detection mechanisms can
be produced by using the same material in the same processing steps.
Thermal expansion of a resistive material caused by a heat source on top
of a beam generated by an electrical current giving rise to a temperature
gradient along and normal to the beam is used as the principle of the
excitation mechanism. A temperature gradient normal to the beam
creates a bending moment due to thermal expansion, which is used to
excite the resonators. The order of the thermal wave affects the relation
between the induced mechanical bending moment and the frequency,
which is related to the optimal point of the operation. The detection
mechanism is based on piezoresistive effect which is detected by
piezoresistors, made of the same material as that used for excitation
(Tilmans, et al., 1992, Elwenspoek and Wiegerink, 2001).
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This method is very attractive because standard IC processing
technologies can be used to fabricate the resonators. The problems are
that the sensitivity of this system is low. Furthermore, the thermal
compressive axial forces introduced from the static heat dissipated in the
sensors will affect the resonance frequency (Tilmans, et al., 1992,
Elwenspoek and Wiegerink, 2001). To solve this problem, good control of
the heat flow to the surroundings is required (Tilmans, et al., 1992).

2.2.4.5 Optothermal Excitation and Optical Detection

In order to avoid any electrical voltages at the sensor, optothermal
excitation and optical detection mechanisms were developed.
Optothermal excitation uses similar mechanism to electrothermal
excitation except that the heat source is provided by the absorption of
light by silicon or an absorbing layer e.g., aluminium. Several techniques
have been proposed for optical detection, such as intensity modulation by
means of a shutter, use of an optical proximity or displacement sensor, or
integrating interferometry using the surface of the vibrating beam and the
end of a glass fiber as mirrors (Tilmans, et al.,, 1992, Elwenspoek and
Wiegerink, 2001).

This scheme is very attractive for applications because there is no
reliable electrical solution under extreme environmental or hazardous
conditions. However, the integration with the optical (fibre) system makes
the realization more complicated even the fabrication of the resonator is
relatively simple. Furthermore, thermally induced axial forces resulted in
the dependence of the frequency on the optical drive power (Tilmans, et
al., 1992).

2.2.4.6 Dielectric Excitation and Detection

A dielectric thin film sandwiched between a top and bottom electrode is
used for dielectric excitation. The principle is that when a voltage is
applied across the electrodes, an electrostatic force occurs and results in
the lateral deformation of a dielectric thin film. This lateral deformation will
cause bending moments that are used to drive the resonator sensors. For
detection mechanism, the changes of the capacitance of a dielectric
capacitor if the dielectric is deformed will be detected (Elwenspoek and
Wiegerink, 2001).

Although this method seems promising it gives extremely small signals.
Materials with a very high permittivity, such as PZT, are used to
overcome this problem (Tilmans, et al., 1992, Elwenspoek and Wiegerink,
2001).

The various excitation and detection mechanisms used with resonators
are summarized in Table 2.1.

There are several criteria that have to be determined for the suitability of
the excitation and detection mechanisms. First of all, the performance
and behaviour of the resonators must be considered (Beeby, et al.,
2004), also information about the fabrication process, such as cost, yield
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and through-put, and the availability of the technology (Tilmans, et.al.,
1992, Beeby, et al., 2004), the kind and number of materials used for
fabrication, which including aging of material properties, fatigue, yield
strength, stress relaxation and differential thermal expansion (Tilmans, et
al.,, 1992), and signal-to-noise ratio and other interference signals e.g.,
electrical feedthrough which can obscure the mechanical resonance
(Tilmans, et al.,, 1992). Regarding the material used for resonator
fabrication, a single-crystalline material with homogeneous structure is
the ideal material (Tilmans, et al., 1992).

Table 2.1 Summary of Excitation and Detection Mechanisms.

Excitation Detection
Electrostatic Capacitive
Magnetic* Magnetic*
Piezoelectric* Piezoelectric*
Electrothermal* Piezoresistive*
Optothermal* Optical*
Dielectric Dielectric

* These methods can be used with silicon resonators (Beeby, et al.,
2004).

Secondly, it is important to consider the electrical circuit used to excite
the sensor or measure the output signal such as the magnitude of the
drive forces generated, coupling factor (or drive efficiency) and sensitivity
of the detection mechanism (Myrvoll, 2003, Beeby, et al.,, 2004). For
example if the electromagnets used as exciters and pickups are mounted
too close to the sensor, the output frequency may not be stable (Myrvoll,
2003). However, if the distance between the sensor and the
drivers/pickups is too far, the frequency will be constant because the
effect of damping is not measurable (Myrvoll, 2003). Moreover, the
sensors final environment needs to be considered and whether the
resonators can be used in an Integrated Circuit (IC) environment or not
(Tilmans, et al., 1992, Beeby, et al., 2004). Lastly, the overall design of
the structure, including shielding, minimization of parasitic loads and on-
chip electronics for buffering requires special attention (Tilmans, et al.,
1992).

The electrical power needed to drive high-Q resonator sensors is
extremely low. In small quartz devices with piezoelectric drive, the power
dissipated in the resonator itself is usually insignificant in comparison with
that dissipated in the oscillator and output circuits. The operation of
resonator sensors in conjunction with ultra-low power drive electronics
opens up the possibility of powering sensors from sources other than
conventional electrical supplies, such as solar cells, fibre optic links and
environmental sources such as pressure and temperature gradients.
Many opportunities therefore exist for developing independently powered
sensors to enhance safety and reliability (Langdon, 1987).
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When considering to the excitation and detection mechanisms, the
resonators can be divided into two approaches: one-port resonators and
two-port resonators (Fig. 2.37).
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Figure 2.37 (a) One-port resonator (b) two-port resonator
(Elwenspoek and Wiegerink, 2001).

One-port resonator uses a single element which combines the excitation
and detection of the vibrations in the structure as shown in figure 2.37(a).
The problem with this approach is that the mechanical resonance can be
obscured from the parasitic parallel loads (Elwenspoek and Wiegerink,
2001, Beeby, et al., 2004).

Two-port resonator is different from one-port because it uses separate
elements for excitation and detection of the structure (Fig. 2.37 (b)).
However, they experience a similar effect that the mechanical resonance
can be obscured. In the case of two-port resonator, this effect is caused
by the electrical cross-talk between the driving and detection ports as a
result of capacitive and/or resistive coupling, rather than the parasitic
loads as in the one-port resonator (Elwenspoek and Wiegerink, 2001,
Beeby, et al., 2004).

2.2.5 Resonator Design Characteristics

2.2.5.1 Quality Factor (Q-Factor)

The mechanical quality factor (Q-factor) is the parameter which
represents the energy losses of the resonator or in other words, a
measure of the mechanical damping in a system. The damping effects
acting on the system will limit the magnitude of maximum amplitude at its
resonant frequency when a structure approaches resonance. The Q-
factor can be defined from the energy involved in the system. It is simply
defined as being proportional of the total energy stored in the vibration to
the energy lost per cycle due to the damping effects present and can be
derived from equation 2.10 (Tilmans, et al., 1992, Elwenspoek and
Wiegerink, 2001, Beeby, et al., 2004).

Q= Zﬂ(E%Cj (2.10)

where Ey is the total energy stored in the system
Ec is the energy lost per cycle
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The Q-factor is commonly determined from the response characteristics
of the resonator which is the steady-state frequency plot of a resonator
excited by a harmonic force with constant amplitude because it cannot be
determined directly (Tilmans, et al., 1992, Elwenspoek and Wiegerink,
2001). It can be calculated from Figure 2.38 using

Q=2 (2.11)

where fj is the resonance frequency with maximum amplitude response
(@max)
Af is the half-power bandwidth of the frequency response (at -3dB)

Amplitude

fl:fz
f0

Frequency

Figure 2.38 A typical characteristic of a resonant system
(Beeby, et al, 2004).

It is clearly seen from the above equation that Q is a measure of the
sharpness or the frequency selectivity of the resonator (Tilmans, et al.,
1992).

A high Q-factor implies low energy losses in the system and good
frequency stability. Therefore it has several advantages for resonator
design characteristics. The shape of the resonant frequency with high Q-
factor can be observed from the sharpness of the resonance curve.
Increasing this sharpness, or in other word Q-factor, enables the resonant
frequency to be more clearly distinguishable from non-resonant vibrations
or parasitic mode of vibrations (Fig. 2.38) and also improves the
performance and resolution of the resonator. For this reason, the
operating electronics can be simpler since the magnitude of the signal
from the vibration detection mechanism is greater than that of a low-Q
system. A high Q-factor also ensures a minimal effect of the electronic
circuitry on the oscillation frequency. In addition to those advantages, a
high Q offers more possibility of excitation mechanism from alternative
sources, e.g., solar energy, because the energy required to maintain the
vibrations at constant amplitude is kept low which reduces heat
generation. A high Q also shows that the resonant structure is well
isolated from its surroundings, hence the influence of external factors will
be minimized and its sensitivity to mechanical disturbances is low
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(Tilmans, et al., 1992, Elwenspoek and Wiegerink, 2001, Beeby, et al.,
2004).

Damping Mechanisms

The damping mechanisms cause the energy loss of the resonators that
limit the Q-factor of the sensors. There are three distinguishable
mechanisms of energy loss: (1) losses into the surrounding (fluid)
medium (1/Q,) caused by acoustic radiation and viscous drag, (2) losses
into the mount used to support the resonator due to motion of the mount
(1/Qs), and (3) losses inside the material of the resonator (1/Q;) from
intrinsic damping. The relation between these effects and the Q-factor is
shown in equation 2.12. The Q-factor can be maximized by minimizing
these effects (Tilmans, et al., 1992, Elwenspoek and Wiegerink, 2001,
Beeby, et al., 2004).

11 1

—=—+—+ 1 (2.12)
Q Q. Q G

(1) Losses into the surrounding medium

Energy losses associated with 1/Q, occur due to the interactions of the
oscillating resonator with the surrounding fluids. There are several loss
mechanisms and associated effects such as: squeezed film damping,
acoustic radiation, gas damping and viscous damping. The nature of the
gas, surrounding gas pressure, size and shape of the resonator, the
direction of its vibrations, and its proximity to adjacent surfaces influence
the magnitude of each loss mechanisms and associated effects.

Squeeze-film damping effect

If the flexural vibrating resonator is close to another stationary surface,
squeeze-film damping effect occurs due to a pressure built-up in the
intervening space. If the gap spacing approaches or becomes less than
the width of the vibrating beam, the squeeze-film damping effect
becomes significant but this effect can be reduced by operating the
resonator in a suitable vacuum or making ventilation holes in the vibrating
beam (Tilmans, et al., 1992, Elwenspoek and Wiegerink, 2001, Beeby, et
al., 2004).

Acoustic radiation damping effect

Radiation of sound waves propagating in a direction normal to the surface
will be significant if the acoustic wavelength becomes equal to or less
than a typical dimension of the resonator (Tilmans, et al., 1992).

Gas and Viscous damping effect

The overall quality factor depending on the air-pressure will be described
here. There are three main pressure regions that will be considered. The
shape and material properties of the resonator have influences over the
transition points of these regions. The way of supporting the resonator is
also another influence (Tilmans, et al., 1992).
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At low pressure of between 1 and 100 Pa when the surrounding gas
molecules act independently of one another, the molecular damping
occurs due to the collisions between the molecules and the resonator’'s
surface as it vibrates and exchange momentum according to their relative
velocities. The magnitude of this effect is dependent on the surrounding
fluid pressure and close proximity of the oscillating structure to adjacent
surfaces (Tilmans, et al., 1992, Beeby, et al., 2004).

At pressure near atmospheric pressure or above 100 Pa, where
molecules can no longer act independently and the surrounding gas must
be considered as a viscous fluid, the viscous damping is the dominating
mechanism. The Stokes drag force for a body in uniform motion through
a viscous fluid is one contribution that causes this effect. Another
contribution is called shear wave effect, which is due to the fluid traveling
over the surface of the resonator and forms a boundary layer around the
vibrating structure. This shear wave results in transverse vibrations which
travel into the fluid medium, and is dependent on the frequency of
vibration, density and viscosity of the fluid medium (Tilmans, et al., 1992,
Beeby, et al., 2004).

At pressures < 1 Pa the quality factor is independent of the pressure so it
is mainly determined by losses into the support and by the intrinsic
losses. Vacuum encapsulation of the resonator in a batch fabrication
process, therefore, is necessary in order to obtain high Q-factor.
However, temperature remains as a disturbing load, therefore, the design
of packaging must be considered in order to reduce differential thermal
expansion effects. The fabrication process of sealed resonators based on
selective epitaxial growth of boron-doped single-crystalline silicon, high
boron etch stops and selective electrochemical anisotropic etching was
demonstrated by lkeda et al. (1988). An alternative way is based on
sacrificial layer etching and reactive sealing techniques. The hydrofluoric
(HF) anodic etching and silicon fusion bonding is another method of
fabricating sealed resonators (Tilmans, et al., 1992).

Several aspects have to be considered in deciding which technology is
suitable to manufacture resonators. For example, selective epitaxy and
HF anodic etching are the preferred methods for resonators made of
single-crystalline silicon because of its superior material properties
associated with aging, drift, hysteresis, fatigue, creep and yielding
(Tilmans, et al., 1992).

Selective epitaxy method is more complicated and less flexible because it
precludes the sealing of more than one resonator in a single cavity as the
sealing cap always closely surrounds the resonator. For very thin
resonators (<1 um), this method will be difficult to control and reproduce
as a result of the high deposition rate (300 nm/min). Low-pressure
chemical vapour deposition (LPCVD) polysilicon which has low deposition
rate (about 7 nm/min) is the preferred method for very thin resonators.
However, this method is less attractive because of its long deposition
times due to its low deposition rate. For this reason, LPCVD is impractical
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to manufacture a resonator with thickness more than 2-3um (Tilmans, et
al., 1992).

(2) Losses into the mount used to support the resonator
Structural damping effect, 1/Qs, can be minimized by designing a
balanced resonant structure, operating in a higher-order mode,
supporting the resonator at its nodes, and employing a decoupling
system between the resonator and its support (Tilmans, et al., 1992,
Elwenspoek and Wiegerink, 2001, Beeby, et al., 2004).

The principle of balanced resonant structure provides a reaction to the
structure’s vibrations within the resonator. Multiple-beam style resonators
are an example of this design, as they incorporate inherent dynamic
moment cancellation when operated in a balanced mode of vibration.
Double-ended tuning fork (DETF) and triple-beam tuning fork (TBTF)
shown in figure 2.39 are well-known structures of this multiple-beam style
(Tilmans, et al., 1992, Elwenspoek and Wiegerink, 2001, Beeby, et al.,
2004).

DETF consists of two beams aligned alongside each other with equal
width vibrating 180° out of phase, thereby cancelling moment reactions at
the beam roots which results in a reduction of energy losses (Tilmans, et
al., 1992, Elwenspoek and Wiegerink, 2001, Beeby, et al., 2004).

The TBTF structure provides another way of cancelling moments and
shear forces at the clamped ends. It consists of three beams aligned
alongside each other, the centre tine being twice the width of the outer
tines. The middle beam and the two outer beams vibrate 180° out of
phase. This structure can be fabricated with planar micromachining
technologies and the excitation/detection of the flexural transverse
vibrations is not difficult as in the DETF, which requires in-plane
excitation/detection schemes (Elwenspoek and Wiegerink, 2001, Beeby,
et al., 2004).

~
N

(a) (b)
Figure 2.39 Structures and optimum modes of operation of two balanced
resonators: (a) DETF and (b) TBTF (Beeby, et.al, 2004).

A dynamically balanced resonator design provides many benefits: high Q-

factor therefore high resolution of frequency, high degree of immunity to
environmental vibrations, immunity to interference from surrounding
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structural resonances, and long-term performance since the influence of
the surrounding structure on the resonator is minimized. However,
unequal loading of the beams can result in the natural frequencies of the
beams separating, which lower the Q-factor and eventually produces
bistable operation of the device in an oscillator circuit (EerNisse and
Paros, 1983).

The coupling mechanism between the resonator and its support is
considered from Newton’s Third Law that every action has an equal and
opposite reaction. When observing a fixed-fixed beam vibrating in its
fundamental mode, the reaction to the beam’s vibrations is provided by its
supports. This reaction causes energy to be lost from the resonator due
to the deflection of the supports. This effect can be reduced by operating
in a higher-order mode, e.g. second mode. This mode of vibration
possess a node halfway along the length of the beam, hence the beam
will vibrate in anti-phase either side of the node, and the reactions from
each half of the beam will cancel out at the node. The magnitude of each
reaction at each support for this mode is less than for mode 1. Although
using of higher order modes can minimize the structural damping effect
their sensitivity to applied stresses is reduced (Beeby, et al., 2004).

Employing a decoupling system between the resonator and its support by
mechanically isolating the resonator from the mount can be done by
using a large mass and an isolator beam, as applied for a single beam.
This component acts as a soft spring-mass system with a natural
frequency much lower than the frequency of the beam and of the support.
In order to efficiently clamp the edge of the resonating beam, the mass
has to be large. The loss of energy of this design is reduced because the
moment and shear reactions are isolated from the support. Another way
of decoupling is applying a frame around the resonator. This method is
used for a torsional resonator which it can vibrate in a torsional mode.
The principle of minimizing the energy losses into the support by this
method is to have a high ratio between the resonant frequencies of the
resonator and the mounting frame (Tilmans, et al., 1992).

(3) Losses inside the material of the resonator

The amplitude of vibrations still decays with time, even if the external
damping mechanisms 1/Q, and 1/Qs are removed. This illustrates that the
Q-factor of a resonator is ultimately limited by the energy loss
mechanisms within the resonator material (1/Q;). The vibrations of the
resonators can be attenuated by several internal loss mechanisms such
as: magnetic effects (magnetoelastic hysteresis), thermal effects
(thermoelastic intermal friction), and atomic reconstructions (dislocations,
stress relaxation at grain boundaries), scattering by impurities and
phonon interaction (Tilmans, et.al, 1992, Beeby, et.al, 2004). Single-
crystal materials, such as quartz and single-crystalline silicon are more
attractive materials than amorphous or polycrystalline because of their
lower intrinsic losses, more stable properties, low hysteresis and creep,
and higher intrinsic Q-factor. However, the damping properties of
materials still need investigating (Tilmans, et al., 1992).
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2.2.5.2 Nonlinear Behaviour and Hysteresis

Nonlinear behaviour can adversely affect the accuracy of a resonant
sensor so it is undesirable. This effect is presented in all resonant
sensors and becomes apparent at higher vibration amplitudes when the
resonator's restoring force becomes a nonlinear function of its
displacement. There are two examples of this behaviour, hard spring and
soft spring effects (Fig. 2.40), depending on the type of clamping. The
hard spring effect occurs in a fixed-fixed beam, where the resonant
frequency increases when a tensile force is applied. In this case, the
magnitude of this effect depends on the boundary conditions of the beam.
Another effect occurs in the beam which is not clamped firmly. It exhibits
the soft spring effect that the resonant frequency falls with increasing
tensile force. In this case, the geometry of the resonator affects the
magnitude of the effect (Beeby, et al., 2004).
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Figure 2.40 The hard and soft nonlinear effects (Beeby, et al., 2004).

In the case of an undamped structure, the equation of motion for an
oscillating applied force is

my +s(y) = F, cosat (2.13)
where m is the mass of the system
F is the applied driving force
o Is the frequency
y is the displacement
s(y) is the nonlinear function.

The nonlinear relationship, s(y), can be represented by the cubic term
(Eq. 2.14).

s(y) =5,y +5,y° (2.14)

Placing (2.14) in (2.13), dividing through by m, and simplifying gives

y+sl/m(y+s3/sly3):%coswt (2.15)
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s;/m equals wo? (oo is the resonant frequency for small amplitudes of
vibration) and ss/s; is denoted by . The restoring force acting on the
system is therefore represented by

R=-? (y+A/°) (2.16)

The nonlinear behaviour depends on 3 as presented in the following three
cases:

(1) B = 0, the restoring force is a linear function of displacement
(2) B > 0, the system shows the hard spring effect
(3) B <0, the system shows the soft spring effect

The resonant frequency in the nonlinear behaviour exhibits a quadratic
dependence upon the amplitude, as shown in

o, = 0,1+ 3 A2 (2.17)

From an experimental analysis of the resonant frequency and maximum
amplitude for a range of drive levels, the variable B can be found by
applying (2.16).

As the nonlinear behaviour becomes apparent when the amplitude of
vibration is increased, it therefore depends on the energy supplied by the
resonator’'s drive mechanism and the Q-factor of the resonator. If the
resonator is driven too hard or has high Q-factor, the amplitudes at
minimum practical drive levels will be excessive and that can result in
undesirable nonlinear behaviour. Driving a resonator in a nonlinear
region, then changes in amplitude due to amplifier drift, the resonant
frequency will be shifted and it will be indistinguishable from shifts due to
the measurand. Consequently, the analysis of a resonator’s nonlinear
characteristics can determine drive mechanism suitability and its
associated operating variables (Beeby, et al., 2004).

In addition, high Q-factor also enhances the chance of hysteresis
occurring in the resonators (Elwenspoek and Wiegerink, 2001). If the
amplitude of vibration exceeds a critical value, a nonlinear system can
exhibit hysteresis that the amplitude has three possible values at a given
frequency (Elwenspoek and Wiegerink, 2001, Beeby, et al., 2001). By
measuring the Q-factor of the resonator at small amplitudes and applying

Q= Lor (2.18)

the critical value can be determined by applying

_— 2.19
Yo > 30, |,3| ( )
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where h is the damping coefficient.

Apart from the nonlinear and hysteresis behaviours, the ultimate
frequency resolution or stability of the sensor will be limited by noise or
other instabilities of the vibrational amplitude (Tilmans, et al., 1992,
Elwenspoek and Wiegerink, 2001). Several factors such as temperature
sensitivity and variations, stability or electrical components of the
feedback oscillator, stability of the environment, and the quality factor of
the resonator are used to determine the short-term resolution or stability
of the resonator. While in the case of long-term resolution or stability,
creep and stress relaxation are relevant. In high-precision sensors, the
response time is another parameter that should be considered and it is
expected to be small compared to the time required for counting the
frequency shift (Tilmans, et al., 1992).

Moreover, the shift in the resonance frequency not only occurs when the
axial force changes but may be due to the changes in geometrical
deformation of the resonant sensors. Nevertheless, this effect is small
compared to the effect of the measured value but it will have an important
consequence if the resonator is subjected to creep. The level of this effect
depends on the creep behaviour. If the resonator sensor is subjected to
creep occurring under a constant state of stress, its resonant frequency
will only be slightly affected but creep will seriously limit the performance
of the sensor when the input load of the gauge causes an elongation
(Tilmans, et al., 1992).

Error readings can also be caused by a possible relaxation of the residual
stress in the materials during operation. Low residual strain/stress levels
(small tension) and slender vibrating elements can minimize the chance
of buckling and allow long beams to be fabricated resulting in a large
gauge factor. On the other hand, a large tension and increased mode
number will decrease the gauge factor and the sensitivity of the device
(Tilmans, et al., 1992).

2.2.6 Advantages and Disadvantages

The advantages of resonator sensors or frequency output sensors are
that they present extremely rugged, simple construction and long-term
stability (Jordan, 1985, Myrvoll, 2003). Moreover, the most important
benefit over conventional analogue sensors is that they create a digital
output signal through the mechanical characteristics of the device itself
which is directly compatible with digital signal processing electronics in
computer controlled systems (Elwenspoek and Wiegerink, 2001, Myrvoll,
2003). Consequently, analogue to digital conversion is not necessary,
which makes the resonant sensors particularly attractive in present day
digital measurement and control (Myrvoll, 2003). Furthermore, frequency
signals can be transported over long distances with high accuracy
(Elwenspoek and Wiegerink, 2001), and also shows high sensitivity and
resolution, and consumes low power (EerNisse and Paros, 1983,
Tilmans, et.al, 1992). In addition, their semi-digital output presents higher

52



reliability, lower error rates, lower susceptible to degradation of
transmitted signals by electrical interference, lower dependence on
change in electrical characteristics with time and eliminates problems
such as intensity fluctuations associated with analogue signals (Langdon,
1987, Tilmans, et.al, 1992). Considering the fabrication technology,
micromachining can be used for batch fabrication with possible on-chip
electronics. For this reason, the cost of manufacturing resonant systems
will be reduced and reproducibility can be improved (Tilmans, et al.,
1992).

However, the measurement sensitivity and reliability of using resonator
sensors is very dependent on how to maintain and measure the prime
mode of vibration of the mechanical structure. In order to achieve this
requirement, the influences of material consistency and manufacturing
tolerances, and the knowledge of the modes of vibration must be fully
understood by applying sophisticated mathematical modelling techniques
(Jordan, 1985). For complex resonator shapes, where the frequencies of
the different modes of vibration are very close to each other and have
different sensitivities to the axial load, the interference of unwanted
modes with the desired mode can be minimized by decreasing the
dynamic range or measurement window of the sensor, where the
frequency will be a single-valued function of the axial load. If a large
dynamic range is required, the resonator structure should be simple and
also the excitation and detection elements should be designed and
placed so that the unwanted modes are not excited or detected (Tilmans,
et al., 1992).

Furthermore, the frequency of resonators is intrinsically a function of
temperature because the elasticity and density of materials are
temperature dependent (Langdon, 1987). In addition, both material
properties such as Young’s modulus and the resonator dimensions are
temperature dependent so a shift of the resonance frequency is induced
from a temperature change which is a major source of error. Differential
thermal expansion effects within the composite resonator or between the
resonator and the supporting structure also strongly degrade the
performance of the device. To solve this problem, electronic temperature
compensation (on-chip temperature sensor), accurate temperature
regulation of the sensor environment or employing a differential resonator
design need to be considered. The latter method can minimize many
errors from variations in the reference clock frequency, aging of material
properties, even-order nonlinearity effects and mounting or package-
induced stresses. In order to reduce the mounting strains, stress-free
assembly techniques or mechanical decoupling zones are used (Tilmans,
et al., 1992).

In addition, a perturbation of potential or kinetic energy in a mechanical
structure has influence on the resonance frequency of the resonator. The
potential energy perturbation is caused by changing the stiffness of the
resonator due to the changes of the shape, or by mechanically straining
the resonator. For the kinetic energy perturbation, it is caused by a
change of the resonator mass or by changes of the density of the
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surrounding medium. To avoid this perturbation, the resonator should be
hermetically sealed in an evacuated or inert cavity in order to provide a
stable environment (Tilmans, et al., 1992).

2.2.7 Applications

Resonator sensors are commercially available for the measurement of
mass flow, density, level, gas, viscosity, rotation rate, pressure, force and
acceleration (Jordan, 1985, Beeby, 2004). Langdon (1987) described
many resonator applications, applying different techniques to measure
the required value of interest. For example, varying stress or tension in a
mechanical structure of the resonator sensors can lead to the changes of
its vibrational resonance frequency such as in pressure sensor or load
cell. Moreover, changing its mass by surrounding it by a liquid or gas also
causes the frequency to change, as in liquid and gas density or liquid
level application. In addition, a viscosity sensor or combined viscosity and
density sensor can be constructed by using other time dependent
measurement methods, such as measuring decay time of the vibration in
a mechanical resonator, when it is immersed in a liquid, which depends
on the viscosity of the surrounding medium. Flow velocity can also be
measured with the resonator sensor, when it is immersed in a moving
fluid, by measuring the time difference between signals from
displacement sensors attached at different points, resulting from the
momentum of the vibration transferred from one part to another by fluid
flow. In applications requiring highly reliable temperature measurement
such as in nuclear reactors, small tuning forks resonators excited
remotely by acoustic waveguides are used (Langdon, 1987).

The future trend in using resonator sensors for multi-function sensor
systems is also possible (Jordan, 1985). For example, the output signal of
the resonator sensors does not only respond to the required parameter
but also to other parameters, such as temperature. From this point, the
designer must be very careful in designing a sensor, which maximises the
response to the required parameters whilst minimising the unwanted
parameters. However, this may provide additional opportunities for
acquiring a sensor which can be responsive to many parameters at the
same time for the price of one (Langdon, 1987).

2.3 Resonant Sensors for Torque Application

Torque measuring devices are implemented in several applications such
as in process control, automotive industries etc.. Potentiometer,
capacitive, inductive, magnetic or optical angular position sensor can be
used to measure torque, which is translated into a mechanical movement
of a torsion bar (Beckley, et al.,, 2002). Moreover, metallic resistance
strain gauges fixed on to a weak link (e.g. a torsion bar) is used to detect
the surface strain on the torsion bar produced by torque (Whitehead, et
al., 1997, Beckley, et al., 2002, Yan, et al., 2005a). Strain-gauge-based
torque sensors experience many problems such as low output signals,
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poor signal-to-noise ratio, labour intensive installation, low overload
capability, and drift (Whitehead, et al., 1997, Yan, et al., 2004b). For this
reason, resonant-based sensors are an attractive alternative technology
that has been developed to overcome those problems (Whitehead, et al.,
1997).

2.3.1 Metallic TBTF Resonant Sensors

2.3.1.1 Introduction

Metallic triple-beam tuning-fork (TBTF) resonant sensors have been
developed to measure torque as their resonant frequency will increase
with increasing torque. This sensor consists of three beams aligned
alongside each other and coupled at their roots. The advantage of triple-
beam over the single beam structure is that this design is inherently more
dynamically balanced. Consequently, it dissipates less energy through its
supports and possesses an intrinsically high mechanical Q-factor (Yan, et
al., 2003a). When compared to the double-beam resonator, it provides
the extra space to place the drive and pick-up elements on the resonator
and also permits the coplanar deposition along the width direction on the
top surface of the beam, in order to generate out-of-plane vibration. For
this reason, this design is more convenient and less time-consuming in
terms of fabrication, because the double-beam design requires the
deposition of the piezoelectric material along the thickness direction on
the side of the beam to generate lateral anti-phase in-plane motion, that
requires two steps of printing process (Yan, et al., 2004b). Nevertheless,
if the piezoelectric elements are deposited along the width direction, the
double-beam resonator can also be operated in out-of-plane motion
mode but with reduced Q-factor (Barthod, et al., 2003).

Whitehead implemented metallic TBTF resonator fabricated from Ni-Fe
alloy 42, which is excited by a thick-film printed lead zirconate titanate
(PZT) element on one tine and a second PZT attached to another tine
detects the resonant frequency. The Q-factor is about 300. Its basic
configuration in a closed-loop configuration is shown in figure 2.41.

Figure 2.42 illustrates a torque transducer which is based on this type of
resonant sensors. Two TBTF resonators are mounted onto the torsion
bar machined from 17-4 PH stainless steel at +45° relative to the axis of
the bar. Although two devices are mounted, only one TBTF resonator is
used for torque measurement. The reason for mounting two devices is to
allow the symmetry of the sensor which is essential for optimum
operation as a torque sensor (Whitehead, et al., 1997).

The metallic TBTF resonator that has been used in this current research
project is based on the configuration that was proposed by Yan, et.al
(2003a). The following sections will describe the TBTF resonator and its
development, torque transducer implementing this type of TBTF
resonator and some demonstrated feasibility of its performance.
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Figure 2.41 Basic TBTF in a Figure 2.42 Schematic of a TBTF-
closed-loop configuration based torque sensor
(Whitehead, et al., 1997). (Whitehead, et al., 1997).

2.3.1.2 Resonator Design

The metallic TBTF resonator with thick-film printed piezoelectric drive and
pickup elements proposed by Yan, et al, is shown in figure 2.43 (2003a).
It consists of three parallel beams (tines) and joined to the substrate at
each end. Its resonating element has a length of 15.5mm, a thickness of
0.25mm, a central beam width of 2mm which is twice of the two outer
beams (1mm) and the distance between the beams is 0.5mm. The
resonance frequency is about 6.2kHz with Q-factor of 3100.

15.5mm

Figure 2.43 Photograph of metallic resonator (Yan, et al., 2003a).

In figure 2.44, the large electrically earthed regions are introduced on to
the substrate surrounding the drive and detect electrodes in order to
minimise cross talk between the drive and detect element (Yan, et al.,
2003b).

Il rZT BEE sttom Electrode L1 Top Electrode

B Earth 1 Dielectric [ 3ubstrate

Figure 2.44 A plan view of the resonator structure with PZT driving and
detecting elements with large earthed regions (Yan, et al., 2003b).

Finite Element Analysis (FEA) has been performed to observe the

vibration mode with stress distribution and eigenfrequencies of the
resonator as shown in figure 2.45.

56



It can be seen that the third mode of vibration is the mode that the central
tine vibrates in anti-phase with the two outer tines. This mode is the
optimum mode because the shearing forces and bending moments at the
decoupling zone are cancelled out resulting only little vibrational energy is
dissipated into the supporting structure at each end of the resonator,
which improves the Q-factor and the performance of the resonator.

mode 1 mode 2

\

mode 3 mode 4

Figure 2.45 Six vibration modes of the resonator modeled by FEA
(Yan, et al., 2004a).

\

Moreover, FEA has been employed to optimise the positioning of the
thick-film piezoelectric elements on the structure. The PZT elements were
printed at each end of the central beam because the maximum stresses
exist at these regions when it operates in the favoured mode of vibration
(3 mode) from FEA (Fig. 2.46). For this reason, the degree of
mechanical coupling between the active piezoelectric layer and the
resonator for generation of both driving forces and sensing signals is
maximised. The temperature operation of the PZT elements in its current
formation is up to 120°C (Yan, et al.,, 2005b). The PZT element at one
end drives the vibrations, whilst the PZT element on the other end detects
them (Yan, et al., 2004a).

Figure 2.46 A stress distribution along the resonator in mode 3
(Yan, et al., 2004a).

The operating resonant frequency of this TBTF resonator is determined

from the transverse vibrations of a prismatic beam in the x-y plane (Fig.
2.47a) which is assumed to be a plane of symmetry for any cross section.
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When considering internal and inertial actions upon a free-body diagram
of an element of length dx as shown in figure 2.47b, the dynamic
equilibrium condition for forces in the y direction when the beam is

vibrating transversely is considered to be

oV o%v
V -V -~ dx— pAdx—— =0 2.20
o PAIX—5 (2.20)

where V is the shearing force
p is the density of the material

A is the cross-sectional area of the beam
v is the transverse displacement of a segment of the beam

U

(b)

u( ‘,,]E}, Voo B

\‘V+ﬂ/dx
ox

Figure 2.47 Transverse vibration of prismatic beams
(Weaver, et al., 1990).

And the moment equilibrium condition gives

—de+ydx ~0 (2.21)
OX
. . oM
where M is the bending moment and V = e
X

Substitution of V into equation (2.20) produces

o°M o%v
Py dx = —,OAdX¥ (222)

From elementary flexural theory

M=El 22 (2.23)

where E is modulus of elasticity
| is second moment of area
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UL (2.24)

12
where W is the width of the beam
H is the thickness of the beam
Substitute (2.23) in (2.22), therefore
0° o0%v 0%v
——| El — |[dx = —pAdXx—- 2.25
B% ( ale SrS (2.25)

If the beam is uniform, the flexural rigidity El is constant, so:

Or
o'v 1 d%v
@ 20
where a = E
PA

When a beam vibrates transversely, the deflection at any location varies
harmonically with time, as follows:

v = X(Acosat + Bsinat) (2.28)

Substitution of (2.28) into equation (2.27) results in

d*‘X @°
-——X=0 2.29
dx* a? (2.29)
a)2
Introducing — =k* so
a
X ey —o (2.30)
dx* '
By writing X =e™, thus:
e™(n—k*)=0 (2.31)

Consequently, the values of n are found to be n, =k, n, =—k, n, = jk,
n, =—jk, where j=+-1.
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As a result, the general form of (2.30) becomes
X =Ce* + De™ + Ee!™ + Fe I (2.32)
which may be written in the following form

X =C,sinkx+ C, coskx + C, sinh kx+ C, coshkx (2.33)

This is a typical normal function for transverse vibrations of a prismatic
beam. Different boundary conditions at the ends of the beam will
determine these constants C,, C,, C, and C, which lead to the

frequencies and mode shapes for free vibrations.

In the case of this TBTF sensor, the beam will be analyzed as the fixed
ends beam (Fig. 2.48) so the boundary conditions for this case are

(X)o =0 (dx jx_o -0 (X),, =0 (dxjx_l 0

dx dx

(a)

(b)

| (@]
Figure 2.48 First three mode shapes of beam with fixed ends

(Weaver, et al., 1990).

Rewrite equation 2.33 in the following equivalent form:

X = C,(coskx + coshkx)+ C,(coskx — coshkx)+ C, (sinkx + sinh kx)+ C, (sinkx — sinh kx)
(2.34)

From the above boundary conditions of the fixed ends beam (Eq. 2.34),
the first two conditions will be satisfied if C, =C, =0, so that

X =C,(coskx—coshkx)+C,(sinkx—sinhkx)  (2.35)
From the two latter conditions the following equations are obtained:

C, (coskl —coshkl)+C, (sinkl —sinhkl) =0 (2.36)
C, (sinkl +sinhkl)+C, (- coskl +coshkl) =0 (2.37)
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A solution for the constants C,and C,(different from zero) can be

obtained only when the determinant of the coefficients in Egs. (2.36) and
(2.37) equal to zero. As a result, the following frequency equation can be
obtained.

(— coskl +coshkl)? — (~sin? kI +sinh? kI )= 0 (2.38)
Or

cosklcoshkl =1 (2.39)

The consecutive roots of this equation are shown as the example in the
following table:

Table 2.2 A few of the lowest consecutive roots of the frequency equation
of beam with free and fixed ends.

k,| Kk, K, | K,| k,I k|

0 4.730 7.853 10.996 14.137 17.279

The nonzero roots can be obtained from the formula
.1
kil z(l +—j7r (2.40)
2
The frequencies for the beam can be determined from the equation
f = 17 (2.41)
where i is the mode of vibration.

Substituting of a = /E—IA into (2.41) results in
o,

2 2
f, :k_i E or f, :% E (2.42)
27\ pA 2712 \ pA

It is clearly seen that the resonant frequency of the resonant sensor is
dependent on the geometric dimension and properties of the material
used to fabricate the resonator according to equation 2.42.

In this case, the resonating element has a length of 15.5mm, a thickness
of 0.25mm and beam widths of 2. The elastic modulus of the stainless
steel 430S17 is 200GPa and the density is 7800 kg/m®°. The constant k|
= 4.730 is used as the mode shape of the vibration of this resonator
associated to the third mode of vibration of beam. Consequently, the
resonance frequency of this resonator from theory can be obtained from

61




equation 2.40 which is about 5.4kHz. This value is different from the
experimental value because the frequency calculation from theory is
based on the assumptions that: the parental material is uniform so the
Young’s modulus and density are uniform throughout the material sheet,
and the dimension of the sensors i.e. tines dimensions are identical
(Cheshmehdoost, 1992).

In addition, the FEA calculated resonant frequency is different from the
experiment because it ignores the presence of the PZT elements which
will increase the value by increasing the stiffness of the resonator, and
the firing process during printing process which will decrease the
frequency by decreasing the Young’s modulus of the resonator material
(Yan, et al., 2004a). Also for etched elements the cross-sectional area is
not uniform.

2.3.1.3 Fabrication

Many kinds of material are used to fabricate the resonant sensors such
as the piezoelectric, silicon and metal. Although the piezoelectric
resonator has high Q value (Q > 10%), it has high temperature coefficient
and low yield strength. Also silicon material suffers from a large
temperature coefficient. The other suitable materials are metals with high
yield strength such as stainless steel and Fe-Ni alloys. A major drawback
of the Fe-Ni alloy is the slight changes in the iron-nickel ratio or the
presence of the impurities can cause large changes in the temperature
coefficient of the frequency. Adding chromium to these iron alloys can
reduce sensitivity to the composition. However, it is difficult to produce the
material with desired characteristics. Moreover, it requires heavy cold
working which seriously limits the size (Cheshmehdoost, 1992).

The important characteristics of a suitable material used for fabrication of
the resonant sensors are; high mechanical Q, low temperature coefficient,
low hysteresis and high yield strength. Furthermore, the availability and
machinability are other important requirements that should be considered
in selecting the material (Cheshmehdoost, 1992).

The resonator used in this research was fabricated from 430S17 stainless
steel thin sheet. This material is suitable for deposition of dielectric and
firing processes. It was machined by using a simultaneous double-sided
photochemical etching technique which uses a photoresist and etchants
to corrosively machine away selected areas for fabricating sheet metal
components. This technique has several advantages such as inexpensive
conventional process, accurately and economically producing highly
complex parts with very fine detail, offering economical alternatives to
laser cutting, inexpensive tools, quickly producing (it can make a part in
hours after receiving the drawing), allowing for easy changes in mass
production, applying on any commercially available metal or alloy, of any
hardness and not creating sharp edges (Yan, et al., 2003b, Wikipedia,
2009).
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The layout of the resonator was defined by the top pattern and the bottom
was etched in a standoff distance for ease of mounting. The thickness of
the substrate is 0.5mm with a standoff distance leaving the section of
resonating element 0.25mm thick in order to allow the resonator to be
mounted horizontally on a flat surface without affecting the vibration of the
tines. The process of fabrication is illustrated in figure 2.49.

1. Double-sided
photochemical etching
of substrate

2. Thick-film print,
diy and fire
dielectric layer

L I
3. Thick-film print,

dry and fire bottom
gold electrode

4. Thick-film print,
dry and fire PZT

film

| === =l 5. Thick-film print, dry

and fire top gold

electrode and earth

Figure 2.49 Schematic of resonator fabrication process
(Yan, et al., 2004a).

Thick-film standard screen printing process is implemented to print the
required material on the defined driving and sensing regions that have
been predicted from FEA. This technology typically deposits thick layers
of material between 50 um and 100 um when compared to the thin-film (1
um and 3 um) (Yan, et al.,, 2003b). For this reason, it provides larger
excitation forces and detection signhals than alternative thin film
piezoelectric materials because the magnitude of the piezoelectric
element output depends on the piezoelectric properties of the deposited
layer, its thickness and the magnitude of the stress generated by the
applied measurand or the voltage applied for driving (Yan, et al., 2003b
and Yan, et al., 2004a). As a consequence, the piezoelectric properties of
the thick film are also improved over the thin film.

In the thick-film screen printing process, the paste is spread over the
surface of a patterned screen and a squeegee is drawn bringing it down
into contact with the substrate by pressing the paste through the open
areas in the screen. The screen snaps back to its original position as the
squeegee passes, and the paste remains deposited on the substrate
surface. The thick-film deposition process is demonstrated in figure 2.50.

The order for the printing process is as following: dielectric, bottom gold
electrode, PZT film and top gold electrode layer with their own screens
respectively. From the schematic of the fabrication process, the PZT layer
is sandwiched between two electrodes thereby forming a capacitor
structure for generating the piezoelectric behaviour. The widest layer on
the substrate is dielectric, whilst the gold top electrode is smaller than the
PZT pattern in all directions to prevent short circuit. The dielectric layer

63



was required to isolate the bottom electrode from the resonator substrate
in order to enable polarization of the PZT layer (Yan, et al., 2003b).

Substrate Substrate

.. ?. saeeie o s oieee

d |
©) Substrate ) Substrate

Figure 2.50 Thick-film deposition process.

For this resonator, a dielectric composition ink, ESL 8986, was used for
the dielectric layer which has an approximate thickness of 25um. A gold
cermet ink, ESL 8836, was used for the bottom and top electrode layers
with 25um thickness for each layer. The PZT paste was prepared from
6um average grain size, 95% PZT-5H powder, 5% lead borosilicate
powder, and approximately 5ml ESL 400 organic vehicle per 20g powder
mix. The lead borosilicate was used to bond the film to the substrate and
also the active particle together. The purpose of the organic vehicle is to
produce the correct viscosity of paste for printing. The thickness of PZT
layer is approximate 50um (Yan, et al., 2003b).

Next, the deposited substrate proceeds to the drying and firing process.
An infra-red dryer is used to dry the printed film which retains a rigid
pattern on the substrate at this stage and is immune to smudging so that
another layer can be printed directly onto the dry film. The drying
temperature is about 140°C. Then the printed film is fired on a belt
furnace for 1 hour, being held at temperature of 850°C for 20min which
has been found to sinter the particles adequately (Fig. 2.51). At this
stage, the film is firmly attached to the substrate so that further screen-
printed layers can be added as required (Yan, et al., 2003b).

After finishing the printing process, the next step is polarisation because
the PZT is ferroelectric material that must be polarized in order to activate
the piezoelectric behaviour of the PZT elements (Beeby, 2004). It is
achieved by applying a strong electric field to the PZT elements at high
temperature, where the individual micro crystals are partially aligned with
the direction of the field (Gautschi, 1936). The polarization process is
conducted by conventional electrically wire bonding, connecting the
elements in parallel and poling them across the electrodes with a dc
voltage up to 200 V for 1 hour at 130°C in order to align the dipoles within
the PZT material and enable it to exhibit its piezoelectric properties. For
the PZT layer thickness of 50 um, an electric field of strength generated
during the polarising process is 4 MV/m (Yan, et al., 2003a). The direction
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of the resulting spontaneous polarization and the corresponding
piezoelectric properties persist after the electric field is switched off
(Gautschi, 1936). If a temperature exceeding the Curie point of the PZT is
reached, its piezoelectric properties will be lost. Therefore, there is a
temperature limit that the PZT can be exposed to. In addition, another
effect that should be considered is the pyroelectric effect, where the
piezoelectric coefficients of the PZT also vary with temperature (Beeby,
2004). The PZT is the most common commercially available piezoelectric
ceramic for actuator and sensor applications because it exhibits very high
piezoelectric coupling coefficients and can be used up to about 200°C
(Gautschi, 1936).
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Figure 2.51 Firing cycle.

2.3.1.4 Resonator operation

After completing the polarisation process, each individual sensor will be
cut from the steel sheet in order to investigate the resonator
characteristics. At this stage, the appropriate method of cutting needs to
be implemented in order to avoid inflicting damage to the resonators.
Then, wires are connected from the bottom and top gold electrode at
each end of the resonator for drive and pick-up mechanism via a low
temperature, conventional soldering technique as indicated in figure 2.52.

i . =

Figure 2.52 Photograph of the metallic resonator (Yan, et al., 2003b).

Open-loop configuration

Firstly, the resonator was tested in an open-loop configuration when it
operated in air without any contact to any physical structure. The main
objective of this testing is to observe the vibration modes and also
confirm successful operation of the driving and sensing mechanisms of
the PZT elements on the resonator.

In an open-loop system, a Hewlett-Packard 89410A Vector Signal
Analyser was connected to the PZT element at one end of the resonator
in order to drive a periodic chirp AC signal of 1 V peak-peak with the
tracking generator scanning over one frequency range. The drive voltage
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level affects the Q-factor of the resonator as decreasing drive voltage can
increase the Q-factor and obscure the spurious modes so that the
performance of the resonator is improved in terms of efficiency. The
reason for this may be attributed to damping caused by high drive levels
causing energy losses through acoustic and radiative heat by large
amplitude of vibration of the tines (Cheshmehdoost, 1992). The output
signal from the pick-up PZT element on the other end of the resonator
was amplified using a Kistler Type 5011 charge amplifier and fed back to
the Vector Signal Analyser in order to analyse the frequency response of
the resonator as shown in figure 2.53.

A

Vector Signal H’ . Vector Signal
Analyser —> Charge Amplifier o Analyser

Figure 2.53 The open-loop configuration for testing the resonator.

The vibration mode of the resonator was shown in the frequency
response wave form on the signal analyser as shown in figure 2.54. The
highest peak is the dominant resonance of the resonator, which
corresponds to the calculated third mode of vibration from the FEA
simulations and the other resonances are visible at different frequencies
but with much smaller amplitudes. The resonator acts as an
electromechanical band-pass filter rejecting both mechanical and
electrical noise at frequencies outside its resonant bandwidth (Yan, et al.,
2005a). The blown-up inset is the third mode frequency response.
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Figure 2.54 Amplitude-frequency response of the resonator
(Yan, et al., 2003b).

The calculated Q-factor of the triple-beam resonator (>3000) is higher
than the Q-factor of other resonating devices having different structures.
For example, the Q-factor of the silicon single beam resonator with PZT
thick-film drive/detection elements (Beeby et al., 2001) is only 70. A Q-
factor of 400 was obtained for a silicon triple beam resonator with thin film
drive and detection (Yan, et al., 2003b). Other published results show a
Q-factor of 140 for a metallic double-beam-tuning-fork resonator with bulk
PZT elements (Barthod et al., 2003) and a Q-factor of 740 for a metallic
triple-beam-tuning-fork resonator with bulk PZT drive and detection
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(Randall et al., 1997). A high Q-factor means good stability of operation
and it is very important in closed-loop operation because it simplifies the
feedback control electronics, gives better identification of resonant
frequency resulting in a high resolution for measurement, better
sensitivity, and also implies low losses of the vibration energy from the
resonator to the external structure, thus requires low power to maintain
the resonance (Yan, et al., 2004b and Yan, et al., 2005a).

Closed-loop configuration

The resonator was tested again in a closed-loop feedback configuration
at atmospheric pressure as shown in figure 2.55. This time, the PZT
sensing element was connected to a charge amplifier circuit, followed by
a High-Pass (HP) filter used to eliminate mains current-noise, a phase-
locked loop for maintaining the resonance, a digital 90-degree phase shift
circuit for adjusting the right phase relation between the pickup and the
drive, a Low-Pass (LP) filter introduced to change the square wave to a
sine wave to drive the resonator, and a second stage of amplification, all
on one circuit board. As a consequence, the drive PZT element was fed
back by the output signal from the second stage amplification to maintain
the frequency resonance in the required favourable mode of oscillation.

From a closed-loop operation, the direct digital frequency output of the

resonator wag nqpqigyrlred as shown in figure 2.56. Charge Amplifier

Drive s ! Pick-up
: = 235 mm R

\
LP filter HP filter

A Frequency output

Adjustable phase shifter Phase-locked loop |

Figure 2.55 A feedback closed-loop configuration.

Amplitude (1 V/div)

Time (0.2 ms/div)

Figure 2.56 Frequency output of the resonator in closed-loop
(Yan, et al., 2003b).
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An alternative design with mounting holes at the ends was also
demonstrated by Yan, et.al. as illustrated in figure 2.57a (2004b). This
device was also fabricated from the same material and same etching
process as the previous two designs but with both top and bottom masks
to pattern the resonator layout in order to yield a symmetric profile for the
resonator edges. The holes were incorporated for mounting the resonator
to the sensing structure by bolts directly. This design shows that no other
resonances in the applied frequency range appear due to the effective
design of the resonator (Fig. 2.57b).
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Figure 2.57 Metallic TBTF resonator with holes at the ends
(Yan, et al., 2004b).

2.3.1.5 Advantages

The presented resonator has shown a good mode selectivity with a high
Q-factor (about 3100) operating in air when compared with other reported
resonators of similar structures, which leads to high sensitivity and low
power consumption (Yan, et al., 2003a, Yan, et al., 2004a). The
combination of the two batch-fabrication processes, photochemical
etching and screen printing, provides the opportunity for this device to be
easily mass-produced at low cost for use in a wide range of measuring
systems, e.g. load cell, weighing machines, torque transducers and
pressure sensors. (Whitehead, et al., 1997, Yan, et al., 2003b, Yan, et al.,
2004a)

The new resonator can be used on stiff structures, have high overload
capacities, low power consumption, frequency output for digital
processing, and offer prospects for wireless-batteryless operation
(Whitehead, et al., 1997, Yan, et al., 2004b). According to their frequency
output signal, these devices are also easily integrated into digital systems
without analogue-to-digital conversion, having higher resolution than
alternative strain gauge sensors, having good long-term stability because
it is not dependent on the amplitude of the electrical signals, and immune
to noise (Yan, et al., 2004b, Beeby, et al., 2004).
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2.3.2 Metallic TBTF-based Torque Transducers

For many years metallic resistance strain gauges have been used as the
principal sensors for measuring torque on a shaft. Torque transducers
based on metallic resistance strain gauges can seldom withstand
overloads of more than double the rated full-range torque (Fleming,
1982). Despite the small signal outputs, the mounting of strain gauges is
normally labour intensive. A new torque transducer was proposed using
metallic TBTF resonant sensor with thick-film PZT drive and pickup
elements. (Yan, et al., 2005a).

To apply the metallic TBTF resonator torque measurement, two
resonators are spot-welded on the shaft machined from 17-4PH stainless
steel, which is the standard torque shaft material for many torque
applications, at +45° relative to the axis of the shaft on either side of the
shaft and the resonators are perpendicular to each other. Two square
blocks with grooves at 45° to the axis of the shaft were introduced in
order to mount TBTF resonators on these surfaces. The resonators can
be bonded to the sensor structures using laser welding, mechanical
fixing, for example by bolt and screw, or appropriate glue (Yan, et al.,
2004b). Figure 2.58 shows the configuration of torque transducer based
on this metallic TBTF resonator according to Yan, et al. (2005a).

When the torque is applied to the shaft, the principal shear stresses occur
at 45° to the axis of the shaft. The compressive stress exists in one
direction while in another direction detects tension stress. However, two
resonators presented here are only mounted along the tensile direction,
therefore TBTF torque transducer in this measurement can measure
torgue in one direction (Yan et al., 2005a).

Figure 2.58 Torque transducer with TBTF metallic resonators
(Yan et al., 2005a).

The response of the torque transducer is shown in figure 2.59 which is
from one of the two resonators when applying torque up to 20 Nm with 2
Nm steps for 5 cycles. The variability in the fabrication of the resonators
and in mounting arrangements results in the difference of the load
sensitivity from one resonator to another one (Yan, et al., 2005a). The
condition in the test room was heated up to 28.5°C and then cooled down
naturally to 23.8°C in order to investigate the temperature effect to the
resonators. Consequently, the temperature coefficients have been
evaluated in a temperature range from 23°C to 29°C. The frequencies
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and temperatures were recorded at the same time in this experiment. The
experimented TBTF typical characteristics from the resonator with the
highest sensitivity are summarized in Table 2.3.
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Figure 2.59 Response of one TBTF torque transducer (Yan et al., 2005a).

Table 2.3 Typical characteristics of experimented TBTF torque transducer
(Yan et al., 2005a).

Initial frequency 5837 Hz
Sensitivity 40 Hz/Nm
Applied torque range 0-20 Nm (f.s.)
Stability 0.03% (of f.s.)
Repeatability 0.1% (of f.s.)
Hysteresis 1.2% (of f.s.)
Non -linearity 2.1% (of f.s.)

2.3.3 Demonstrated Feasibility

Even though most characteristics of TBTF torque transducer are
considered, it is still insufficient to justify the performance of this torque
transducer for implementation as the torque transfer standard according
to the national standard. There are many parameters or factors that
should be strictly paid attention to such as the method used to investigate
the torque transducer, the equipment used in obtaining the data, the
environmental condition during the measurement, the measurement
parameters that should be considered, and the calculation method of
these parameters.

Considering the method used to investigate the performance of the
torque transducer by Yan et al, (2005a), it did not conform to the national
standard method applied for verifying a torque measuring device. The
equipments used in the measurement have to be standard level and have
reliable accuracy. During the measurement, the environmental condition
should be controlled according to the standard. Moreover, the parameters
that will be determined should be sufficient to evaluate the performance
of the torque transducers. Finally, the calculation method of each
parameter should be standard and include the uncertainty calculation
which is the most important value in measurement.
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Apart from the above reasons, many industries require small sensors in
their applications. As a result, the challenge has been to reduce the size
of the metallic TBTF resonant sensors in order to meet their requirements
while maintaining the accuracy of the sensors. In addition, miniaturisation
of the sensors also provides more benefit in terms of reducing the cost of
fabrication.

The detail of miniaturisation and calibration of the metallic TBTF resonant
sensors will be demonstrated and discussed in the following chapter.
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Chapter 3
3. Torque

This chapter will be devoted to the topic of torque, which is the quantity of
interest in this research work. The theory and background understanding
of torque will be discussed first, then several torque measurement
methods will be described. Torque measuring systems will be considered
next. Lastly, calibration of torque transducers and instruments, which is
the main focus of this research will be explained.

3.1 Torque Measuring System

A torque measuring system is represented in figure 3.1. It consists of a
transducer which is a device converting the desired measured value into
a convenient form of signal, such as an electrical signal, a display which
is an instrument used to interpret the signal to the observer, and a means
of transmitting the signal from the transducer to the observer. When
considering the word ‘transducer’, some authorities refer to devices with
an electrical output whilst non-electrical devices are referred to ‘primary
element’ or ‘measuring element’ (Bass, 1971).

TRANSDUCER (converts measured

valué to signal).

TRANSMISSION
. includes any nece-
Signal | stary modification Signal
DISPLAY (interprets
Measured value signal to observer).

Figure 3.1 Generalized measuring system (Bass, 1971).

Conveniently, the measuring systems can be regarded as shown in figure
3.2. If the box represents the whole system of figure 3.1, the input
quantity is the measured value or the measurand, and the output is the
response observed from the display (Bass, 1971).

System or
—_— e — part of ——
INPUT system OUTPUT

Figure 3.2 Measuring system box (Bass, 1971).

The measured valued shown on the indicator is an analogue or a digital
display. The latter one requires less concentration of the observer, since
the measurement can be read directly as a number. The measuring
equipment enables the user to make measurements with greater
accuracy (Bass, 1971).
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There are two systems for measuring torque; static and dynamic
systems. Static measuring system is when the torque transducers are
installed on fixed shafts. Dynamic system uses torque transducers
installed on rotating shafts. It is more difficult to transmit the electrical
signal from the rotating shaft to a stationary instrument station in dynamic
measurement.

Torque transducers or torque cells are devices converting an applied
torque into an electrical output signal. They consist of measuring body
and a sensor (Dally, et al., 1993). The structure of each torque transducer
can be different in the form of signal transmission and measuring body
design (Schicker and Wegener, 2002).

3.1.1 Measuring Body Designs

There are several kinds of measuring body shapes commonly in use at
the present time; solid, hollow, square-section, spokes and cages as
shown in figure 3.3. Importantly, their surfaces where strain occurs due to
torque must be smooth for mounting sensors (Schicker and Wegener,

2002).
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Figure 3.3 Commonly used measuring body shapes
(Schicker and Wegener, 2002).

3.1.2 Measurement Signal Transmission

There are two ways of supplying power and transmitting the
measurement signal generated on the rotor in the case of using strain
gauges. They are transmission via slip rings and contactless transmission
(Schicker and Wegener, 2002).

3.2 Torque Measurement Methods

There are several methods used to measure torque. They are calculating
torque from electrical power, measuring reaction torque, and measuring
in-line torque. The first method is related to the determinations of the
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power developed or absorbed by rotating machinery. The latter two
methods use force or torque transducers to obtain the torque value.

3.2.1 Calculation from Electrical Power

Torque can be calculated from equation 2.2, if the electrical power and
the shaft speed are known as already discussed in Chapter 2 (Schicker
and Wegener, 2002).

3.2.2 Measuring Reaction Torque

The principle of this method is that in-line torque equals to reaction torque
and it is a method frequently used to determine power (Schicker and
Wegener, 2002). There are two techniques to measure reaction torque by
using either force transducer or torque transducer.

3.2.2.1 Measuring the reaction force on a lever arm
Considering the motor M delivering an output torque (T,) as indicated in

figure 2.10, a reaction torque (T,) occurred to the motor casing is
measured more easily than the torque T, in the shaft. The force (F)

acting on the lever arm at distance r is measured by any force-
measuring methods and used to calculate torque as in equation 2.1.

3.2.2.2 Reaction torque transducers

Figure 3.4 is an example using this technique. For this application, the
torque transducer used to measure the reaction torque is directly located
between the motor housing and the container (Schicker and Wegener,
2002).

—— Anchor

Motor housing with flange
Torque measuring disc
Container flange

Agitator

Figure 3.4 Viscosity measurement based on reaction torque
measurement (Schicker and Wegener, 2002).

3.2.3 Measuring In-line Torque

The configuration of the in-line torque measurement is shown in figure
3.5. The torque transducer used to measure torque is based on several
principles that will be discussed next.
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Figure 3.5 The in-line torque measurement configuration
(Schicker and Wegener, 2002).

3.2.3.1 Measuring strain methods

An example of using torque transducers attached to the shaft surface for
measuring torque by directly detecting strain occurring in the shaft is
shown in figure 3.6. Four strain gauges are positioned at 45° to the axis
of the shaft in order to experience the tensile and compressive principle
strains produced by torque. The output of the strain gauges is in electrical
form and it will be changed proportional to the applied torque (Bass,
1971, Collett and Hope, 1974).

Targ,, A

Figure 3.6 Torque measurement by strain gauges (Bass, 1971).

The previous method requires fitting the torque transducers onto the
shaft. The magneto-strictive method is an alternative way that operates
without any attachments or modification to the shaft as already discussed
in figure 2.4, Chapter 2.

3.2.3.2 Deflection of elastic elements methods

This method (Fig. 3.7) is more common and indirectly measures strain by
determining the relative angular deflection (&) of a parallel length of shaft
at some distance apart (1). The torque in the shaft can be computed from
the shaft twisting equation 2.3 (Bass, 1971, Adams, 1975).

Figure 3.7 Deflection of elastic elements (Adams, 1975).
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In the case of a torque wrench as shown in figure 3.8, the bending of the
bar OP gives a deflection of the pointer Q on OP relative to the scale AB
when the torque is applied. Torque value will be calculated from the
following formula:

T=F(+r) (3.1)

where T is torque value
F is force acting on the handle of the torque wrench
| is the torque wrench length
r is the radius of the boss at O

o) P
T<. ! Q
B

| S e

Figure 3.8 Obtaining torque value in the case of torque wrench
(Adams, 1975).

3.3 Calibration of Torque

In order to ensure that the transducers still work accurately and their
sensitivities have not changed with time they must be calibrated
periodically (Dally, 1993). This requirement is required for every company
wishes to be certified to ISO 9000 (Schicker and Wegener, 2002).

Calibration is the process of determining the relationship between the
measured value of the output quantity and the input quantity (Schicker
and Wegener, 2002). This can be done by comparing the indicated
readout of a measuring system with a known input values from the
reference standard, or a standard with a higher-grade standard (Bass,
1971). The reasons of calibrating the measuring instruments are: to
ensure readings from the instrument are consistent with other
measurements, to determine the accuracy of the instrument readings,
and to establish the reliability of the instrument (Howarth and Redgrave,
2003). The accuracy of the measuring instrument should be checked at
frequent intervals (Sirohi and Dadha, 1991). Figure 3.9 is a block diagram
of a typical calibration arrangement.

Reference standard Proper matching ; Indicated readout
(may involve a number of »| System being >

identifiable uncertainties) calibrated to be compared with

the “known” input

(commonly involves
ancillary apparatus)

Figure 3.9 Block diagram showing calibration procedure
(Beckwith, Marangoni and Lienhard, 1993).
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3.3.1 Calibration Procedure

For calibration, there are five kinds of calibration procedure which are
primary calibration, secondary calibration, direct calibration with known
input source, indirect calibration, and routine calibration (Nakra and
Chaudhry, 1985).

3.3.1.1 Primary calibration

Primary calibration is the procedure that a device or system is calibrated
against primary standards. That device is employed as a secondary
calibration device after primary calibration (Nakra and Chaudhry, 1985).

3.3.1.2 Secondary calibration
Secondary calibration is termed for a procedure that a secondary
calibration device is used to calibrate another device of lesser accuracy
(Nakra and Chaudhry, 1985).

3.3.1.3 Direct calibration

Direct calibration with known input source procedure gives the same
order of accuracy as primary calibration. Therefore, devices that are
calibrated by this method can be used as secondary calibration devices
(Nakra and Chaudhry, 1985).

3.3.1.4 Indirect calibration

Indirect calibration uses two different devices to measure a certain
physical quantity and see the equivalence of them (Nakra and Chaudhry,
1985).

3.3.1.5 Routine calibration

Routine calibration is used to check the accuracy and proper functioning
of an instrument periodically. The known standards that can be accurately
reproducible are used in this procedure (Nakra and Chaudhry, 1985).

3.3.2 Standards

A primary standard, or a secondary standard, or a known input source
can be employed for comparison and it must possess an accuracy at
least ten times higher than the instrument to be calibrated (Sirohi and
Radha, 1991).

The standard used in calibration has to be checked against a standard of
higher grade, which itself has been calibrated in unbroken chain of
comparisons to the appropriate national standard (Bass, 1971, Schicker
and Wegener, 2002). This process is called traceability and is illustrated
in figure 3.10. The aim of the traceability is to ensure that the
measurement result or the value of a standard is correct (Schicker and
Wegener, 2002).

In the UK, the National Physical Laboratory (NPL) is the organization
which is charged with the care and maintenance of UK national
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standards, and also carries out calibration checking against primary
standards (Bass, 1971).

There are different types of standards and they can be classified as
international standards, primary standards, secondary standards, and

working standards according to their function and type of application
(Nakra and Chaudhry, 1985).

BIFM

(Bur=au Interrational des Definition of the unit
Poids et Mesures)

teot Metmor: Foreign national National primary
Institutes or designated primary standards standards
national Bbotories -

Calibration
Laboratorias, often accredited Refarence standards
Enterprises
Industrial standards
End users Measurements
Uncertainty

increasas down the traceability chain
The national metrological infrastructure

Figure 3.10 The traceability chain (Howarth and Redgrave, 2003).

3.3.2.1 International standards

International standards represent the highest possible accuracy and they
are not available to an ordinary user for purposes of day-to-day
comparison and calibrations (Nakra and Chaudhry, 1985). These
standards are maintained at the International Bureau of Weights and
Measures at Sevres near Paris (Renganathan, 1999).

3.3.2.2 Primary standards

Primary standards are maintained by National standards laboratory in
different parts of the world and not available for use outside the national
laboratories (Renganathan, 1999). They are used to calibrate or verify
and certify secondary reference standards not for working standards
(Nakra and Chaudhry, 1985).
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3.3.2.3 Secondary standards

Secondary standards are maintained by the a particular laboratory and
used as basic reference standards in different laboratories. They are
easily accessible to the ordinary user for checking and calibration of
working standards (Nakra and Chaudhry, 1985 and Renganathan, 1999).

3.3.2.4 Working standards

Working standards are commercial devices with high accuracy that are
checked and certified against either the primary or secondary standards.
They are widely used for calibrating general laboratory instruments,
carrying out comparison measurements, or checking the quality of
products (Nakra and Chaudhry, 1985).

3.3.3 Torque Calibration

In torque measurement, it is related to force measurement so torque
standards are not necessary. Force and length standards are sufficient to
define torque (Doebelin, 1966).

Torque transducers can be calibrated by using testing machine,
deadweight machine, force reference transducers or transfer transducers
with lever arm, or torque reference transducers or transfer transducers
(Dally, 1993, Schicker and Wegener, 2002).

Using testing machine

The testing machine is used to apply load to the torque transducer
mounted in the machine. The comparison is made between the output
from the transducer and the load indicated by the testing machine (Dally,
1993).

Using deadweight machine

This technology is based on the lever-arm-mass system and is currently
widely used in all calibration laboratories at the present time for the high
and highest level of accuracy (Schicker and Wegener, 2002). The known
input is provided by a calibrated standard weights applied to the end of a
stiff beam which is directly connected to the transducer. This mechanism
acts as the moment arm. Consequently, the resulting torque can be
computed by multiplying the load force by the length of the moment arm.
In this case, the exact length of the arm from the center of rotation to the
suspension point of the deadweight must be known. Moreover, the
hanging weights must be normal to the beam (Herceg, 1976). The output
from the transducer is then compared with the known input (Dally, 1993).

This method presents some difficulties regarding to the design of the
machine. Firstly, the standard weight used in this machine is dependent
on the earth’s gravitational field which varies with location and altitude so
the local acceleration in calibration laboratories must be known (Dally,
1993, Schicker and Wegener, 2002).
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Secondly the lever arm must be aligned precisely horizontally in order to
qguantify the length accurately (Schicker and Wegener, 2002).

Furthermore, the beam must be extremely stiff in order to prevent the
deflection from hanging weights. However, the beam could contribute
significant effective weight, thus a spurious torque must be counteracted
by an equivalent torque in the opposite direction. Two identical arms
attached to the torque transducer 180° apart, which produce equal
weights suspended from each arm, are used to overcome this
disadvantage (Herceg, 1976).

Using force reference transducers or transfer transducers
This method combines a force reference transducer or transfer
transducer with a lever arm system (Schicker and Wegener, 2002).

Using torque reference transducers or transfer transducers

Utilising two transducers connected in series can be employed if the
testing machine is not available. One transducer is a standard and the
other one is the calibrated transducer. The torque reference transducer is
used to provide the reference torque which can be generated by any
mechanism. This generated torque is measured with the torque transfer
transducer or reference transducer (Schicker and Wegener, 2002). The
comparison is made between the output from the calibrated transducer
and the load indicated by the torque reference transducer (Dally, 1993).
The reference transducer must be more accurate than the desired
smallest measurement uncertainty of the transducer being calibrated in
order to acquire the high degree of precision (Schicker and Wegener,
2002).

The difference between a reference transducer and a transfer transducer
used in torque calibration can be determined from the role of the
transducer plays when the measured quantity is transferred into the
application.

A reference transducer is used to directly calibrate the transducer
remains in the test bench. It transfers torque value to a transducer by
reproducing its reference torque from calibration (Schicker and Wegener,
2002).

A transfer transducer is used to transfer its calibrated reference torque
from the national standard to a reference standard, then to working
standards such as calibration devices or another measuring device or
application. This torque transfer transducer has been calibrated only in
the laboratory (Schicker and Wegener, 2002).

3.3.3.1 Standard method for the calibration of torque measuring devices
British Standard BS 7882:1997 was the first standard document about the
method for the calibration and classification of torque measuring devices.
The latest update version is BS 7882:2008. There are also a German
standard DIN 51309:2005 which was published in 1998 and a Chinese
calibration standard JJG995:2005. At the moment, a British standard BS
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7996 is being written for continuous calibration of torque measuring
devices (Pratt, 2008).

When compared between BS 7882:2008 and DIN 51309:2005, they use
the same classification system but there is much more work involved in a
calibration to DIN 51309 which increases the calibration time (Pratt,
2008). In this project, the British standard BS 7882:2008 will be used as
the standard method and the detail will be mentioned.

The scope of the British Standard BS 7882:2008 is to specify
requirements for the calibration and classification of torque measuring
devices. The method of calibration, calculation of the results, calculation
of uncertainties, and the classification of torque measuring devices in
static mode are described in this standard.

3.3.3.2 Preliminary procedure

Reference standard used in torque calibration shall conform to Table 3.1.
All definitive measurements, such as mass, length, time and temperature
shall be traceable to national standards.

Table 3.1 Uncertainty of calibration torques

Class of torque measuring device | Maximum permissible uncertainty
to be calibrated of calibration torque applied * %

0.05 +0.01

0.1 +0.02

0.2 +0.04

0.5 +0.10

1.0 +0.20

2.0 +0.40

5.0 +1.00

A Using a coverage factor of k = 2 to give a confidence level of
approximately 95%

An ambient temperature of torque calibration should be within the range
18°C to 28°C and shall not vary by more than +1°C during calibration.
Before commencing the calibration, all torque measuring devices and
associated components of the torque measurement system, and all parts
of the equipment used in calibration shall be allowed for temperature
stabilization. In this case, a thermometer is placed close to the reference
torque measuring device and the calibrated torque measuring device.
The temperature at the beginning and end of each measurement series
should be recorded. After switching on the electrical torque measuring
devices and associated components, they shall be allowed to warm-up
for the period stated by the manufacturer or at least 15 minutes in case of
no recommendation.

The lower limit of calibration (T, ) must be determined in order to ensure

that the classification is consistent with the resolution of the torque
indicator (r). Itis calculated from the equation 3.2.
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Toin =axr (3.2)

where a is the constant value according to the class of the torque
measuring device and has the following values:

- 4000 for a class 0.05 torque measuring device
- 2000 for a class 0.1 torque measuring device
- 1000 for a class 0.2 torque measuring device
- 400 for a class 0.5 torque measuring device

- 200 for a class 1.0 torque measuring device

- 100 for a class 2.0 torque measuring device

- 40 for a class 5.0 torque measuring device.

The resolution of the indicating device shall be converted to units of
torque. The calibration shall not be performed below this lower limit.

The calibration range is selected at least five approximately equally
spaced, increasing values of torque from 20% to 100% of maximum
applied torque. If the calibration is required below 20%, the steps of 10%,
5%, and 2% of maximum applied torque may be used but they must be
greater than the calculated lower limit of the calibration range.

If a torqgue measuring device requires the measurement of both
increasing and decreasing values of torques, a single series of
decreasing values (the same value as increasing values) is applied at the
end of the last series of increasing torques.

The torque measuring device shall be calibrated in either three different
mounting positions (each rotated 120° about the measurement axis), or in
four different mounting positions for the transducers with square drives
(each rotated 90° about the measurement axis) for classes 0.05 and 0.1.
For all other classes, the device shall be calibrated at least two different
mounting positions at least 90° apart.

Figure 3.11 — 3.16 show examples for the calibration of torque measuring
devices according to type of torque measuring device and class.

100%

Appliedtorque

1 ! 1
I ! 1
1 ! 1
1 ! 1
| | 1
| ! |
| ! 1
| ! 1
1 ! [
| ! 1
1 : 1
| 1
1 | 1

—_——— -
Transducer orientation 0" | 120° : 240 :

Figure 3.11 Example of preloading and calibration sequences for a torque
measuring device with round shaft drives, six increasing and decreasing
torques, classes 0.05 to 5.0.
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100%

20%
10%
0%

Applied forque

—t it | L at!
Transducer orientation 0° | 120° i 2L0° ;

Figure 3.12 Example of preloading and calibration sequences for a torque
measuring device with round shaft drives, six increasing torques only,
classes 0.05 to 5.0.

100%

Applied forque

e - e
Transducer orientation 0° | 90° L1800 270 ,

Figure 3.13 Example of preloading and calibration sequences for a torque
measuring device with square drives, six increasing and decreasing
torques, classes 0.05 to 5.0.

100%

I
i | | :
| I I |
QU | ] I |
s | | | I |
E | ! | i
o | | | |
- 1 1 1 I
o I I I ;
4 I I I :
Q2% ! ! ! I
a. 10% | I I
< = : : : '
| I I :
Transducer orientation 0 90 18(° 270 :

Figure 3.14 Example of preloading and calibration sequences for a torque
measuring device with square drives, six increasing torques only, classes
0.051t0 5.0.

100%

Appliedforque

| |
| I
| |
i l
I |
: I
| |
| |
I |
Transducer orientation 0° ' 90 :
Figure 3.15 Example of preloading and calibration sequences for a torque
measuring device, six increasing and decreasing torques, classes 0.2 to

5.0.
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Applied forque

| |
| |
| |
1 |
| |
| |
1 |
| |
| |
1 |
| |
| |
| |
| |

— )
I I

Transducer orientation 0° 90
Figure 3.16 Example of preloading and calibration sequences for a torque
measuring device, six increasing torques only, classes 0.2 to 5.0.

The torqgue measuring device should be preloaded at least three times in
succession to the maximum applied torque before calibration in order to
warm-up the mechanisms of torque measuring system.

3.3.3.3 Calibration procedure

3.3.3.3.1 After preloading, apply two series of increasing torques (at least
five values) to the torque measuring device in required direction
(clockwise or anti-clockwise) without change of the mounting position.

3.3.3.3.2 Record the reading of the indicator after each application or
removal of a torque. The interval between successive application and
removal of torques shall be as uniform as possible. The indicator reading
may be tared to zero at the beginning of each measurement series.

3.3.3.3.3 Record the readings of the indicator with zero torque applied to
the torque measuring device before and after each application of a series
of torques. For the determination of relative residual deflection, record the
residual deflection reading after the torque is completely removed.

3.3.3.3.4 Change the mounting position of the torque measuring device
according to its class and type. After that, preload the torque measuring
device once to maximum applied torque then apply a further series of
increasing torques.

3.3.3.3.5 Repeat 3.4.3.3.2 and 3.4.3.3.3 at all required orientations.

3.3.3.3.6 Where relative reversibility is required, a single series of
decreasing values shall be applied at the end of the last series of
increasing torques.

3.3.3.4 Calculation of results
3.3.3.4.1 Determination of deflection (d)
Deflection is the subtraction of the indicator reading for the initial zero

torque from the indicated reading for each applied torque and the final
zero torque in the measurement series.
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3.3.3.4.2 Determination of relative repeatability (R,)

Relative repeatability is the closeness of the agreement between the
results of two successive measurements from the same applied torque,
carried out under the same conditions of measurement. Repeatability (the
difference between series 1 and 2) is expressed as a percentage of the
mean deflection for the first and second series of applied torque as
shown in equation 3.3 for each value of increasing torque.

R, = Mxloo (3.3)

R1

where:

dg, is the mean deflection for a given torque which can be obtained from
equation 3.11;

d, and d, are the deflections for a given increasing torque (series 1&2).

— d +d
de, = 12 2 (3.4)

3.3.3.4.3 Determination of relative reproducibility (R,)

Relative reproducibility is the closeness of the agreement between the
results of successive measurements from the same applied torque,
carried out under changed conditions of measurement. For each value of
applied increasing torque, the reproducibility is calculated from equation
3.5 and expressed as a percentage of the mean indicated deflection for
the given torque.

R, = {(dmax_—_dm)}xloo (3.5)

R2

where:

R, is the relative reproducibility;

d.x IS the maximum deflection for a given increasing torque from all
series;

d.., IS the minimum deflection for a given increasing torque from all
series;

de, is the mean deflection calculated from the first series at each
orientation.

The value of d,, has different value depending on the number of
orientations as follows:

a) for two orientations

- d, +d
de, = : (3.6)

w
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b) for three orientations

a, - d, +d, +d, (3.7)
3
c) for four orientations
de =d1+d3zd“+d5 (3.8)

where:
d,,d;,d,,d, are the deflections for a given increasing torque from the first

series at each orientation.

3.3.3.4.4 Determination of relative error of interpolation (Ej)

Relative error of interpolation (Ei) is the difference between the value of
the mean deflection for a given value of increasing torque and the
corresponding calculated value of deflection for the given torque which is
obtained from a mathematically fitted curve. This value is only determined
where the deflection is expressed in other units than torque. At each
increasing calibration torque, it is calculated and expressed as a
percentage of the computed deflection for the given increasing torque
using equation 3.9.

E, - {M}XNO (3.9)

where:
E,, is the relative error of interpolation;

d.., is the computed deflection for the given increasing torque.

comp

3.3.3.4.5 Determination of relative residual deflection (Ro)

Relative residual deflection (Ro) is the maximum residual deflection
obtained from all the applied series of torques. It is expressed as a
percentage of the mean indicated deflection at maximum applied torque
by using equation 3.10.

R, = Yomax 109 (3.10)

R2max

where:
R, is the relative residual deflection;

dOmax

d,

is the maximum residual deflection;
is the mean deflection at maximum applied torque.

R2max
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3.3.3.4.6 Determination of relative reversibility (R3)

Relative reversibility (R3) is the difference between the deflection obtained
from the last given torque series applied in an increasing mode and the
deflection obtained from the same given torque applied in a decreasing
mode. This relative reversibility is expressed as a percentage of the
deflection for the given torque from the last applied series of torques,
applied in an increasing mode as shown in equation 3.11.

R, _ e =) 10 (3.11)

inc

where:
R, is the relative reversibility;

d,. is the deflection for the application of the last series of a given
increasing torque;

d.. IS the deflection for the application of the corresponding decreasing
torque.

3.3.3.4.7 Determination of relative error of indication (E;)

Relative error of indication (Ej) is the error of indication and it is only
determined where the deflection is in units of torque. It is the mean
indicated deflection for a given value of increasing torque minus the
corresponding value of applied torque. equation 3.12 is used to calculate
this value in percentage of the true value of applied torque.

do, -T

E, = 2 100 (3.12)

1
a

where:
E, is the relative error of indication;

T, is a given increasing calibration torque.

3.3.3.5 Classification of torque measuring devices

The calibration results are analysed and compared with Table 3.2 in order
to establish the devices classification. At each calibration torque, the
values calculated for each parameter shall not exceed the value given in
Table 3.2 for the selected classifications. There are 7 classes of the
devices to be classified according to the accuracy. Class 0.05 is the
highest performance, and class 5 is the lowest.

If the deflection is expressed in units of torque and increasing torques
have been applied, the classification shall be determined from relative
repeatability, relative reproducibility, relative residual deflection, and
relative error of indication. If the deflection is expressed in other units, the
relative error of interpolation is used in the classification instead of the
relative error of indication. The relative reversibility parameter shall be
determined in addition if decreasing torques have also been applied. The
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overall class of the device is determined from the lowest performing
parameter.

Table 3.2 Criteria for classification of torque measuring devices

Class Maximum permissible values of the torque measuring device (%)
Ri1 R> Eit Ro Rs Ei
0.05 +£0.025 | £0.05 | £0.025 +0.01 + 0.062 + 0.025
0.1 +0.05 | £0.10 + 0.05 + 0.02 + 0.125 + 0.05
0.2 +0.10 | £0.20 +0.10 +0.04 + 0.250 +0.10
0.5 +0.25 | £0.50 +0.25 +0.10 + 0.625 +0.25
1.0 +050 | £1.00 + 0.50 +0.20 +1.250 + 0.50
2.0 +1.00 | £2.00 +1.00 +0.40 + 2.500 +1.00
5.0 +250 | +£5.00 + 2.50 +1.00 + 6.250 + 2.50

3.3.3.6 Uncertainty of the calibration results
In torque calibration, there are about 8 uncertainty contributions as
follows:

u, - the standard uncertainty associated with the calibration torque;

u, - the standard uncertainty associated with the reproducibility of the
device;

u, - the standard uncertainty associated with the repeatability of the
device;

u, - the standard uncertainty associated with the resolution of indicator;
u, - the standard uncertainty associated with the residual deflection of the
device;

us, - the standard uncertainty associated with the temperature of the
device;

u, - the standard uncertainty associated with the error of interpolation
when units other than those of torque are used;

u; - the standard uncertainty associated with the reversibility of the

device.

Calculation of calibration torque uncertainty, u,
u, is the standard uncertainty associated with the torques generated by

the calibration machine. This value should be obtained from the
calibration certificate of the calibration machine.

Calculation of reproducibility uncertainty, u,
u, is the standard deviation associated with the population of incremental
deflections obtained during the calibration and obtained by using equation
3.13.

_ 05R,

7 (3.13)

U,

where R, is the relative reproducibility.

88



Calculation of repeatability uncertainty, u,
u, is the uncertainty contribution due to the repeatability of the measured
deflection and is calculated as follow:

(3.14)

where R, is the relative repeatability.

Calculation of resolution uncertainty, u,

Each deflection value is calculated from two readings (the reading with an
applied torque minus the reading at zero torque). Because of this, the
resolution of the indicator needs to be included twice so a standard
uncertainty is calculated by using equation 3.15.

= 3.15
u, G (3.15)

where r is the resolution of the indicator.

If the initial reading of each series is tared to zero, a standard uncertainty
of r/+12 can be used.

Calculation of residual deflection uncertainty, u;
u; is the uncertainty component due to the variation in the relative
residual deflection R, and obtained from equation 3.16.

_ 05R,

J3

u, (3.16)

Calculation of temperature uncertainty, u,
U, is the contribution due to the variation of temperature throughout the

calibration, together with the uncertainty in the measurement of the
calibration temperature. It can be obtained by using equation 3.17. The
sensitivity of the device to temperature needs to be determined:

KAt

Uy = —— 3.17
=273 (3.17)

where:

K is the device’s relative temperature coefficient expressed as a

percentage of maximum applied torque per degree Celsius, derived either

by tests or from the manufacturer’s specifications;

At is the calibration temperature range, allowing for the uncertainty in the

measurement of the temperature.
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Calculation of error of interpolation uncertainty, u,
u, is the uncertainty contribution due to the relative error of interpolation
and is calculated from equation 3.18.

_ 0.5E,

u
T

For torque measuring devices where the deflection is in torque units, the
calibration uncertainty is that of the torque value given by the error of
indication when the deflection of the device is a specific torque value. For
devices where the deflection is in other units, the calibration uncertainty is
that of the torque value calculated from the interpolation equation, at any
measured deflection.

(3.18)

Calculation of reversibility uncertainty, u,
ug is the uncertainty component due to the relative reversibility R;.
equation 3.19 is used to obtain this value.

_ 05R,

u
NE

Calculation of combined standard uncertainty, u,
At each calibration torque, a combined standard uncertainty u_ is
calculated by combining the individual standard uncertainties mentioned

above using equation 3.20.
U =D u’ (3.20)
i=1
where:

u; is the standard uncertainty associated with the readings;
n is the number of uncertainty contributions u; .

(3.19)

Calculation of expanded uncertainty, U

Then it is multiplied by the coverage factor, k, associated to the required
confidence level in order to give an expanded uncertainty value, U
(equation 3.21). Normally, k = 2 which is corresponded to 95%
confidence level is used.

U=k-u (3.21)

c

The advantages of a calibration to BS 7882:2008 are as follows (Pratt,
2008):

1. The end user can easily use a device which has already been
classified without correcting the reported error.
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It is convenient to compare products of different manufacturers.

It increases the confidence of the end user to make the
measurement because the classification allows the device to
reproduce its results under different conditions of use.

w N

This standard allows for devices to be independently calibrated of the
indicator they are used with, providing that the indicators have a valid
Certificate of Calibration.
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CHAPTER 4

4. Improvements in Torque Transducer Design

This chapter will evaluate previous experimental tests on a torque
transducer with 40mm long TBTF resonant sensors, as described in
2.3.2. FEA analysis of existing transducer design will be described.
Moreover, temperature, lateral forces and manufacturing uncertainties,
which cause problems with existing design are mentioned. The last
section will propose two possible solutions for increasing the accuracy of
a torque transducer based on TBTF resonant sensors.

4.1 Problems with Existing Design

4.1.1 Temperature

Torque transducers can also be regarded as electronic instruments which
are sensitive to environmental conditions. Hence the environmental
conditions must be kept constant, otherwise the accuracy and ability to
function as a torque transducer can be reduced (Schicker and Wegener,
2002).

Temperature effect is one of many environmental errors and it may affect
both the measuring system and the measurand (Herceg, 1976). There
are two kinds of temperature effects; temperature effect on the zero
signal (TK,) and temperature effect on the sensitivity (TK.). Both

temperature effects result in different characteristic curve as shown in
figure 4.1. TK, results in a parallel shift and TK. results in a change of

slope (Schicker and Wegener, 2002).

A
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Figure 4.1 Temperature effect on the zero point, TK, and on the
sensitivity, TK. (Schicker and Wegener, 2002).
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Temperature distribution is another factor that should be considered as
changing or non-uniform distribution exhibits stronger influence than
static or uniform distribution. A cooling system can be used to minimise
the non-uniform distribution by directly cooling the component which is
generating the heat. However, the cooling system must have symmetry
as it can cause an additional non-uniform distribution. Thermal shielding
on the torque transducer can also be used to minimise this effect
(Schicker and Wegener, 2002).

The thermal expansion effect should be taken into account for a torque
transducer that determines torque indirectly from a measurement of
strain. This is because every object alters its dimension when the
temperature changes. This effect does not produce any mechanical
stress in the material if the object is free to move, or the object has a
complete uniform temperature over its full length. In systems which have
parts with different thermal expansions joined together, free thermal
expansion is prevented, therefore thermal stresses occur in the system
(Hoffmann, 1989).

The thermal expansion coefficient (o) is dependent on the material and
the temperature and can be obtained from

a=|2_ll.i= Al in{m/m}z[l} @.1)
, A8 I,-A9 | K K

where:
I, = 1, =initial length before temperature change, i.e. reference length

I, = final length after temperature change

Al = change in length due to change in temperature
A9 =temperature change, positive for heating, negative for cooling.

Under zero load condition, the response to temperature is reversible and
the temperature effects disappear when the original temperature
conditions at the measuring point return (Hoffmann, 1989).

If the object experiences both temperature changes and mechanical
loading, the measurement result will be the sum of mechanical strain and
thermal strain. Unfortunately, it is impossible to separate these two
strains (Dally, Riley and McConnell, 1993). Therefore, the indicated strain
is error. Use of self-temperature compensating sensors can minimise this
effect. Nonetheless this method is optimum for flat mounting surfaces,
whilst deviations may occur with curved surfaces (Hoffmann, 1989).

For the torque transducer based on TBTF resonant sensor, there may be
thermal expansion errors between the sensor and the torsion shatft if they
are made from different material. In order to reduce this effect, the
material used for the sensor and the torsion shaft should be the same.
Alternatively, applying electronic compensation can also be used.
However, it should be noted that the properties of electronic components
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are only thermally stable within certain temperature limits (Schicker and
Wegener, 2002).

4.1.2 Lateral Forces

Lateral force is one of the parasitic loads, which acts on the torque
transducer in addition to the intended measured quantity (Fig. 4.2).
Ideally, torque transducers should be designed so that the error from
parasitic loads has no effect on the measurement signal. However, there
is still an error on torque signal if the parasitic load is very large. This
error is unpredictable due to the manufacturing tolerance variations. The
parasitic load can be caused by external forces and moments acting on
the torque transducer, or by the mounting conditions (Schicker and

Wegener, 2002).
Fr
lFr

Figure 4.2 Parasitic loads: axial force F,, lateral force F,, bending
moment M, (Schicker and Wegener, 2002).

Torque transducers can be used for measurement if the lateral forces do
not exceed the lateral limit force. If the limit is exceeded, there may be
some effect on the measurement signal or the ability of the transducer to
measure may be permanently damaged (Schicker and Wegener, 2002).

TBTF sensor performance is known to work well under tensile stress as
occurring in a load cell. In designing a torque transducer, the TBTF
resonant sensor was mounted at 45° to the axis of the torsion shatft.
Therefore, the two attached faces of the TBTF resonant sensor are
parallel and in-plane with each other when no load is applied. When a
torque is applied, the angle actually changes from 45° as the material
strains resulting in different forces acting on the TBTF resonant sensor.
There will be tensile strain, which is the quantity being measured, and
shear strain which occurs as the co-linear sides of the mounting surfaces
move away from each other. Thus different amounts of tension are
created in the two outer tines and the middle tine (Fig. 4.3). It is likely that
this could have an effect on the accuracy of the reading.

Figure 4.3 TBTF with distortion configuration (DeGolier, 2007).
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From the FEA analysis, it can be indicated that the TBTF not only
measures the changes in tensile/compressive strain at a 45° angle to the
axis of the shaft caused by torque but also experiences some shear strain
and twist that will affect the final accuracy of the torque transducer. This
effect could be minimized by implementing an alternative mechanical
alignment of the sensor or reducing the overall size, whilst maintaining
the stiffness of the sensor. These two possible methods will be described
later.

4.1.3 Manufacturing Uncertainties

Uncertainties exist in all steps of the manufacturing process, which result
in different performance characteristics of each individual device and low
yield. These uncertainties can severely affect the performance of devices
because tolerance ranges of the manufacturing processes can be
relatively large and improvement of process accuracy is usually very
expensive. The device performance is random because design
parameters changing within tolerance ranges are random variables. The
final output may fail to meet the acceptable range if the tolerances are
large. Modifying the process or design to increase the yield can be
achieved by tightening tolerances. However, cost or technical challenges
of manufacturing processes are increased (Shavezipur, et al., 2008).

For example, figure 4.4 illustrates the cross-section of the middle tine of
two TBTF resonant sensors. It is clearly seen from the images that the
there is the uncertainty in the etching manufacturing process of the
resonators occurred at the edge of the cross-section of the middle tine.
This uncertainty results in different cross-sectional area for both

2

resonators. According to equation (2.40), f. = (k‘|)2 \/E the cross-

24° \ pA
sectional area, A, is one of many parameters which has an affect on the
resonance frequency of the resonator. Therefore, any dimensional
deviation can result in the variation of the frequency from one resonator
to another. The effect of this variation will be shown in Chapter 5 which is
about the miniaturisation of metallic TBTF resonant sensors.

uncertainty in etching process
Py SN

Figure 4.4 Uncertainty in resonator’'s beam etching process.
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4.2 Possible Solutions

4.2.1 Repositioning to Measure Force

A spoked pinned wheel configuration (Fig. 4.5) was analysed to be used
instead of cylindrical shaft in order to reduce the effect of lateral forces.
The TBTF resonant sensor was mounted at 90° to the shaft axis instead

of 45°. This design eliminates the lateral force as it allows the TBTF
resonant sensor to experience only tensile force through the spoke.

TBTF

TBTF

Figure 4.5 A sp&oked pinneid!wheel configuration with TBTF
(DeGolier, 2007).

4.2.2 Reducing Size of Metallic TBTF Resonant Sensors

For high accuracy any torque transducer using TBTF resonant sensors
ought to have low sensitivity to lateral forces. This effect could be
minimized if it was possible to reduce the overall size of the TBTF
resonant sensors.

Three TBTF resonant sensors with different size were investigated. They
are SL40, SL20 and SL12 as shown in figure 4.6 (SL-Sensor Length
include mounting). The first phase of the miniaturisation process was
achieved by simply reducing the overall length by 50% from 40mm
(SL40) to 20mm (SL20). The latest version of the sensor (SL12) has the
overall length 12mm which is reduced by 70% from the original size. In
trying to reduce the size of the sensor there is a danger that the
piezoactuator might not be able to excite the stiffer tines, so PZT printing
is a physical limitation in size reduction. The strategy adopted for the
miniaturisation process was to maintain the tine cross-sectional area,
roughly at 0.4 mm?, therefore the connector and mounting geometry were
reduced whilst maintaining the area of the PZT elements.
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Figure 4.6 Metallic TBTF resonant sensors with different size.
(a) SL40: overall length is 40mm.
(b) SL20: overall length is 20mm.
(c) SL12: overall length is 12mm.

The effect of lateral force on the performance of the metallic TBTF
resonant sensor was investigated by using FEA. COSMOSWorks
software, which is a commercial implementation of FEA will be used for
FEA analysis. The dimension of the modeled sensors is the same as the
real prototypes. The PZT elements were not included in the model for the
purpose of a simpler mesh, shorter meshing and computing times. After
preparing the geometry, the type of analysis is selected. Static type was
chosen for this analysis. Then material properties, loads and restraints
are defined. The material was assigned to be stainless steel 430S17 type
which is the same as used to fabricate the metallic TBTF resonant
sensors. The bottom face of the sensor was fixed at one end and the
lateral force was applied at the edge of the sensor as shown in figure 4.7.
The lateral force was applied from 20-100N at 20N step in order to
compare the results at each load. The next step is splitting the model
geometry into small entities which are called finite elements. This step is
called meshing. The solution from the analysis is approximated by
assembling the solutions from individual elements. The solid mesh was
used for this model, the mesh quality is set to be high and the mesh size
was automatically created from the software which is 0.441136 mm,
0.361277 mm and 0.284518 mm for SL40, SL20 and SL12 respectively.
This function will provide acceptable discretisation errors, while keeping
solution times reasonably short. Now the model is ready for FEA analysis.

Figure 4.7 Load/Restraint configuration of SL40.
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For this investigation, the average von Mises stress value on each tine of
the sensor will be used to indicate the effect from the lateral force. In an
ideal situation, the average stress value should be the same for all three
tines. Unfortunately, this is impossible due to the unavoidable error in
meshing process of FEA software. However, the closeness of the
average stress value between the outer tine and the middle tine can be
used as the indicator for this evaluation. Actually, the metallic TBTF
resonant sensor is designed to work in tension/compression mode as
implemented in a load cell application. If the sensor only experienced the
tension/compression force, the average stress value between the outer
and middle tine should be very close. But when used as a torque
transducer, the sensor experiences any lateral force as well as the
tension/compression force, therefore the average stress value between
the outer and middle tine will be different. The difference will be increased
when the sensor experiences more lateral force. The effect from the
lateral force can be minimised if the size of the sensor is reduced and that
can be proved by using FEA analysis results.

Figure 4.8 shows the stress distribution results of SL40 at 20N lateral
force after running FEA analysis. Figure 4.9 and 4.10 show the stress
distribution for SL20 and SL12 sensors.

Figure 4.8 The stress results of SL40 from 20N lateral force.

Figure 4.9 The stress results of SL20 from 20N lateral force.

Figure 4.10 The stress results of SL12 from 20N lateral force.

The von Mises stress value on each tine of the sensor was measured and
the average value was then calculated. Figure 4.11 is the graph showing
the average stress value on each tine at 20N lateral force of SL40 sensor.
Figure 4.12 and 4.13 show the same results for SL20 and SL12 sensors
respectively. The difference between the average stress value on the
outer tine and the middle tine for SL40 sensor is 36%. The difference is
reduced to 24% and 16% for SL20 and SL12 sensors respectively.
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Figure 4.11 The average von Mises stress on each tine of SL40 sensor at
20N shear force.
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Figure 4.12 The average von Mises stress on each tine of SL20 sensor at
20N shear force.
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Figure 4.13 The average von Mises stress on each tine of SL12 sensor at
20N shear force.
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Figure 4.14 shows the average stress value on each tine of all three
sensors at 20N shear force. It is clearly seen that the difference of the
average stress value on the outer tine and the middle tine is reduced
when the sensor is smaller. The difference in average stress value
between the outer tine and the middle tine compared to the first prototype
SL40 sensor is a reduction of 52% for the SL20 sensor and reduced by
80% for SL12 sensor.

Figure 4.15 illustrates the completed FEA analysis results of the lateral
force effect which shows the difference of average von Mises stress
between outer and middle tine for all three sensors at applied 20-100N
lateral force. It is clear that when the size of the sensor is reduced, the
difference in the average stress distribution on the three vibrating beams
is decreased concluding that reducing the overall size can satisfy the
requirement to improve the accuracy of the torque transducer with TBTF
resonant sensors.
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Figure 4.14 FEA results of the average von Mises stress on three tines
for the SL40, SL20, and SL12 sensors with an applied 20N shear force.
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Figure 4.15 FEA results of the difference of the average von Mises stress
between the outer and central beams for SL40, SL20, and SL12 sensors
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In conclusion, measurement errors due to lateral forces, which would
degrade the accuracy of such a torque transducer, were reduced by 52%
for SL20 and by 80% for SL12 when compared to the original 15.5mm

length vibrating tine (SL40).
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CHAPTER 5

5. First Miniaturisation of Metallic TBTF Resonant
Sensors

The first successful metallic TBTF resonant sensor (SL40) with thick-film
drive/pickup elements with 15.5mm vibrating tine length and 40mm
overall length of the sensor is too large for current torque sensing
applications. To improve torque measurement accuracy and resolution,
research is undertaken to investigate the performance impact of
progressively reducing the tine length dimension. Additionally if the
footprint of the new resonant sensor is smaller so the cost of fabrication
per device is lower because there are more devices per plate as
explained in Chapter 4, the accuracy of a smaller resonant sensor is
higher because it is less sensitive to lateral forces than the larger one,
when a torque is applied to the shaft. Moreover, a small size of sensor is
required in retrofit applications which have limited space for installing
torque transducers, say, between a motor and a pump.

The objective of this chapter is to describe the progress in the research,
development and design of two miniature metallic TBTF resonant
sensors, SL20 and SL12. Only the summary of key findings will be
shown. The configuration and characteristics of these two miniaturized
TBTF sensors, their performance in a torque transducer, and the
calibration results of torque transducers with these sensors are also
included.

5.1 Design 1 (SL20)

5.1.1 Configuration
First miniaturised metallic TBTF resonant sensor (SL20) has a
configuration as shown in figure 5.1. The engineering drawing is shown in
Appendix A.1.

Total length

Tine length |

|
[ ¢ Outer tine width

v

P
<«

A

Central tine width }PZT width
v

{ Gap width % >,
PZT length

Figure 5.1 Configuration of SL20 metallic TBTF resonant sensor.

102



5.1.2 Fabrication

The substrate of the sensor was photochemically etched from a 0.7 mm-
thick 430S17 stainless steel thin sheet with a top pattern defining the
resonator layout and a bottom pattern etched in a standoff distance
leaving the resonating element 0.25 mm thick. This material was chosen
due to its suitability for thick film deposition and firing processes. The
substrate was then cleaned using acetone in order to prepare for the
thick-film printing process. The dielectric layer was deposited at the
defined driving and sensing regions on the top surface of the resonator by
using a standard screen-printing process. Later the consecutive layers of
ground tag, bottom gold electrode, piezoelectric paste and top gold
electrode were deposited with their own screens respectively. The
dielectric layer is required for good isolation from the metallic substrate to
enable polarisation of the piezoelectric layer at a later stage. The ground
tag layer was deposited for excellent bonding in wiring stage. The bottom
and top gold electrode were printed for the purpose of polarisation
process. Gold material was used for the electrodes because of its long-
term stability (Torah, et al., 2004). Moreover, implementing gold electrode
can increase the piezoelectric properties of the film by preventing any
silver migration into the film during the firing stage if silver is used for the
electrodes. The migration of silver reduces the level of applied electric
field to the PZT therefore the amount of dipole alignment is reduced
(Torah, et al., 2005). Thick-film PZT elements were screen-printed on the
central tine in order to be used for driving and detecting the tuning fork
resonance. Current TBTF resonant sensors use a PZ29 piezoelectric
paste, made by 95% PZ29 powder, 5% lead borosilicate powder, and
approximately 5 ml ESL 400 organic vehicle per 20g powder mix. This
material exhibits high levels of piezoelectric activity and has a low Curie
temperature (Torah, et al., 2005). Each layer was allowed to stand in air
for 10 minutes in order for the ink to level off and settle before drying.
Then the printed film was dried for 10 minutes at 140°C. Once the printed
film was dried, the thick-film layers will proceed to the firing stage in a
high temperature oven. Firing in high temperature will improve the density
and mechanical quality of the film because it increases the sintering
between the PZT particles themselves and the binding material (Torah, et
al., 2005).

The combination of processes used in the resonator fabrication, photo-
etched TBTF sensors with drive and pick-up piezoelectric elements
printed directly onto the device surface, presents low-cost manufacturing
opportunities for mass batch production. Figure 5.2 shows a plate of
SL20 metallic TBTF resonant sensors etched from a 90 x 70 mm
stainless steel 430 S17 alloy. There are 20 sensors; 4 groups of 5
sensors per plate. Each plate was named e.g. plate A, plate B, plate 1,
plate 2, etc. and each sensor was numbered from the top-left hand side
as shown in figure 5.2. For example, if the sensors of plate A were
identified, they are Al, A2, A3,..., A20. In the case of plate 1, the sensors
were identified as plate(no.); 1(1), 1(2), 1(3),..., 1(20). Extra tracks and
pads were printed at each end of the sensor (Fig. 5.2) for the purpose of
simplifying the polarisation stage and in-situ characterisation of individual
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sensors and any other pre-checking steps required before the sensors
are cut out of the plate.

extra tracks
and pads

70 mm

Figure 5.2 Batch production of SL20 metallic TBTF resonant sensors.

The dimension of SL20 sensors was measured at the Experimental
Techniques Centre (ETC) Brunel University. The total length was

measured by using the calibrated steel ruler (UKAS Inst No 06277) as
shown in figure 5.3.

Calibrate steel
ruler

Plate of sensors

Figure 5.3 Measuring total length of SL20 sensor with the calibrated steel
ruler at ETC.

The Microscope model Nikon was used to take pictures of the sensors in
order to obtain the information about the tine, gap, and PZT dimension.
Figure 5.4 illustrates the measuring setup for this measurement. The
examples of the pictures taken from the sensors are shown in figure 5.5.
The dimension of the sensors required was measured from the pictures
by comparing to the calibrated scales.
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Microscope

(a) tine and gap (b) PZT width and length
Figure 5.5 Picture of SL20 sensors and calibrated scale taken from the
Microscope.

The thickness of the substrate and the resonating tine can be obtained by
using a micrometer or measuring from the picture taken from the
Microscope. Figure 5.6 shows the picture of sensor taken for measuring
the thickness of the tine.

Figure 5.6 Picture of SL20 sensor for thickness measurement.

The tine length of the sensor can also be measured by using High
resolution Scanning Electron Microscopy (SEM) model ZEISS SUPRA 35
FEG (Field Emission Gun). The sensor was placed in the machine and
the dimension was measured directly from the display screen as shown in
figure 5.7.

The dimension can be read directly from the display screen or measured

from the taken picture as in the microscope method. Figure 5.8 shows the
SEM photograph of printed thick-film on SL20 sensor.
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Figure 5.7 Measuring the tine length of SL20 sensor with SEM.

The thickness of the printed thick-film was measured by SEM method.

The dimension of 16 SL20 resonant sensors was measured and
summarised as shown in Table 5.1.

Table 5.1 Dimension of SL20 TBTF resonant sensor.

Parameter Design Dimensions Actual Dimensions

Total length 20 mm 19.8£0.3 mm
Tine length 7.5 mm 7.210.4 mm
Central tine width 1.3 mm 1.3+0.1 mm

Outer tine width 0.65 mm 0.61+0.06 mm
Gap width 0.5 mm 0.6£0.1 mm

Tine thickness 0.25 mm 0.27+0.08 mm
PZT width 1 mm 1.0+0.2 mm
PZT length 2.5 mm 2.5+0.1 mm

PZT thickness 40 um 3844 um

5.1.3 Polarisation

After firing, the PZT elements required polarisation in order to create the
required piezoelectric characteristics. The electric poling field,
temperature, and time, are three main parameters that should be
considered for this process (Torah, et al., 2005). In the poling process,
the PZT elements were electrically connected to a high voltage dc power
supply and preheated to the required temperature. After the temperature
is stabilised, the dc electric field was applied across the electrodes for the
required poling time. At the end of the poling period, the sensors were
allowed to cool to room temperature with a continuously applied electric
field. This stage is needed to obtain a balanced poling process in order to
enable observations of any changes in piezoelectric properties

106



independent of poling levels (Torah, et al., 2004). Then the electric field
was removed and the sensors are ready for use in the required
applications. Figure 5.9 illustrates the effect of the poling process on
piezoelectric materials (Prudenziati, 1994). Figure 5.9(a) is called the
virgin stage, where the dipoles within the piezoelectric material are
aligned in a random manner. The material at this stage is piezoelectrically
inactive because the effect on the individual crystallites average is zero.
Figure 5.9(b) depicts the saturated state which is the stage when the
electric field was applied across the piezoelectric material. At this stage,
the dipoles are reoriented and aligned in the direction of the electric field.
The final stage is a state of remnant polarisation which occurs after
removing the electric field (Fig. 5.9(c)). The amount of remnant
polarisation within the material depends on the poling conditions and
therefore varies with the magnitude of the applied electric field and also
the time and temperature (White and Turner, 1997).
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Figure 5.9 The effect of poling process for piezoelectric ceramics
(Prudenziati, 1994).

In some cases, small black spots with a large hole in the center appeared
on the thick-film surface of the sensors after removing them from the
environmental chamber and after the polarization process, as
demonstrated in figure 5.10. This could have occurred due to a high-
energy dielectric breakdown event as a result of an existing pore at this
location. These events only occurred with the thick film that had been
exposed to a high DC bias (>300V) under hot and humid conditions
during the polarisation process. There is some temporary dielectric
recovery if the high voltage bias is removed or the film is dried out
(Stewart, et al., 2006). The sensitivity of the film to humidity can be
reduced by submerging the printed film into a heated mineral oil that will
extract moisture from the pores in the film and seal them off (Lou-Moller,
et al., 2006).

Black spot
with large hole
in the centre

Figure 5.10 Black spots on the thick-film surface.
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The effect of increasing the applied poling voltage of SL20 TBTF
resonant sensors was investigated. All sensors were polarised in five
different conditions which is at 180°C for 5 hours but with different applied
poling voltage ranging from 200V to 300V. The Q-value of each sensor
was measured and the average value was obtained for each poling
voltage as shown in Table 5.2. The maximum temperature that can be
used in polarisation process depends on the melting temperature of a
solder used in electrical wire connection. Figure 5.11 demonstrates the
relation between the applied poling voltage and the Q-value for this
investigation. The Q-value is sharply increased when the poling voltage is
increased from 200V to 225V then it is dropped at 250V. After that, it is
gradually increased when the poling voltage is up to 300V. Nevertheless,
the poling voltage should not be more than 300V because the electric
breakdown event could occur as mentioned above. The reduction in Q-
value may be due to the intrinsic porosity of the PZT elements that can be
obtained from the following relationship (Lou-Moller, et al., 2006):

D =£ _ﬁj (5.1)
Pt
where p is the porosity,

p is the measured density which is calculated from the weight and

the geometric dimension of the PZT film,
p, is the theoretical density of the material.

Table 5.2 Different poling condition of SL20 TBTF resonant sensors.

Condition | Voltage (V) T(C) Time (hours) Q-value
1 200 180 5 395
2 225 180 5 745
3 250 180 5 521
4 275 180 5 695
5 300 180 5 765
A _—
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Figure 5.11 Poling voltage investigation at 180 < for 5 hours of SL20
resonant sensors.
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The poling condition that was finally used for SL20 TBTF resonant
sensors is 285+15V, 200°C, and 2 hours. The temperature was increased
from 180°C to 200°C because increasing poling temperature will increase
the piezoelectric activity because the dipole alignment is improved as the
PZT material is softer creating the permanent dimensional change
required from polarisation (Torah, et al., 2005). The duration time was
reduced from 5 hours to 2 hours because experimental work showed that
the devices poled at higher temperature still achieve the same level of the
piezoelectric characteristics. (Dargie, et al, 1998).

5.1.4 Initial Checks

The final part of the fabrication process is to characterise and pre-check
the sensor performance. Each individual sensor may be checked while it
is still in the plate or after cutting from the plate. The sensors can be cut
by using a guillotine or a laser cutting machine. If the guillotine is used,
the sensors must not be cut too close to the edge of sensors, because
the cutting force may cause the sensors to bend and possibly crack the
piezoelectric elements on the sensors. Therefore, a skilled operator is
needed. Figure 5.12 illustrates the guillotine used for cutting the TBTF
sensors at Brunel University.
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Figure 5.1Gui|loti at Brunel University.

Another much better method to cut out the sensors is to use a laser
cutting machine, which is more convenient and less damaging to the
sensors than the guillotine. The process of cutting out all the sensors
takes about 8 minutes per plate without wired sensors or 30 minutes with
soldered wires, according to the information provided by the laser
company. This normal cutting process is only suitable for single part
production or small batch production. However, in commercial qualities,
motor driven axes and CNC control will reduce the cutting time per plate
to just over 1 minute. Figure 5.13 shows the laser cutting machine at
Rofin-Baasel UK Ltd.

Wiring the sensors is another important step as it can cause some
damage to the sensors. Electrical wires were soldered onto the soldering
pads connected to the bottom and top electrode of the drive and pick-up
PZT elements of the sensors. The temperature, soldering time, and
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volume of solder are important parameters that should be controlled in
order to get a good solder joint. If the volume of solder used in the
soldering process is too much, the gold layer would be dissolved into the
solder droplet resulting in a broken track (Fig. 5.14). In some cases even
what looked like a ‘good’ solder joint had a contact resistance of around
4kQ. This would imply a ‘dry’ joint with any silver being lifted by the flux.

Laser cutting machine

Batch of TBTF sensors

f"\._I:-_'_.T

N\ e
Figure 5.13 Laser cutting machine:PowerLineF20 at Rofin-Baasel UK Ltd.

Figure 5.15 shows the scratch on the printed film due to mishandling of
the sensors. This scratch can adversely affect to the piezoelectric
properties as well as the sensor performance. Therefore, packaging or
coating the sensors with suitable material is recommended to prevent this
damage happening.

Broken tracks

-

Figure 5.14 Damaged tracks. Figure 5.15 Scratch on printed film.

The sensor was firstly tested in an open-loop configuration in order to
observe the vibration modes and confirm successful operation of the
driving and sensing mechanisms. TBTF resonant sensor was designed to
oscillate in a mode that the central tine vibrates in anti-phase with the two
outer tines, as described in section 2.3.1.2, in order to minimise
mechanical energy losses from the sensor.

In the open-loop configuration, the PZT element at one end of the sensor
was driven by an AC periodic chirp signal of 0.5 Vs from a Hewlett-
Packard 89410A vector signal analyser, which swept the frequencies
around the resonance frequency of the sensor. The PZT element on the
other end was connected to a Kistler 5011 Charge Amplifier. Then the
output from the charge amplifier was fed back to the signal analyser for

110



frequency response analysis of the sensor. Figure 5.16 shows the set-up
of the open-loop configuration.

Vector Signal
Analyser

Charge Amplifier

Plate of sensors

Figure 5.16 Experimental set-up for open-loop configuration.

The amplitude-frequency response for the third mode of vibration of one
SL20 resonant sensor displayed on the Vector Signal Analyser is
illustrated in figure 5.17. The resonance frequency was measured to be
about 26kHz and Q-value was calculated to be 4002.
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Figure 5.17 Amplitude-frequency response of SL20 sensor from Vector
Signal Analyser.

The resonance frequencies of SL20 resonant sensors from 12 plates
were measured and shown in Appendix A.2. The resonance frequencies
of the sensors varied from one to another within the same plate and from
different plates. This variation is due to the uncertainties in sensors
manufacturing process as already described in Chapter 4. The resonance
frequencies between 12 plates varied from 20-27 kHz with a standard
deviation of 1230. When considering only one plate (e.g. plate A), the
resonance frequencies are between 23kHz and 27kHz with a standard
deviation of 1570. Figure 5.18 — 5.20 are three examples of the
resonance frequency variation of plate B, plate 1, and plate 2 from 12
plates. The resonance frequencies of sensors on plate B are clearly
divided into two groups where the sensor B1 -B10 have higher resonance
frequencies than the sensors B11 — B20. The resonance frequencies of
sensors on plate 1 are increasing from 1(1) to 1(20). The resonance
frequencies of the sensors on plate 2 have the same pattern as the
sensors on plate B but the resonance frequencies of 2(1) — 2(10) are
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lower than 2(11) — 2(20). This pattern of variation which occur to the
sensors on plate B and 2 can be linked to the etching process that
causes the dimension of the sensors to vary from one row to another row.
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Figure 5.18 The resonance frequency of SL20 TBTF resonant sensors on
plate B.
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Figure 5.19 The resonance frequency of SL20 TBTF resonant sensors on

plate 1.
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Figure 5.20 The resonance frequency of SL20 TBTF resonant sensors on
plate 2.
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Later the Q-value variation with position was also considered. Table 5.3
illustrates the Q-value of sensors from plate B. Sensor B15 was damaged
during the fabrication process therefore there is no signal obtained. The
results show that the Q-value is inconsistent. This may be due to the PZT
powder dispersing unevenly throughout the paste used in the thick-film
printing process on the sensors (Torah, et al., 2004).

Table 5.3 Resonance frequency and Q-value of SL20 resonant sensors
on plate B.

TBTF f (Hz) Q-value TBTF f (Hz) Q-value
Bl 22755 1138 B11l 21090 844
B2 22850 415 B12 21040 701
B3 22707.5 649 B13 21160 353
B4 22917.5 509 B14 21265 2127
B5 22947.5 918 B15 N/A N/A
B6 23307 1554 B16 21290 2129
B7 23247 1550 B17 21245 1416
B8 23362 934 B18 21245 2125
B9 23265 2327 B19 21360 1424

B10 23300 1165 B20 21445 1072

5.1.5 Characteristics

Two TBTF resonant sensors having different size, SL40 and SL20, were
investigated in order to better understand the sensor characteristics
which are dependent on the dimension of TBTF sensor. The experiments
conducted in the laboratory at Brunel University were stability,
repeatability and temperature tests. Firstly, stability test, which is the
ability of a measuring system to maintain constant its measurement
characteristic with time was investigated. For this investigation the
environmental conditions, such as temperature, humidity and pressure,
have to be constant. This was achieved by using a climatic test chamber
Montford Mini-Mech-B set to 25°C as shown in figure 5.21.

Charge Amplifier
Climatic test chamber

Vector Signal

Analyser \

Sensors

Figure 5.21 Experimenal set-up for thegtability test.

The sensors were operated in the open-loop configuration. Over a period
of 48h the amplitude-frequency response was recorded in unequal time
steps as shown in Table 5.4. The default frequency resolution for this
experiment was 0.5Hz.
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Table 5.4 Stability test of SL40 and SL20 resonant sensors

f (kHZ)
Hours SL40 SL20
2 4.6210 26.1875
4 4.6205 26.1865
20 4.6210 26.1875
22 4.6205 26.1865
24 4.6205 26.1865
26 4.6205 26.1865
46 4.6210 26.1880
48 4.6210 26.1870

Figure 5.22 displays the test result of both sensors over a period of 48h.
The standard deviation of the measurement for SL40 and SL20 sensors
Is about 0.3Hz and 0.6Hz respectively.
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Figure 5.22 Stability test of SL40 and SL20 resonant sensors (48 hours).

Then, repeatability investigation, which illustrates the measurement
precision under conditions of repeated measurements over a short
period, was investigated. The experimental set-up was similar to that for
the stability investigation, except that the period of measurement was
shortened to about 5 minutes and the resolution was adjusted to 0.1Hz.
The frequency values were repeatedly measured 20 times and the mean
value was calculated for each resonator. The experimental results are
shown in Table 5.5.

Table 5.5 Repeatability test of SL40 and SL20 resonant sensors.

f (kHz) f (kHZ)

No. SL40 SL20 No. SL40 SL20
1 4.6211 26.1906 | 11 4.6211 26.1898
2 4.6211 26.1898 | 12 4.6211 26.1901
3 4.6211 26.1900 | 13 4.6211 26.1895
4 4.6211 26.1904 | 14 4.6211 26.1904
5 4.6211 26.1898 | 15 4.6211 26.1904
6 4.6211 26.1904 | 16 4.6211 26.1898
7 4.6211 26.1904 | 17 4.6211 26.1904
8 4.6211 26.1906 | 18 4.6211 26.1904
9 4.6211 26.1900 | 19 4.6211 26.1898
10 4.6211 26.1897 | 20 4.6211 26.1904
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Figure 5.23 shows the repeatability test results for SL40 and SL20
resonant sensors. The standard deviation of SL40 resonant sensor for
this test is less than the resolution of 0.1Hz. For SL20 resonant sensor,
the standard deviation is calculated to be about 0.3Hz.
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[+ resonant frequency -~ mean of resonant frequency | [+ resonant frequency -~ mean of resonant frequency |

(a) SL40 resonant sensor (b) SL20 resonant sensor
Figure 5.23 Repeatability test results for SL40 and SL20 resonant
sSensors.

In industrial monitoring applications, a temperature range requires for a
satisfactory measurement capability is between -30°C up to 85°C. To
increase the application field of the resonant sensor by having even
larger temperature ranges requires that the compensated temperature
range should be as large as possible. On account of this the temperature
characteristic needs to be known so that strategies for temperature
compensation can be employed. The experimental set-up was similar to
that for the stability and repeatability tests. The drive and pickup PZT
elements of the sensor were connected by two coaxial cables to the
open-loop electronics outside the climatic test chamber. The temperature
was increased from -30°C to 90°C in steps of 30°C. At each temperature
point the frequency response of the respective sensor was recorded after
two hours delay, required to establish stable conditions inside the climatic
test chamber. Table 5.6 shows the measurement results for this
investigation.

Table 5.6 Temperature test of SL40 and SL20 resonant sensors.

. f (kHz)
T(0) SL40 SL20
-30 4.6575 26.3100
0 4.6375 26.2300
30 4.6175 26.1700
60 4.5925 26.0725
90 4.5700 25.9800

Figure 5.24 shows the temperature characteristic of both sensors without
any kind of temperature compensation. The temperature sensitivity is
approximate 0.7Hz/°C for SL40 resonant sensor and 2.7Hz/°C for SL20
resonant sensor.
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(a) SL40 resonant sensor (b) SL20 resonant sensor
Figure 5.24 Temperature test results for SL40 and SL20 resonant
sensors.

Table 5.7 summarises the characteristics which include the stability,
repeatability, and temperature performance of SL40 and SL20 TBTF
resonant sensors. The SL40 resonant sensor appears to show better
performance than SL20 resonant sensor. When consider to the
temperature performance, SL20 sensor is more sensitive to the
temperature than SL40. This may cause poor stability and repeatability
due to the temperature effect. If the temperature compensation is applied,
the performance of SL20 resonant sensor could be improved. However,
since the sensor has been designed for a 10% change in frequency at full
load, the % change on full scale figures show that the SL20 performs
slightly better than the SL40.

Table 5.7 Characteristics of SL40 and SL20 TBTF resonant sensors.

TBTFE fo 10% of fy Stability Repeatability | Temperature
(kHz) (H2) SD | % SD % Hz/°C %

SL40 | 4.62 462 0.27 | 0.06 | < 0.1 | <0.02 0.7 0.15

SL20 | 26.18 2618 060002 035 | 0.01 2.8 0.11

5.1.6 Torque Transducer Based on SL20 Resonant Sensor

Next stage is to apply the metallic TBTF resonant sensor in a torque
measuring application. To be used as torque transducer, the torque shaft
for SL20 sensor was designed as shown in figure 5.25. The drawing of
torque shaft for SL20 sensor is shown in Appendix A.3.

-

Figure 5.25 Torqije transducer with L20 metallic TBTF resonant sensor.

The TBTF resonant sensor may be attached to the torque shaft by gluing,
laser-welding or the combination of both methods. The last method
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begins with gluing the sensors onto the torque shaft in order to firmly
align the sensors for the next stage which is the laser-welding. Pre-gluing
stage can reduce the error from misalignment of the sensors during the
welding process.

There are four parameters in setting up the laser welding machine. They
are voltage (V), pulse time (ms), focus, and frequency (Hz). The voltage
is used to control energy penetration into the object. The pulse time is
used to determine the heat conduction. The focus is related to the laser
spot size. The frequency is used to control the speed of a seam weld.

Figure 5.26 shows the effect of adjusting the voltage, pulse time, and
focus. If the voltage is increased, deeper penetration occurrs. If the pulse
time is increased, the welding result will be deeper and larger. If the focus
is increased, the welding size is larger but shallower. Adjusting the focus
results in stronger or weaker welding power will cause the welding size to
be varied. In order to achieve a uniform weld, the focus should be

maintained.
1) INCREASING VOLTAGE

230 V-2ms-Focus 0 300 V-2ms-Focus 0 400 V-2ms-Focus 0

v U '
2) EXTENDING PULSE TIME
230 V-2ms-Focus 0 230 V-10ms-Focus 0 230 V-30ms-Focus 0
., = =
3) INCREASING BEAMSIZE = FOCUS
230 V-2ms-Focus 0 230 V-2ms-Focus 20 230 V-2ms-Focus 42
('] [— [

Figure 5.26 Physics of laserspots (Rofin-Baasel UK Ltd.).

Furthermore, there are many factors that should be taken into account in
laser-welding process. Firstly, the direction of laser beam should be
applied at perpendicular to the surface, otherwise the welding result can
be different even the voltage, pulse width, and focus are kept constant. It
is because the density of energy is reduced as the heated area is larger.
Moreover, larger spot size will create more heat dissipation that may
affect to the other parts of the object.

Secondly, the welding should be taken place where the two parts touch
each other as much as possible. The gap between two parts can cause
deformation at the weld spot. Greater contact will minimise the melted
volume so that a lower power can be applied. If the gap is big, the pulse
time or the focus should be increased so that the welding size is enlarged
in order to melt and join two items together. In some cases, the laser
welding wire can be used as the medium joining two items together if the
gap is very big (Fig. 5.27).
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Laser welding wire

Figure 5.27 Implementing the laser welding wire in laser welding.

In addition, a higher percentage of overlap between each welding spot
gives better weld performance as shown in figure 5.28. However, time-
consuming and cost of laser welding will be increased. Consequently,
these two factors should be taken into account in deciding the appropriate
percentage of overlapping.

No Overtap S0% Orrlap 0% Onwrlap 0% Overlap

Cross-section through spot's

WW w7 W \W\X\W—‘

Figure 5.28 Different overlapping of the wélding spot
(Rofin-Baasel UK Ltd.).

Different materials and geometries of the object require different setting
parameters in the laser-welding machine. Therefore, an experiment was
conducted in order to find the optimum condition for each application. The
laser-welding machine model Desktop was used for this experiment (Fig.
5.29).

The voltage, pulse time, and focus were adjusted as shown in Table 5.8.
The experimental results of this investigation were illustrated in figure
5.30 - 5.33.

Figure 5.29 Laser-welding machine model Desktop
(Rofin-Baasel UK Ltd.).
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Table 5.8 Laser welding investigation.

Setting Voltage (V) Pulse Time (ms) Focus
1 200 1 0
2 220 15 0
3 240 2 2
4 240 2 5
5 240 3 8
6 240 5 8
7 240 8 10
8 240 8 14
9 240 10 14

10 240 12 14

Figure 5.30 shows the setting 1 to 4 from top to bottom. Interestingly,
there was damage at the edge of the welding area for setting 3. All
parameters were increased for this setting, therefore too much energy
was concentrated on a small area (Focus = 2). The focus was increased
for setting 4 in order to allow the energy dissipated into the bigger area
that shows a better result.

(1)
(2)

(3)

(4)

Figure 5.30 Setting 1 — 4.

Further investigation was undertaken by increasing the pulse time and
the focus but keeping the voltage constant (Fig. 5.31). The welding size
for setting 6 is bigger than setting 5 due to the increased pulse time. Then
the pulse time and focus were increased for setting 7. There is a hole and
additional damage as a result of the high energy applied on a small area.

ST riae s =
Figure 5.31 Setting 5 — 7.
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From the previous experiment, increasing the focus can solve the above
problem. Therefore, the focus was increased to 14 and the result is better
as shown in figure 5.32. For the setting 9, the pulse time was increased
but no significant result.

(8)

(9)
Figure 5.32 Setting 8 and 9.

When the pulse time was increased to 12ms for setting 10, then full
penetration occurred to the object as seen in figure 5.33.

(10)

The experiment clearly indicates that identifying the optimum setting for
each application mainly depends on three parameters; voltage, pulse
time, and focus. Consequently, some empirical work should be conducted
before commencing the laser-welding process in order to prevent
damage to the sensor and torque transducer.

After laser-welding the sensors onto the torque shaft, the resonance
frequency and the Q-value of 4 sensors mounted onto 2 shafts were
measured in order to check the performance of the sensors after laser-
welding process. Moreover, a comparison of the resonance frequency
and the Q-value before and after laser-welding process was made, as
shown in Table 5.9.

The resonance frequencies of sensors are increased after laser-welding
because the stiffness of the sensors is increased due to the tension
between the sensors and the edge of the mounting area on the shatft.
When considering the Q-value, the sensors mounted on shaft indicate
higher value after laser-welding which is due to the firm mounting of the
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sensors results in strong vibration and also prevents the energy losses
from the resonating elements into the surrounding area.

Table 5.9 Resonance frequency and Q-value of torque transducer based
on SL20 TBTF resonant sensors before and after laser-welding.

f(kHz) Q-value
Shatt TBTF before after before after
2 Bl 25.1025 | 26.3944 1255 1552
3 C2 25.9150 | 26.4020 1091 1320
3 C4 26.5500 | 26.5525 1185 1397
3 D2 24.7925 | 25.2195 1006 1050

5.1.7 Testing of Torque Transducer Based on SL20 Resonant
Sensor

The characteristics such as stability, repeatability, linearity, and
temperature test of two torque transducers based on SL20 resonant
sensors, C2 and D2, were examined in an industrial torque calibration
laboratory. Initial tests were undertaken in the open-loop configuration to
measure the resonance frequencies and obtain the Q-value as shown in
figure 5.34. The results for the C2 and D2 devices in open-loop
configuration are indicated in Table 5.10.

Resonator \Vector Spectrum Analyser

Figure 5.34 Measuring natural frequency with Vector Spectrum Analyser.

Table 5.10 Resonance frequencies and Q-values of SL20 resonant
sensors mounted onto torque shafts.

TBTF f (kHz) Q-value
Cc2 26.4019 1320
D2 25.2195 1050

5.1.7.1 Stability Test

A stability test was conducted by using a calibration rig and standard
weights (Fig. 5.35). Basically, the resonance frequencies of the sensors
were monitored at zero torque for 15 minutes, then full load torque (27.5
Nm) was applied to each sensor and the resonance frequencies were
monitored for further 15 minutes. This cycle was repeated 3 times for all
sensors under test. The data for this investigation is shown in Appendix
A4,
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Figure 5.35 Stability test of torque transducer bas on SL20 sensor.

Figure 5.36 shows the stability graph of C2 torque transducer with the
standard deviation of 0.3Hz at both 0 Nm and 27.5 Nm.
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Figure 5.36 Stability test for torque transducer based on SL20 resonant
sensor, C2.

Figure 5.37 shows the stability graph of D2 torque transducer with the
standard deviation of 0.6Hz and 0.7Hz at 0 Nm and 27.5 Nm respectively.
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(a) at 0 Nm (b) at 27.5 Nm
Figure 5.37 Stability test for torque transducer based on SL20 resonant
sensor, D2.

mean of resonant frequency

5.1.7.2 Repeatability Test
The next experiment is the repeatability test which was carried out in the
same location as the stability test. A torque wrench, which was already
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calibrated to the National Torque Standard, was used to apply load for
this test as shown in figure 5.38. The capacity of the torque wrench is 75
Nm with resolution 0.01 Nm.

g Torque Wrench

=

_ » : - s
Figure 5.38 Repeatability test of torque transducer based on SL20
resonant sensor.

Each SL20 resonant sensor was monitored at zero torque, then a full load
of 25 Nm was applied and resultant resonance frequency was monitored.
This cycle is repeated 30 times. The data for this test is shown in
Appendix A.5 and the corresponding graphs are shown in figure 5.39 and
figure 5.40. At zero torque the standard deviation was calculated to be
2.1Hz and 1.5Hz whilst the standard deviation at 25Nm was calculated to
be 1.2Hz and 3.2Hz for C2 and D2 torque transducers respectively.
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Figure 5.39 Repeatability test for SL20 torque transducer (C2).
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Figure 5.40 Repeatability test for SL20 torque (D2).
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5.1.7.3 Linearity Test

A linearity test was then undertaken in the same measuring system as
the repeatability test. This test is concerned with loading/unloading of the
torque transducer. The torque transducer was subjected to both
clockwise and anti-clockwise torque and the resonance frequency was
measured at each load for both directions for 2 cycles (Appendix A.6).
The environmental temperature was also monitored during the
measurement. The torque was applied approximately in £2.5 Nm
incremental steps for the range up to 25 Nm. The corresponding graphs
are shown in figure 5.41-5.42 including the equation for the line of best fit.
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Figure 5.41 Linearity test of SL20 Figure 5.42 Linearity test of SL20
torque transducer (C2). torque transducer (D2).

As can be seen from the graphs, the frequency is proportional to the
applied torque. The results shown in Table 5.11 are a summary of typical
characteristics; linearity, hysteresis including the information about the
temperature variation during testing.

Table 5.11 Typical characteristics of torque transducer based on SL20
resonant sensor provided from linearity test.

TBTF | Temperature variation | Sensitivity Linearity | Hysteresis
() (Hz/Nm) (#Hz) (#Hz)
C2 3.2 23.5 63.8 96.5
D2 2.1 22.7 25.4 8.5

From the results in Table 5.11, device C2 shows poor linearity and
hysteresis values which could be mainly attributed to large variation in
temperature during the test.

5.1.7.4 Temperature Test

The last experiment was a temperature test, which is an important test,
since the torque shaft and TBTF were made from two different materials.
Any error in temperature performance can be due to mismatch between
the torque shaft and TBTF material’'s temperature coefficient. The
temperature range for this experiment is between 5 to 55°C. The test was
carried out at zero torque in the controlled chamber as shown in figure
5.43. The temperature was heated to the highest temperature first and
then it was reduced in approximate 5°C steps. The resonance frequency
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was monitored and recorded twice at each temperature point as shown in
Appendix A.7.

Torque transducer

Figure 5.43 Temperature test for torque transducer based on SL20
resonant sensors.

Figures 5.44-5.45 indicate the temperature results obtained from the
experiment including the equation for the line of best fit.

Similar to the linearity test, both resonant sensors show linear
characteristic to the temperature with a temperature coefficient
approximately 2.5 Hz/°C and 1.9 Hz/°C and the non-linearity is 2.8Hz and
6.3Hz for C2 and D2 respectively. The temperature sensitivity of D2 is
less than C2, however, it shows a more non-linear performance. The
reason for this different characteristic may be due to inappropriate fitting
of the sensor into the channel machined for it on the torque shaft which
may lead to the sensor being twisted while being subjected to shear
strain on the torque shaft.

Table 5.12 and 5.13 are the summary of the performance characteristics
of torque transducer based on SL20 resonant sensor, C2 and D2 in the
clockwise direction for the applied torque range 0-25Nm. The sensitivity,
stability, repeatability, linearity, and hysteresis were calculated as
percentage of the torque range.

Frequency (kHz)

2632

y=-0.0025x + 26.447

5 10 15 20 2 30 35 40 45 50 Temperature (°C)

Temperature (‘C)

Figure 5.44 Temperature test of Figure 5.45 Temperature test of
SL20 torque transducer (C2). SL20 torque transducer (D2).
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Table 5.12 Characteristics of torque transducer based on SL20 resonant

sensor, C2.

Initial frequency 26.4 kHz

Q-value 1302
Span at full scale (25 Nm) 1176 Hz

Sensitivity 23.5 Hz/N'm

Stability 0.02%

Repeatability 0.2%

Linearity 5.4%

Hysteresis 8.2%
Temperature sensitivity 2.5 Hz/°C

Table 5.13 Characteristics of torque transducer based on SL20 resonant

sensor, D2.

Initial frequency 25.2 kHz

Q-value 1050
Span at full scale (25 Nm) 1134 Hz

Sensitivity 22.7 Hz/N-m

Stability 0.06%

Repeatability 0.3%

Linearity 2.2%

Hysteresis 0.7%
Temperature sensitivity 1.9 Hz/°C

Both torque transducers have high Q-value (>1000) and show similar
result of span (~500Hz) and sensitivity value (~24 Hz/Nm). The sensitivity
of the torque transducer may be increased by either reducing cross-
section of the sensor or reducing shaft diameter. However, the latter
method will reduce the overload capability of the torque transducer as
well.

C2 torque transducer show better results in stability and repeatability but
poorer linearity and hysteresis when compare to D2 torque transducer.
This may be due to temperature variation during the linearity test of C2
torque transducer, which is higher than D2. Linearity is the parameter that
most affects to the performance of the torque transducer when compared
to other parameters.

The temperature sensitivity of C2 torque transducer is higher than D2.
This temperature characteristic is useful when considering the design on
electronic circuit for temperature compensation. Using identical material
for the shaft and TBTF sensor can minimise this effect.

5.1.8 Calibration of torque transducer based on SL20 resonant sensor

In order to investigate the performance of the torque transducer based on
SL20 metallic TBTF resonant sensor to be implemented as torque
transfer standard, the D2 torque transducer was calibrated at National
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Physical Laboratory (NPL) in UK against Torque Standard Machine
(Deadweight Lever-beam) as shown in figure 5.46. The room temperature
was controlled at 20+1°C. NPL performed a range of calibration tests to
evaluate the performance of this torque transducer based on the British
Standard (BS 7882:1997) incorporating changes that will be implemented
in next revision (BS 7882:2008). Parameters including repeatability,
reproducibility, linearity, residual deflection, reversibility and uncertainty
had been considered and classified according to the BS7882. Moreover,
stability and creep test had been additionally investigated to provide more
information.

Figure 5.46 NPL Torque Stdard achin(dight Lever-beam).
Two adapters, one split clamp to fit square drive and one flange type both

with 20 mm shaft (Fig. 5.47), were manufactured in order to fit the ETP-
20 friction joints of NPL torque standard machine as shown in figure 5.48.

Flange adapter

Figure 5.47 D2 torque transducer with two adapters.
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Torque transducer

Figure 5.48 Set-up torque transducer with NPL torque standard machine.

The calibration range is up to 30Nm in clockwise direction and mode of
calibration is in clockwise direction. Hewlett-Packard 894410A Vector
Signal Analyser with resolution 0.5Hz and Kistler Type 5011 charge
amplifier were used to monitor the resonance frequency of torque
transducer during calibration. Torque value was increased and decreased
for hysteresis information at 0° orientation. A one-minute waiting time was
applied to stabilise the system after each change of torque increment.
Torque transducer was also calibrated at 120° and 240° orientation in
order to obtain the information for reproducibility. The data taken from the
measurement is shown in Table 5.14.

Table 5.14 Calibration data of D2 torque transducer.

f (Hz)

Nm 0° 120° 240°
0 24984.0 24984.0 24990.8 24997.3
5 25103.6 25104.0 25111.3 25117.3
10 25216.9 25217.3 25226.0 25230.3
15 25327.0 25326.5 25336.5 25341.3
20 25436.5 25436.5 25445.0 25450.8
30 25655.5 25655.5 25661.8 25669.3
20 25436.0
15 25325.5
10 25215.5
5 25103.3
0 24984.0 24983.6 24991.3 24998.3

The calibration data was then analysed for each parameter according to
BS 7882 as shown in Table 5.15. These calibration results will be used to
compare with a transducer classification table in order to establish the
devices classification.

128




Table 5.15 Calibration result of D2 torque transducer according to

BS7882.

Nm Ri1 R2 Eit E; En

0 0.1490%

5 0.3426% | 0.7586% | 0.3051% -0.2842%
10 0.1339% | 0.9895% | -0.0487% -0.6162%
15 0.1459% | 0.7991% | -0.2214% -0.4365%
20 0.0000% | 0.3861% | -0.0161% -0.1105%
30 0.0000% | 0.1490% | -0.0308%

The uncertainty of calibration at

95% confidence level (k = 2) was

calculated to be about 0.8% as shown in Appendix A.8.

According to BS 7882, the deflection value expressed in units other than
those of torque, and increasing and decreasing torques have been
applied, the following parameters; repeatability, reproducibility, error of
interpolation, residual deflection, and reversibility, shall be determined for
the classification of torque measuring devices. Table 5.16 is the
classification result of D2 torque transducer for each parameter at each
torque value.

Table 5.16 The classification result of D2 torque transducer.

Nm R1 R> Eit E, En a
0 1
5 1 1 1 0.5 1
10 0.5 1 0.1 0.5 0.5
15 0.5 1 0.5 0.5 0.5
20 0.05 0.5 0.05 0.1 0.5
30 0.05 0.2 0.1 0.2

In addition, a lower limit of calibration shall be determined in order to
ensure that the classification is consistent with the resolution of the torque
indicator, which is the Vector Signal Analyser in this case. According to
Equation 3.9 in Chapter 3, the ‘a’ value can be obtained if the resolution
was known. In this case, the resolution of the indicator is 0.5Hz, and
therefore the ‘a’ value was calculated based on BS 7882 as shown in
Table 5.16.

From the calibration results (Table 5.16) and ‘a’ calculation, it is shown
that this torque transducer meets the requirements for class 1. It is also
found that the class of accuracy of torque transducer with SL20 metallic
TBTF resonant sensors is limited by the resolution of the indicator
(electronic display). Acquiring the indicating device with higher resolution
would give a substantial benefit in improving the accuracy of this torque
transducer.

Furthermore, the stability/creep test of the torque transducer was

considered at 0 Nm and 30 Nm. The resonance frequencies at those two
loads were recorded for 10 minutes in every 30 seconds with 1 minute
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stabilisation before each measuring value. The recorded resonance
frequencies were shown in Table 5.17.

Table 5.17 Stability test of D2 torque transducer at 0 Nm and 30 Nm.
Time f (Hz) Time f (Hz)
(second) | ONm 30 Nm (second) | ONm 30 Nm
0 24998.7 | 25669.5 300 24999.2 | 25670.0
30 24998.7 | 25670.0 330 24998.7 | 25669.5
60 24999.2 | 25670.0 360 24999.2 | 25670.0
90 24999.2 | 25670.0 390 24999.2 | 25670.0
120 24999.2 | 25670.0 420 24999.2 | 25670.0
150 24999.2 | 25670.0 450 24999.2 | 25670.0
180 24999.2 | 25670.0 480 24999.2 | 25670.0
210 24998.7 | 25669.5 510 24999.2 | 25669.5
240 24999.2 | 25670.0 540 24999.2 | 25670.0
270 24999.2 | 25670.0 570 24999.2 | 25670.0

Figure 5.49 and 5.50 illustrate the corresponding graphs of the stability
test at ONm and 30Nm respectively. The results show that the standard
deviation for both tests is less than 0.5 Hz, which is the limitation by the
resolution of the indicator. For this reason, it is not possible to claim a
stability value for the torque transducer unless a higher resolution
indicator was used.
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Figure 5.49 Stability test of D2
torque transducer at 0 Nm.

I e mean of quency |
Figure 5.50 Stability test of D2
torque transducer at 30Nm.
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CHAPTER 6

6. Miniturisation of Metallic TBTF Resonant
Sensors (Design 2)

The latest successful miniature metallic TBTF resonant sensor, SL12,
was developed and described in this chapter. The summary of key
findings, configuration, characteristics, performance in a torque
transducer, and the calibration result of torque transducer based on this
design are also included.

6.1 Design 2 (SL12)

6.1.1 Configuration

The latest version of the miniaturised metallic TBTF resonant sensor is
SL12 which has reduced the size by 70% from the original one (SL40).
The configuration of SL12 is the same as SL20 sensor. Figure 6.1 shows
a photo of SL12 TBTF resonant sensor. The engineering drawing of SL12
is shown in Appendix B.1.

|
o Bl

Figure 6.1 SL40 and SL12 metallic TBTF resonant sensor.

6.1.2 Fabrication

The same material and fabrication process were applied for SL12 sensor.
Figure 6.1 demonstrates a plate of SL12 sensor with 89 x 76 mm
dimension. Due to the smaller size of SL12 sensors, therefore there are
30 sensors; 6 groups of 5 sensors per plate.

< 76 mm >
A - V
by [ 'lI il'r."fl‘ ix?é
|
’.1}1 .Tf A ‘Tl |
A r&Tv’vquTv
smm !.!,.,!.',.!..
. ’i

v
Figure 6.2 Batch production of SL12 metallic TBTF resonant sensors.
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The dimension of SL12 sensors was also measured at ETC by using the
microscope as shown in figure 6.3.

(a) sensor and tine
dimension
Figure 6.3 Picture of SL12 sensors taken from microscope.

(b) PZT dimension

(c) substrate and
tine thickness

The dimension of measured SL12 resonant sensor was summarised in

Table 6.1.

Table 6.1 Dimension of SL12 TBTF resonant sensor.

Parameter Design Dimensions Actual Dimensions
Total length 12 mm 12.2+0.2 mm
Tine length 6 mm 6.0+0.1 mm
Central tine width 1.3 mm 1.340.1 mm
Outer tine width 0.65 mm 0.63£0.08 mm
Gap width 0.5 mm 0.5+0.1 mm
Tine thickness 0.25 mm 0.21+£0.09 mm
PZT width 1mm 1+0.1 mm
PZT length 2.5 mm 2.5+0.1 mm
PZT thickness 40 um 3844 um

6.1.3 Polarisation

The method and condition of polarisation of SL12 sensors are the same
as for SL20 sensors.

6.1.4 Initial Checks

Figure 6.4 illustrates the first four modes of vibrations of SL12 resonant
sensor modelled by FEA.

Mode 1 Mode 2

~

Mode 3

Mode 4

’J’

Figure 6.4 First four vibration modes of SL12 resonant sensor from FEA.
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In order to confirm successful operation of the driving and sensing
mechanisms, the resonant frequency of the sensors were measured in
the open-loop configuration. The resonant frequencies of several plates
of SL12 resonant sensors were measured as shown in the Appendix B.2.
There is the variation of the resonance frequency within the same plate
and between the different plates of SL12 sensors as occurred to SL20
sensors. This variation can also be attributed to the uncertainties in
sensors manufacturing process described in Chapter 4. The resonance
frequencies between different plates are varied from 29-40 kHz with the
standard deviation of 2215. Figure 6.5-6.7 show three examples of the
resonance frequency variation of plate 1, plate 2, and plate 3. The
resonance frequencies of sensors on plate 1 (Fig. 6.5) are increasing
from 32kHz to 35kHz for sensors 1(1) to 1(20) then, the frequency is
dropped to about 33kHz for sensor 1(21) and continually increasing until
34kHz for sensor 1(30). The standard deviation of frequency variation for
plate 1 is about 738. The resonance frequencies of sensors on plate 2
(Fig. 6.6) vary all over the plate whilst the sensors 2(11) to 2(15) having
similar value of resonance frequency. The standard deviation of the
resonance frequency variation obtained for plate 2 is 283. The resonance
frequency variation of sensors on plate 3 (Fig. 6.7) is clearly divided into
two groups with the first 20 sensors show higher resonance frequencies
than the remaining 10 sensors. The standard deviation of the resonance
frequency variation for plate 3 is 1165.
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Figure 6.5 The resonance frequency of SL12 resonant sensors plate 1.
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Figure 6.6 The resonance frequency of SL12 resonant sensors plate 2.
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Figure 6.7 The resonance frequency of SL12 resonant sensors plate 3.

Later the Q-value variation with position was considered. Table 6.2
illustrates the Q-value of sensors from plate 3 which is varied from 86 to
1222. The Q-value of the sensor 3(8) and 3(24) can not be measured due
to very low piezoelectric property of these two sensors. From the results it
is shown that the Q-value of SL12 sensors on plate 3 is inconsistent as
occurred to SL20 sensors on plate B. The Q-value variation of SL12
sensors on other plates shows similar result.
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Table 6.2 Resonance frequency and Q-value of SL12 resonant sensors

plate 3.

TBTF f (Hz) Q-value TBTF f (Hz) Q-value
3(1) 36652.5 1222 3(16) | 35881.0 1104
3(2) 36517.0 1124 3(17) | 36198.5 254
3(3) 36517.0 664 3(18) | 36046.0 627
3(4) 36492.0 417 3(19) | 35928.0 575
3(5) 36362.0 1212 3(20) | 36155.5 391
3(6) 36112.0 481 3(21) | 33785.0 588
3(7) 36359.5 808 3(22) | 33930.0 103
3(8) 36819.5 N/A 3(23) | 33925.0 565
3(9) 36519.0 730 3(24) | 34095.0 N/A

3(10) 36544.0 96 3(25) | 33925.0 339

3(11) 35936.0 898 3(26) | 33660.0 224

3(12) 36211.0 1035 3(27) | 34102.5 86

3(13) 36186.0 629 3(28) | 33997.5 680

3(14) 36153.5 1205 3(29) | 34090.0 341

3(15) 36323.5 908 3(30) | 33627.5 1121

6.1.5 Characteristics

The amplitude-frequency response for the third mode of vibration of one
SL12 resonant sensor (G2) displayed on the Vector Signal Analyser is
illustrated in figure 6.8. The resonance frequency ( f,) was measured to

be about 40.0825 kHz and Q-value was calculated to be 1600.
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Figure 6.8 Amplitude-frequency response of SL12 resonant sensor (G2).

Other characteristics such as the stability, repeatability and temperature
sensitivity of SL12 sensor were also investigated in the same condition as
SL20 sensor at Brunel University.

For the stability test, the resonance frequencies of SL12 sensor were
recorded over a time period of 48 hours in unequal time steps. The
recorded data is shown in Table 6.3. The default frequency resolution
was 0.5Hz.
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Table 6.3 Stability test of SL12 resonant sensors.

Hours f (kHz)

2 40.1150
4 40.1120
20 40.1210
22 40.1115
24 40.1085
26 40.1085
46 40.1095
48 40.1035

Figure 6.9 displays the stability test result of SL12 sensor. The standard
deviation was found to be 5.2Hz.
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Figure 6.9 Stability test of SL12 TBTF resonant sensor for 48 hours.

Then, repeatability investigation was conducted in the same experimental
set-up as for the SL20 sensor. The measured resonance frequencies are
shown in Table 6.4.

Table 6.4 Repeatability test of SL12 resonant sensors.

No. f (kH2) No. f (kH2)
1 40.1071 11 40.1068
2 40.1078 12 40.1070
3 40.1073 13 40.1063
4 40.1070 14 40.1066
5 40.1074 15 40.1076
6 40.1063 16 40.1069
7 40.1065 17 40.1074
8 40.1060 18 40.1071
9 40.1071 19 40.1074
10 40.1074 20 40.1068

Figure 6.10 shows that the standard deviation of the resonance frequency
is 0.5Hz for the repeatability test.
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Figure 6.10 Repeatability test of SL12 TBTF resonant sensors.

Lastly, the temperature characteristic was investigated with the same
experimental set-up as SL20 sensor. The frequency response of SL12
sensor at each temperature point was recorded as shown in Table 6.5.

Table 6.5 Temperature test of SL12 resonant sensors.

T (°C) f (kHz)
-30 40.4070
0 40.2535
30 40.1005
60 39.9385
90 39.7805

The temperature characteristic of SL12 sensor displayed in figure 6.11 is
without any kind of temperature compensation and shown that the
temperature sensitivity is approximate 5.2Hz/°C in the temperature range
between -30°C and 90°C.
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Figure 6.11 Temperature test of SL12 TBTF resonant sensors.

Table 6.6 summarises the characteristics which include the stability,

repeatability, and temperature performance of SL12 TBTF resonant
sensors.
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Table 6.6 Characteristics of SL12 TBTF resonant sensor.

fo 10% of fy Stability Repeatability | Temperature
(kHz) (Hz2) SD % SD % Hz/°C %
40.0825 4008.25 52 ] 0.13| 05 0.01 5.2 0.13

6.1.6 Torque Transducer Based on SL12 Resonant Sensor

The torque shaft was designed and four SL12 TBTF resonant sensors
were mounted onto the torque shaft by laser-welding as shown in figure
6.12. The drawing of the torque shaft design is shown in Appendix B.3.

Figure 6.12 Torque transducer with SL12 TBTF resonant sensors.

One sensor was damaged at the soldering pad due to the heat from the
laser during the laser-welding process because the soldering pads are
very close to the edge of the slot machined for mounting. Consequently,
only 3 of 4 sensors, which are F23, G1, and |5 were calibrated. Table 6.7
shows the resonant frequency and the Q-value of F23, G1, and I5
sensors before and after mounting to the torque shatft.

Table 6.7 Resonant frequency and Q-value before and after mounting to
the shaft of F23, G1, and I5 sensors.

fo (kHZz) Q-value
TBTF before after before after
F23 33.4175 34.5530 1215 1501
G1 39.4750 39.7360 987 681
15 41.2125 41.4900 916 2075

From the results in Table 6.7, it is shown that the resonant frequency was
less affected from the mounting process that is contrast to the Q-value
which was influenced by this process. The Q-value of F23 and 15 are
increased after mounting that may be contribute to the firm mounting of
the sensor results in strong vibration and also prevents the energy losses
from the resonating elements into the surrounding area. Nevertheless,
the Q-value of G1 sensor was reduced which could be due to many
factors such as the heat from the laser affecting to the PZT performance,
or the short-circuit between the seam welding and the soldering pad
which may cause the loss of the energy via this path, etc.
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6.1.7 Calibration of Torque Transducer Based on SL12 Resonant
Sensor

Torque transducer based on SL12 metallic TBTF resonant sensor was
calibrated at Brunel University against torque test rig as shown in figure
6.13. The temperature variation during the calibration is approximate 1°C.
Hewlett-Packard 894410A Vector Signal Analyser with resolution 0.5Hz
and Kistler Type 5011 charge amplifier were used to monitor the
resonance frequency. The -calibration was performed according to
BS7882:2008 which includes repeatability, reproducibility, linearity,
residual deflection, and reversibility parameters and then the accuracy of
the torque transducer was classified. The uncertainty was also evaluated.
Moreover, stability test was investigated for more information.

VSA
Torque
Transducer
Charge
Amplifier Torque Test Rig

Thermo-Hygro
Meter

Figure 6.13 Torque calibration system.

The calibration range is up to 20Nm and the mode of operation is in
clockwise direction. The calibration diagram is shown in figure 6.14.
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Figure 6.14 The calibration sequence of torque transducer with square
drives for both increasing and decreasing torques, classes 0.05 to 5.0.

At 0° orientation, two cycles of increasing torque were carried out for
repeatability evaluation. A one-minute waiting time was applied to
stabilise the system after each change of torque increment. Torque
transducer was also calibrated at 90°, 180° and 270° orientation in order
to obtain the information for reproducibility. Moreover, torque value was
increased and decreased for hysteresis information at 270° orientation.
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The data taken from the calibration of 3 sensors are shown in Table 6.8-

6.10.
Table 6.8 Calibration data of F23 torque transducer.
N f (Hz)
0° 90° 180° 270°
0 34531.5 | 34531.5 | 34531.0 | 34530.0 | 345315
4.224 34835.9 | 34835.9 | 34834.9 | 34833.9 | 34835.9
7.218 35056.3 | 35056.4 | 35055.0 | 35054.5 | 35056.5
13.206 | 35503.0 | 35502.5 | 35503.5 | 35502.0 | 35504.0
16.2 35719.0 | 35718.2 | 35719.0 | 35718.9 | 35719.1
19.17 35925.5 | 35926.5 | 35927.0 | 35925.5 | 35925.5
16.2 35718.0
13.206 35502.5
7.218 35056.0
4.224 34835.5
0 34531.5 | 34531.0 | 34532.0 | 34530.0 | 34530.5
Table 6.9 Calibration data of G1 torque transducer.
N f (Hz)
0° 90° 180° 270°
0 39730.5 | 39726.7 | 39742.3 | 39727.5 | 39731.8
4.224 40037.5 | 40034.5 | 40050.0 | 40037.3 | 40040.5
7.218 40237.5 | 40233.3 | 40247.0 | 40234.0 | 40238.0
13.206 | 40599.7 | 40597.3 | 40615.5 | 40598.8 | 40602.3
16.2 40758.7 | 40755.3 | 40766.8 | 40756.8 | 40759.8
19.17 40914.2 | 40912.3 | 40926.3 | 40909.3 | 40912.3
16.2 40748.5
13.206 40600.8
7.218 40240.8
4.224 40039.0
0 39729.7 | 39728.0 | 39740.3 | 39728.0 | 39732.3
Table 6.10 Calibration data of 15 torque transducer.
N f (Hz)
0° 90° 180° 270°
0 41467.8 | 41467.7 | 41467.5 | 41469.7 | 41469.5
4.224 41714.3 | 417143 | 417143 | 41716.3 | 41716.3
7.218 41856.5 | 41856.0 | 41857.2 | 41859.7 | 41859.3
13.206 | 42121.8 | 42120.7 | 42123.7 | 42126.2 | 42125.2
16.2 42274.0 | 42275.8 | 42275.2 | 42277.3 | 42273.7
19.17 42449.7 | 42448.8 | 42450.2 | 42455.5 | 42455.7
16.2 42275.2
13.206 42123.7
7.218 41858.3
4.224 41715.7
0 41467.7 | 41467.0 | 41467.7 | 41470.0 | 41468.8
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The calibration data of all three sensors were then analysed for each
parameter according to BS 7882 as shown in Table 6.11-6.13. These
calibration results will be used to compare with a transducer classification
table in order to establish the devices classification.

Table 6.11 Calibration result of F23 torque transducer according to

BS7882.
Nm R1 R> Eit Ro Rs a
0 0.07%
0.176
4.224 0.01% % 0.24% 0.12% 615
7.218 0.03% 0.19% 0.17% 0.10% 1050
13.20 0.052 0.103
6 % % 0.08% 0.15% 1922
16.2 0.07% 0.12% 0.01% 0.09% 2358
19.17 0.07% 0.14% 0.03% 2790
Table 6.12 Calibration result of G1 torque transducer according to
BS7882.
Nm R1 R> Eit Rg Ra3 a
0 0.1695%
4.224 | 0.2448% | 0.8923% | 0.2179% 0.4858% 521
7.218 0.0983% | 0.4456% | 0.3111% 0.5434% 890
13.206 | 0.1440% | 0.4588% | 0.3522% 0.1723% 1629
16.2 0.0246% | 0.4630% | 0.2912% 1.0945% 1999
19.17 0.1480% | 0.2956% | 0.0806% 2365
Table 6.13 Calibration result of 15 torque transducer according to
BS7882.
Nm R1 R, Eit Ro Rs a
0 0.0763%
4.224 0.0057% | 0.1020% | 0.0229% 0.2030% 434
7.218 0.1202% | 0.3165% | 0.0081% 0.2566% 741
13.206 | 0.1529% | 0.3812% | 0.0211% 0.2287% 1356
16.2 0.2170% | 0.4340% | 0.0567% 0.1865% 1663
19.17 0.1017% | 0.4320% | 0.0210% 1968
Then the torque transducers were classified according to BS7882 as
shown in Table 6.14-6.16.
Table 6.14 Classification result of F23 torque transducer.
Nm R1 R, Eit Ro Rs a
0 0.5
4.224 0.05 0.2 0.5 0.1 0.5
7.218 0.1 0.2 0.5 0.1 0.2
13.20
6 0.2 0.2 0.2 0.2 0.2
16.2 0.2 0.05 0.05 0.1 0.1
19.17 0.2 0.05 0.1 0.1
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Table 6.15 Classification result of G1 torque transducer.

Nm R1 R> Eit Ro Ra a
0 1
4.224 0.5 1 0.5 0.5 0.5
7.218 0.2 0.5 1 0.5 0.5
13.20
6 0.5 0.5 1 0.2 0.2
16.2 0.05 0.5 1 1 0.2
19.17 0.5 0.5 0.2 0.1
Table 6.16 Classification result of 15 torque transducer.
Nm R1 R, Eit Ro Rs a
0 0.5
4.224 0.05 0.2 0.05 0.2 0.5
7.218 0.5 0.5 0.05 0.5 0.5
13.20
6 0.5 0.5 0.05 0.2 0.2
16.2 0.5 0.5 0.2 0.2 0.2
19.17 0.5 0.5 0.05 0.2

From the classification results, it is shown that F23, and I5 torque
transducers meet the requirements for class 0.5 whilst the G1 torque
transducer is classified into class 1. The accuracy of the G1 torque
transducer is lower may be due to the condition during the calibration was
disturbed.

The uncertainties of calibration at 95% confidence level (k = 2) were
calculated to be 0.5%, 0.2%, and 0.7% for 15, F23, and G1 torque
transducers respectively. The calculation of the uncertainty for all torque
transducers is demonstrated in the Appendix B.4.

When compare to the calibration result of SL20 torque transducer, SL12
torque transducer shows better performance in general which is
corresponded to the FEA analysis in Chapter 4 that the smaller sensor is
less affected from the lateral force when the torque is applied.

The stability test was also investigated at 0 Nm and 20 Nm for three
torque transducers for more understanding in the performance. The
resonance frequency was measured at every 30 seconds for 10 minutes
with 1 minute stabilisation time before each measuring value. The
resonance frequencies of all three torque transducers are shown in Table
6.17.

Figure 6.15-6.17 illustrate the corresponding graph of the stability test at

0 Nm of F23, G1, and 15 torque transducers with the standard deviation
1Hz, 2Hz, and 0.6Hz respectively.
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Table 6.17 Stability test of SL12 torque transducer.

Time f (Hz)

(minutes) F23 Gl 15

O Nm 20 Nm 0O Nm 20 Nm O Nm 20 Nm

0.5 34521.0 | 35884.5 | 39723.0 | 41019.0 | 41455.3 | 42434.7

1 34520.5 | 35882.5 | 39728.0 | 41019.7 | 41454.3 | 42430.5

15 34522.0 | 35882.0 | 39724.5 | 41019.2 | 41454.8 | 42431.2

2 34522.0 | 35882.5 | 39723.0 | 41019.7 | 41454.8 | 42435.2

2.5 34522.0 | 35881.5 | 39724.3 | 41019.2 | 41454.3 | 42434.2

3 34522.0 | 35883.5 | 39720.7 | 41019.2 | 41454.3 | 42434.2

3.5 34521.5 | 35883.5 | 39727.0 | 41020.8 | 41454.8 | 42434.7

4 34522.0 | 35881.5 | 39724.3 | 41019.2 | 41454.3 | 42433.7

4.5 34522.5 | 35881.0 | 39723.8 | 41019.2 | 41454.8 | 42434.2

5 34522.5 | 35879.2 | 39726.5 | 41020.8 | 41454.3 | 42433.7

5.5 34522.0 | 35879.7 | 39724.8 | 41020.8 | 41453.8 | 42433.7

6 34522.5 | 35879.2 | 39725.8 | 41021.8 | 41453.8 | 42433.7

6.5 34522.5 | 35883.5 | 39723.8 | 41020.8 | 41454.3 | 42433.2

7 34524.0 | 35880.2 | 39725.8 | 41020.8 | 41454.3 | 42433.7

7.5 34524.0 | 35881.5 | 39723.0 | 41020.3 | 41454.3 | 42434.2

8 34523.5 | 35879.2 | 39720.2 | 41019.7 | 41453.8 | 42434.2

8.5 34523.0 | 35882.0 | 39722.8 | 41020.3 | 41453.8 | 42434.2

9 34524.0 | 35878.7 | 39725.5 | 41020.3 | 41453.8 | 42433.7

9.5 34523.0 | 35882.5 | 39726.3 | 41019.7 | 41452.7 | 42433.2

10 34523.5 | 35879.7 | 39723.3 | 41020.3 | 41453.3 | 42434.2
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34523.0000 - * *

84522.5000 1 - = rrrnennaee et T e

34522.0000 - * * * * * *
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34521.0000 ¢

34520.5000 - -

34520.0000
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Minutes

& resonant frequency - ----- mean of resonant frequency
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Figure 6.15 Stability test of F23 torque transducer at ONm.
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Figure 6.16 Stability test of G1 torque transducer at ONm.
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Figure 6.17 Stability test of 15 torque transducer at ONm.

From the results, it is found that 15 torque transducer shows the best
stability performance whilst G1 torque transducer presents the poorest
performance.

The corresponding stability graphs at 20Nm were shown in figure 6.18-

6.20. The standard deviation was calculated to be 1.7Hz, 0.7Hz, and
1.1Hz for F23, G1, and I5 torque transducers respectively.
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Figure 6.18 Stability test of F23 torque transducer at 20Nm.
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Figure 6.19 Stability test of G1 torque transducer at 20Nm.
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Figure 6.20 Stability test of IS torque transducer at 20Nm.

Contrary to the stability results at ONm, G1 torque transducer shows the
best performance among three torque transducers. 15 and F23 torque
transducer show similar performance.

The standard deviations and percentages of mean value of the resonant
frequency for all three torque transducers from the stability test at ONm
and 20Nm is summarized in Table 6.18.

Table 6.18 Stability results of SL12 torque transducer.

SD (Hz) % of mean value
TBTF 0O Nm 20 Nm 0 Nm 20 Nm
F23 1.0 1.7 0.003 0.005
Gl 2.0 0.7 0.005 0.002
15 0.6 1.1 0.001 0.003

In conclusion, the torque transducer is more stable at zero load except for
G1 torque transducer. As mentioned previously about the environmental
condition during the testing of G1 torque transducer, it is quite difficult to
conclude the stability performance of this torque transducer at this stage.
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Chapter 7

7. Conclusions and Further Work

This chapter summarises and concludes the research work carried out on
a new torque transducer using metallic TBTF resonant sensors as the
sensing element, for use as a torque transfer standard. Finally,
suggestions for further work are also included.

7.1 Conclusions

Previous research work has shown that metallic resonant sensors offer
some significant advantages over strain gauges in load and torque
applications. Initial tests, however, showed that the SL40 TBTF sensor
was not suitable for use in a torque transfer standard due to its size and
subsequent sensitivity to parasitic lateral forces.

In order to reduce the overall length of the SL40 sensor, care had to be
taken to ensure that the new design would not be detrimental to
performance characteristics such as Stability, Repeatability, Temperature
Sensitivity, and especially Overload Capability. During the course of this
research two new smaller versions of the sensor were produced.

(a) Firstly the SL20 device was manufactured and characterised. The
results were compared with previously published material and this work
formed the basis of the following publication:

Intiang, J., Weidenmuller, J., Rakowski, R.T., Jones, B.E.,
Cheshmehdoost, A. (2007) Characteristics of 9mm Metallic Triple-Beam
Tuning Fork Resonant Sensor. Sensors and their Applications XIV, 76, 6
pages. (see Appendix C)

Additionally, investigations were carried out of on how manufacturing
processes affected yield, gain, and frequency distributions within batches
and across batches, in order to better understand their impact on the next
smaller version of the sensor.

(b) A torque transducer using the SL20 sensor was constructed and
calibrated at the National Physical Laboratory, falling into class of
accuracy 1 category, uncertainty 0.8% (Transfer Standard Classification).
Analysis showed a reduction of 52% in the measurement errors due to
lateral forces (compared to the large SL40 sensor). This was a significant
step towards the establishment of a torque transfer standard using this
technology and the results were presented as a key note lecture at:
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Intiang, J., DeGolier, E., Rakowski, R.T., Jones, B.E., Cheshmehdoost, A.
(2009) Use of Metallic Resonant Sensor in Torque Measurement Transfer
Standard. Sensor+Test Conference 2009, 1, 71-76. (see Appendix D)

(c) Finally the SL12 sensor was designed. This represented the smallest
size possible based on the design criteria to maintain the tine cross
sectional area and from FEA analysis this showed a reduction of 80% in
measurement errors due to lateral forces. A torque transducer using the
SL12 sensors was made and calibration showed a class of accuracy 0.5
category, uncertainty 0.2% (Transfer Standard Classification).

(d) The author's work was awarded a £2,000 scholarship by the
Worshipful Company of Scientific Instrument Makers (WCSIM), London.
The research work was presented to WCSIM in SIMposium 2008 (4™
March 2008). The title of the presentation was Miniaturisation of Metallic
Resonant Sensors for Torque Measurement Applications. The research
project and presentation were judged by the conference panel to be
‘Highly Commended’ and was judged to be a very close second to the
winner (see Appendix E)

(e) The main difficulties encountered during the research programme
stemmed from a lack of fabrication facilities at Brunel University, hence
lack of full control over process step variables. Additionally, an improved
class of accuracy transfer standard would have been achieved with these
sensors if a more sophisticated electronic measurement and indicator
system was available.

7.2 Expanded Summary

7.2.1 Introduction

The conventional resistive strain gauge-based torque transducer is widely
used as the torque transfer standard in many laboratories and industries.
The metallic TBTF resonant sensors-based torque transducer designed
by Yan, et al (2005a) was proposed in order to overcome some problems
associated with these conventional torque transducer based on strain
gauges. The output signal obtained from the metallic TBTF resonant
sensor is in frequency form, which is easily compatible to the digital
circuitry, therefore the analogue-to-digital conversion unit required with
strain gauges can be eliminated, resulting in more convenient and lower
cost of the torque measurement system. Furthermore, the frequency
signal can be measured with high accuracy so the resolution achievable
from using the metallic TBTF resonant sensor would be as good as strain
gauges. Moreover, the frequency signal is not dependent on the
amplitude of the electrical signals and the measurement accuracy is not
limited by the signal-to-noise ratio as occurs with an analogue signal
obtained from the strain gauges, therefore the metallic TBTF resonant
sensors provide better long-term stability. In addition, the output signal
obtained from strain gauges is very low when compared to the metallic
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TBTF resonant sensors at the same strain level. In order to obtain a
measurable output signal, the surface strain of the strain gauges has to
be designed in order to approach the elastic limit of the sensing element,
hence the overload capability of the strain gauges is limited by this factor.
Finally, the installation of the metallic TBTF resonant sensors is not
labour-intensive as with strain gauges.

The first prototype of the metallic TBTF resonant sensor is too large for
many current applications which have limited space for installing torque
transducers. Therefore, further research work is required to understand
the performance impact of any miniaturisation process of the sensor.
Moreover, FEA analysis has shown that reducing the overall size of the
sensor can minimise the error from the lateral force, which is one of the
parasitic loads that affects to the accuracy of the torque measurement.
Alternatively, it has been suggested that a spoke-pinned wheel
configuration can also be used as the torque shaft with the sensors
mounted at 90° to the shaft axis in order to experience only tensile force
through the spoke. However, that design has additional size and
construction problems so in this project the existing torque shaft design
requires the sensors to be mounting at 45° to the shaft axis, used with the
miniaturised sensors. The miniaturisation process was achieved by
reducing the overall length by 50% (SL20) and 70% (SL12) from the first
prototype (SL40) which has the total length of 40mm. According to the
FEA analysis, the measurement errors due to lateral forces were reduced
by 52% and 80% for SL20 and SL12 respectively. In addition to this
advantage, the footprint of the resonant sensor is smaller so the cost of
fabrication per device is lower.

In the miniaturisation process, the PZT paste thick-film printing process is
a physical limitation to the size reduction because there is a danger that a
smaller piezoactuator might not be able to excite the stiffer tines when the
size of the sensor was reduced. The strategy adopted for this design
process was to maintain the tine cross-sectional area, roughly about 0.4
mm?, to maintain the overload capability resulting in reduced connector
and mounting geometry whilst maintaining the area of the PZT elements.

7.2.2 Metallic TBTF Resonant Sensor Fabrication

The metallic TBTF resonant sensor consists of three parallel beams
(tines) and joined to the substrate at each end. It was etched from
stainless steel in which the vibrations are driven and detected by thick-
film printed piezoelectric elements. The resonator substrate was
fabricated by a photochemical etching technique and the thick-film
piezoelectric elements were deposited by a standard screen-printing
process. The combination of these two batch-fabrication processes
provides the opportunity for mass production of the sensor and hence low
cost. The optimum mode of vibration for this design is the mode when the
central tine vibrates in anti-phase with the two outer tines. This mode is
inherently more dynamically balanced as the shearing forces and bending
moments at the decoupling zone are cancelled out, resulting in only a
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little vibrational energy being dissipated into the supporting structure at
each end of the resonator. This improves the Q-factor and the
performance of the resonator. The substrate of the metallic TBTF
resonant sensor was fabricated from 430S17 stainless steel thin sheet
because this material is suitable for the deposition of the printed film and
firing processes during manufacture. Thick-film standard screen printing
process is implemented to print the required material on the defined
driving and sensing regions

The metallic TBTF resonant sensor has both a piezoelectrical drive and
picked-up elements. In order to create the piezoelectric properties, the
thick-film printed PZT elements must be polarised. The poling voltage,
temperature, and time, are three main parameters that should be
considered for this process. The poling condition applied to SL20
resonant sensors is 285+15V, 200°C, and 2 hours. The effect of the
applied poling voltage to the performance of the resonant sensor was
investigated. Q-value parameter was chosen to indicate the performance
of the sensors. The result shows that the Q-value is sharply increased
when the poling voltage is increased from 200V to 225V then there is a
dropped at 250V. After this, dip Q gradually increased when the poling
voltage is up to 300V. Consequently, the applied voltage for SL20
metallic TBTF resonant sensor should be more than 250V. Nevertheless,
the poling voltage should not be more than 300V because an electric
breakdown event could occur if the printed thick-film has some intrinsic
porosity. Increasing poling temperature can increase the piezoelectric
activity, however, the maximum temperature should not be more than the
melting temperature of the solder used in electrical wire connection for
this process. In term of the poling duration time, if the devices are poled
at higher temperature, the duration time can be reduced whilst achieving
the same level of the piezoelectric properties.

Cutting the sensors from the fabrication plate is another important step
that can affect to the performance of the sensors. The metallic TBTF
resonant sensors can be cut by using a simple guillotine method, or by
using a laser cutting machine. A skilled operator is required for cutting the
sensors with the guillotine as the cutting force can cause the sensors to
bend and possibly cracking the printed PZT film if the sensors were cut
too close to the edge. Using the laser cutting machine provides less
damage to the sensors and is more convenient though a little more
expensive. Nevertheless, the cost will decrease if the sensors were cut in
an automated high volume.

In electrical wiring process, temperature, soldering time, and volume of
solder are three parameters that should be considered. The sensors can
be damaged if too much volume of solder was applied because the gold
layer would be dissolved into the solder droplet causing a broken track or
a dry joint.
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Moreover, care should be taken in handling the sensors to prevent
damage to the printed films which will affect the piezoelectric properties
as well as the sensor performance.

7.2.3 Characteristics of The Metallic TBTF Resonant Sensors

The metallic TBTF resonant sensors were designed to operate in the
mode that the central tine vibrates in anti-phase with the two outer tines.
The resonant frequency for this mode of operation was measured in an
open-loop configuration in order to observe the successful operation of
the driving and sensing mechanisms of the sensors. The PZT element at
one end of the sensor was driven by an AC signal from a vector signal
analyser HP89410A which swept the frequencies around the resonant
frequency of the sensor. The PZT element on the other end detects the
signal which was then connected to the charge amplifier and fed back to
the signal analyser for frequency response analysis. The resonant
frequencies obtained for SL40, SL20 and SL12 are between 5-7kHz, 20-
27kHz and 29-40kHz respectively. Moreover, the Q-factor which is the
value indicating the performance of the sensors, was also obtained and
found to vary for each individual sensor. The variation of both resonant
frequency and Q-factor occurred within the same plate as well as
between different plates, and is due to dimensional variations and
uncertainties in the sensor manufacturing process.

In addition, the stability, repeatability, and temperature characteristics of
the metallic TBTF resonant sensors for three different sizes were
investigated. Basically, the metallic TBTF resonant sensor has been
designed for a 10% change in frequency at full load and therefore the
stability, repeatability, and temperature characteristics were presented as
the percentage of this value. Table 7.1 shows the characteristics of some
metallic TBTF resonant sensors.

Table 7.1 Characteristics of SL40, SL20 and SL12 metallic TBTF
resonant sensors.

TBTE fo 10% fo Q Stability | Repeatability | Temperature

(kHz) | (H2) SD | % | SD | % |Hz°C| %

SL40 | 4.62 462 1847 | 0.27 | 0.06 | <0.1 | <0.02| 0.7 |0.16

SL20 | 26.18 | 2618 | 1310 | 0.60 | 0.02 | 0.35 | 0.01 28 1011

SL12 | 40.08| 4008 |1600]|5.18 |0.13] 0.47 | 0.01 5.2 10.13

The results show that the miniaturisation process has not had any
significant detrimental effect on sensor performance, with only slight
variations in their characteristics. The temperature sensitivity of the SL20
resonant sensor is the least sensitive to temperature when comparing the
results as a percentage of full-scale operation.

7.2.4 Torque Transducers Design

In order to implement the metallic TBTF resonant sensors in torque
measurement, the torque shaft was designed and then the sensors were
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mounted onto the shaft. The material of the torque shaft and the sensors
should be the same in order to prevent thermal expansion errors if
electronic compensation is not used. The TBTF resonant sensors may be
attached to the torque shaft by gluing, laser-welding, or the combination
of both methods. The last method begins with pre-gluing the sensors onto
the torque shaft for firm alignment that can reduce the error from
misalignment during the next stage, which is the welding process.
Voltage, pulse time, and focus are three main parameters for setting the
operation of the laser-welding machine. A torque transducer with different
materials and geometries will require different settings and, therefore,
empirical work should be conducted for each application before
commencing the laser-welding process.

After mounting the sensors, the resonant frequency was slightly changed
whilst the Q-value was mostly increased. The increased Q-value can be
determined from the effect of firmly mounting the sensors, which results
in a strong vibration and prevents the lost of energy into the surrounding
area and therefore improving the Q-value of the sensors. Nevertheless,
some sensors had reduced Q-value which could be caused by many
factors, such as the heat from the laser that affects the PZT performance,
or a short-circuit occurs between the seam welding and the soldering pad
which may cause loss of the energy via this path, etc.

7.2.5 Calibration of Torque Transducers

One torque transducer based on SL20 resonant sensor was calibrated
against Torque Standard Machine (Deadweight Lever-beam) at NPL with
the calibration range up to 30Nm. Three torque transducers based on
SL12 resonant sensors were calibrated at Brunel University against the
torque test rig with the calibration range up to 20Nm. The calibration
method is according to the British Standard (BS 7882) and mode of
calibration is in clockwise direction. The classification results and the
uncertainty of calibration at 95% confidence level are summarised in
Table 7.2.

Table 7.2 Classification results and the uncertainty of torque transducers
based on SL20 and SL12 metallic TBTF resonant sensors.

TBTF Class of accuracy Uncertainty (k=2)
SL20 1 0.8%
SL12 (F23) 0.5 0.2%
SL12 (I5) 0.5 0.5%
SL12 (G1) 1 0.7%

From the results, two of three torque transducers based on SL12 metallic
TBTF resonant sensors show better performance than the torque
transducer based on SL20 TBTF resonant sensor which corresponds to
the FEA analysis that the smaller sensor is less affected by lateral forces
when the torque is applied, hence reducing the size of sensor can
improve the accuracy of the torque transducer based on metallic TBTF
resonant sensor.
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7.3 Further Work

Research carried out provides the basis for developing a torque transfer
standard in which the sensing elements are the metallic TBTF resonant
sensors. However, further work will be required in order to improve the
torque measurement system with the metallic TBTF resonant sensors.
Some suggestions for further work are as follows:

a) The uncertainty in manufacturing process has a major influence on the
performance characteristics of the metallic TBTF resonant sensors, so
research has to be undertaken in order to minimise the uncertainty,
improve the uniformity of sensor characteristics and to also improve the
yield. At the moment achieved yield rates for the SL20 and SL12 sensors
(taking only sensors with a Q>1000) is 16% and 22% respectively. For
commercial qualities this would need to increase to at least 90% in the
first instance.

b) Research into different PZT paste formulations material to reduce
porosity, avoiding breakdown events during the polarisation process,
enhancing the performance characteristics of the PZT elements,
improving signal to noise and Q values.

c) Mechanical packaging for the torque transducer needs to be
considered as well as special jigs to ensure consistency in manufacturing
and assembly processes.

d) Evaluate precision cutting techniques: precision ultrasonic knife cutting
machine and precision laser cutting machine should be compared in
order to find the best solution for the cutting process in order to reduce
the variations in performance due to etching.

e) An Electronic Circuit Unit should be designed for use in a closed-loop
control measurement system. The frequency monitor should be high
resolution, as the resolution of the indicator is one of the parameters that
limit the accuracy class of the torque transfer standard. Additionally,
wireless interfacing should also be considered for torque measurement in
dynamic system applications.
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Appendix A.1 Engineering drawing of SL20 resonant sensors
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Appendix A.2 Resonance frequency of 12 plates SL20 resonant sensors

f (Hz)

No. A B 1 2 3 4 5 6 7 8 9 10

1 26060.0 | 22755.0 | 20850.0 | 22310.0 | 24670.0 N/A N/A 23385.0 N/A 22677.5 | 22152.5 | 23712.5
2 25190.0 | 22850.0 | 21140.0 | 22410.0 | 24827.5 | 25607.5 | 21950.0 | 23465.0 | 22367.5 | 22895.0 N/A 23960.0
3 N/A 22707.5 | 20845.0 N/A 24600.0 | 25347.5 | 21950.0 | 23325.0 | 22465.0 N/A 22275.0 | 23417.5
4 N/A 22917.5 | 20890.0 | 22300.0 | 24600.0 | 25297.5 | 21777.5 | 23400.0 | 22502.5 | 22725.0 | 22290.0 | 23380.0
5 N/A 22947.5 | 21005.0 | 22210.0 | 24682.5 | 25005.0 | 21867.5 N/A 22580.0 N/A 22085.0 | 23300.0
6 24890.0 | 23307.0 | 21180.0 | 22305.0 | 24647.5 | 24722.5 | 21532.5 N/A 22935.0 | 22362.5 | 22392.5 | 23450.0
7 26740.0 | 23247.0 | 21100.0 N/A 24630.0 N/A N/A 23435.0 N/A N/A 22567.5 | 23157.5
8 27310.0 | 23362.0 N/A 21935.0 N/A 24495.0 | 21307.5 N/A N/A N/A 22705.0 | 23085.0
9 27000.0 | 23265.0 | 21055.0 | 22255.0 | 24692.5 | 24545.0 | 21480.0 | 23647.5 | 23080.0 | 22392.5 | 22675.0 | 23155.0
10 N/A 23300.0 | 21150.0 | 22015.0 | 24670.0 | 24575.0 | 21280.0 | 23680.0 | 23147.5 | 22520.0 N/A N/A
11 23230.0 | 21090.0 | 21330.0 N/A 23460.0 N/A N/A 22435.0 | 22805.0 N/A 23177.5 N/A
12 N/A 21040.0 | 21440.0 | 22990.0 | 23537.5 N/A N/A 22467.5 | 22992.5 N/A N/A N/A
13 23490.0 | 21160.0 | 21540.0 N/A N/A N/A 21710.0 | 22467.5 | 23105.0 N/A 23270.0 | 23232.5
14 N/A 21265.0 | 21540.0 | 22925.0 | 23127.5 N/A 21642.5 | 22407.5 | 23155.0 N/A 23097.5 | 23220.0
15 23670.0 N/A 21440.0 | 22905.0 | 23080.0 N/A N/A N/A 23015.0 N/A N/A 23047.5
16 23435.0 | 21290.0 | 21905.0 N/A N/A N/A N/A N/A N/A N/A 23132.5 N/A
17 23625.0 | 21245.0 N/A 22555.0 | 23070.0 N/A 21467.5 | 22262.5 N/A 22690.0 | 23272.5 | 22975.0
18 N/A 21245.0 | 21945.0 | 22680.0 N/A 24720.0 | 21347.5 | 22330.0 | 23365.0 N/A 23252.5 (231225
19 N/A 21360.0 | 21680.0 | 22345.0 | 23125.0 | 24575.0 | 21387.5 | 22442.5 N/A N/A 23212.5 | 23122.5
20 23470.0 | 21445.0 | 21700.0 | 22350.0 | 23105.0 N/A 21340.0 | 22245.0 | 23547.5 N/A 22870.0 | 22995.0
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Appendix A.3 Drawing of shaft design for torque transducer based on SL20
metallic TBTF resonant sensors.
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Appendix A.4 Stability test of torque

transducer based on SL20 resonant sensor

Cycle 1

Cycle 2

Minute

f (kHz)

O Nm

27.5Nm

C2

D2

Cc2

D2

26.4058

25.2331

26.9429

25.8299

26.4064

25.2328

26.9431

25.8292

26.4066

25.2336

26.9438

25.8290

26.4063

25.2345

26.9435

25.8281

26.4062

25.2368

26.9429

25.8279

26.4059

25.2361

26.9425

25.8284

26.4058

25.2353

26.9422

25.8285

26.4057

25.2341

26.9428

25.8295

26.4059

25.2339

26.9429

25.8306

26.4063

25.2337

26.9436

25.8310

26.4066

25.2327

26.9439

25.8311

26.4066

25.2331

26.9435

25.8308

26.4064

25.2325

26.9431

25.8298

26.4061

25.2317

26.9428

25.8290

e i
glnloolRle|© e No o wiNe

26.4058

25.2324

26.9425

25.8294

Minute

f (kHz)

O Nm

27.5 Nm

C2

D2

C2

D2

26.4055

25.2358

26.9646

25.8693

26.4061

25.2365

26.9645

25.8691

26.4065

25.2354

26.9645

25.8695

26.4074

25.2356

26.9640

25.8685

26.4069

25.2339

26.9638

25.8673

26.4068

25.2339

26.9639

25.8671

26.4066

25.2341

26.9643

25.8676

26.4061

25.2343

26.9649

25.8684

26.4059

25.2351

26.9648

25.8695

26.4064

25.2360

26.9646

25.8698

26.4070

25.2369

26.9643

25.8687

26.4071

25.2354

26.9640

25.8677

26.4070

25.2347

26.9637

25.8671

26.4071

25.2339

26.9635

25.8664

PR RR ke
Olnl ookl o No|o| s wiNF

26.4066

25.2336

26.9644

25.8674
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Cycle 3

f (kHz)
Minute 0 Nm 27.5 Nm
C2 D2 Cc2 D2
1 26.4024 | 25.2308 | 26.9585 | 25.8107
2 26.4022 | 25.2309 | 26.9584 | 25.8116
3 26.4021 | 25.2296 | 26.9586 | 25.8110
4 26.4022 | 25.2294 | 26.9584 | 25.8107
5 26.4028 | 25.2285 | 26.9583 | 25.8101
6 26.4033 | 25.2298 | 26.9584 | 25.8098
7 26.4032 | 25.2310 | 26.9579 | 25.8097
8 26.4029 | 25.2316 | 26.9579 | 25.8089
9 26.4026 | 25.2313 | 26.9579 | 25.8092
10 26.4023 | 25.2306 | 26.9588 | 25.8090
11 26.4026 | 25.2300 | 26.9592 | 25.8092
12 26.4030 | 25.2297 | 26.9593 | 25.8089
13 26.4034 | 25.2320 | 26.9595 | 25.8091
14 26.4033 | 25.2292 | 26.9592 | 25.8087
15 26.4034 | 25.2296 | 26.9593 | 25.8096
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Appendix A.5 Repeatability test for torque
transducer based on SL20 resonant sensor.

f (kHz)

No. Cc2 D2
0 Nm 25 Nm O Nm 25 Nm
1 26.4003 26.9883 25.2352 25.7907
2 26.4053 26.9889 25.2354 25.7913
3 26.4037 26.9893 25.2350 25.7913
4 26.4033 26.9893 25.2373 25.7920
5 26.4063 26.9905 25.2386 25.7943
6 26.4033 26.9917 25.2355 25.7937
7 26.4063 26.9894 25.2373 25.7947
8 26.4051 26.9896 25.2367 25.7957
9 26.4053 26.9901 25.2382 25.7954
10 26.4026 26.9904 25.2366 25.7951
11 26.4068 26.9899 25.2365 25.7959
12 26.4032 26.9890 25.2375 25.7893
13 26.4005 26.9888 25.2362 25.7865
14 26.4042 26.9885 25.2375 25.7923
15 26.4057 26.9888 25.2376 25.7946
16 26.4070 26.9912 25.2372 25.7955
17 26.4068 26.9889 25.2356 25.7969
18 26.4066 26.9889 25.2339 25.7965
19 26.4051 26.9888 25.2356 25.7966
20 26.4053 26.9888 25.2332 25.7965
21 26.4055 26.9883 25.2355 25.7986
22 26.4049 26.9878 25.2386 25.7984
23 26.4043 26.9875 25.2368 25.7979
24 26.4042 26.9877 25.2350 25.7982
25 26.4046 26.9883 25.2358 25.7982
26 26.4052 26.9884 25.2324 25.7977
27 26.4034 26.9894 25.2335 25.7973
28 26.4041 26.9888 25.2357 25.7988
29 26.4031 26.9883 25.2355 25.7988
30 26.3978 26.9850 25.2352 25.7989
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Appendix A.6 Linearity test of torque
transducer based on SL20 resonant sensor.

TBTF: C2
f (kHz)
Torque (Nm) () Cycle 1 Cycle 2
0.00 21.2 26.3960 26.3961
2.51 21.3 26.4500 26.4500
5.00 21.4 26.5089 26.5092
7.50 21.5 26.5661 26.5661
9.99 215 26.6233 26.6244
12.49 21.4 26.6801 26.6801
14.99 21.8 26.7382 26.7382
17.50 21.8 26.7957 26.7955
20.00 21.6 26.8525 26.8524
22.49 21.2 26.9114 26.9111
25.01 21.6 26.9680 26.9678
22.52 22.0 26.9135 26.9136
20.02 21.9 26.8546 26.8546
17.54 22.2 26.7962 26.7963
15.03 22.6 26.7374 26.7373
12.53 22.5 26.6793 26.6793
10.03 22.6 26.6204 26.6204
7.53 21.6 26.5636 26.5634
5.00 21.9 26.5028 26.5029
2.52 22.8 26.4446 26.4442
0.00 22.8 26.3915 26.3917
-2.50 22.4 26.2500 26.2507
-5.01 22.7 26.1933 26.1941
-7.47 22.8 26.1467 26.1484
-10.02 22.4 26.0904 26.0946
-12.53 22.6 26.0454 26.0425
-15.02 23.2 25.9671 25.9674
-17.50 23.0 25.9179 25.9171
-20.02 22.1 25.8861 25.8846
-22.53 22.8 25.8446 25.8451
-25.00 23.2 25.7917 25.7915
-22.50 23.1 25.8409 25.8412
-20.02 23.0 25.8990 25.8988
-17.56 23.7 25.9228 25.9229
-15.04 23.5 25.9659 25.9667
-12.49 23.7 26.0221 26.0217
-10.05 23.2 26.0742 26.0734
-7.53 24.4 26.1311 26.1328
-5.00 23.1 26.1906 26.1920
-2.52 23.4 26.2475 26.2487
0.00 23.4 26.2954 26.2949

167



TBTF: D2

f (kHz)

Torque (Nm) T(C) Cycle 1 Cycle 2
0.00 21.5 25.2310 25.2303
2.50 21.7 25.2910 25.2908
4.99 22.2 25.3551 25.3548
7.48 22.2 25.4172 25.4169
9.99 22.3 25.4777 25.4777
12.50 22.2 25.5389 25.5391
14.96 22.3 25.5962 25.5969
17.50 22.9 25.6535 25.6538
19.97 22.9 25.7100 25.7100
22.48 22.2 25.7687 25.7685
24.96 22.2 25.8234 25.8234
22.51 22.3 25.7700 25.7697
20.02 22.3 25.7129 25.7132
17.53 22.5 25.6540 25.6540
15.03 22.7 25.5953 25.5954
12.52 22.2 25.5369 25.5371
10.00 22.2 25.4759 25.4762
7.50 22.6 25.4138 25.4134
4.99 22.2 25.3513 25.3514
2.52 22.7 25.2866 25.2870
0.00 22.5 25.2294 25.2287
-2.50 23.2 25.1740 25.1739
-5.00 22.0 25.1219 25.1219
-7.50 22.9 25.0703 25.0709
-10.00 22.7 25.0137 25.0137
-12.50 21.6 24.9608 24.9610
-15.01 22.2 24.9061 24.9062
-17.51 22.2 24.8522 24.8532
-20.03 23.2 24.7970 24.7976
-22.49 23.1 24.7417 24.7420
-25.00 23.1 24.6888 24.6892
-22.50 23.6 24.7432 24.7432
-20.03 23.6 24.7957 24.7956
-17.55 22.1 24.8525 24.8532
-15.01 23.1 24.9069 24.9068
-12.50 23.2 24.9619 24.9618
-10.02 23.3 25.0138 25.0136
-7.50 23.0 25.0675 25.0672
-5.01 22.9 25.1176 25.1177
-2.50 22.9 25.1702 25.1704
0.00 23.0 25.2205 25.2205




Appendix A.7 Temperature test of torque
transducer based on SL20 resonant sensors.

TBTF: C2
. f (kHz)

T (°C) . 5
49.9 26.3232 26.3231
45 26.3359 26.3359
40.1 26.3495 26.3495
35 26.3613 26.3612
30 26.3746 26.3745
25 26.3869 26.3869
20 26.3983 26.3983
15 26.4074 26.4074
10.3 26.4219 26.4223
55 26.4333 26.4339

TBTF: D2
. f (kHz)

T (°C) 1l 5
50 25.1657 25.1657
45.2 25.1764 25.1765
40 25.1880 25.1880
35.2 25.1984 25.1986
30 25.2094 25.2092
25 25.2203 25.2203
20.1 25.2272 25.2269
15 25.2336 25.2330
10 25.2398 25.2394
5 25.2503 25.2492
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Appendix A.8 Uncertainty calculation of torque transducer based on SL20

resonant sensor.
D25 torque transducer

Applied Uncertainty contribution
torque Applied torque u; Reproducibility u, Repeatability us Resolution uy Residual deflection us
Nm Value | Uncertainty | Value | Uncertainty | Value Uncertainty | Value | Uncertainty | Value Uncertainty
% % % % % % % % % %
0
5 0.002 0.001 0.7586 0.2682 0.3426 0.0989 0.4166 0.1701
10 0.002 0.001 0.9895 0.3498 0.1339 0.0387 0.2139 0.0873
15 0.002 0.001 0.7991 0.2825 0.1459 0.0421 0.1452 0.0593
20 0.002 0.001 0.3861 0.1365 0.0000 0.0000 0.1103 0.0450
30 0.002 0.001 0.149 0.0527 0.0000 0.0000 0.0745 0.0304 0.1490 0.0430
Applied Uncertainty contribution
torque Temperature ug Interpolation uy Reversibility ug Combined uncertainty | Expanded uncertainty
Nm Uc U
Value | Uncertainty | Value Uncertainty | Value | Uncertainty % %
% % % % % %
0
5 0.07 0.0404 0.3051 0.0623 0.2842 0.0820 0.3505 0.7011
10 0.07 0.0404 0.0487 0.0099 0.6162 0.1779 0.4061 0.8121
15 0.07 0.0404 0.2214 0.0452 0.4365 0.1260 0.3235 0.6470
20 0.07 0.0404 0.0161 0.0033 0.1105 0.0319 0.1527 0.3054
30 0.07 0.0404 0.0308 0.0063 0.0000 0.0000 0.0850 0.1700
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Appendix B.1 Engineering drawing of SL12 resonant sensor.
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Appendix B.2 Resonance frequency of SL12

resonant sensors.

Z
e

f (H2)

1

2

3

4

5

32602.5

N/A

36652.5

29610.0

39020.0

32877.5

32710.0

36517.0

31120.0

39060.0

33435.0

32110.0

36517.0

N/A

38975.0

33242.5

32527.0

36492.0

29750.0

38937.5

33275.0

32537.0

36362.0

N/A

39142.5

33515.0

32774.0

36112.0

N/A

N/A

33427.5

32270.0

36359.5

N/A

39070.0

33805.0

32250.0

36819.5

29865.0

39155.0

OO NOOOTBARIW|IN|F-

33595.0

32482.0

36519.0

N/A

39142.5

33582.5

32472.0

36544.0

N/A

38787.5

34052.5

32712.0

35936.0

30660.0

38020.0

34692.5

32722.0

36211.0

N/A

38407.0

N/A

32707.0

36186.0

30207.0

38349.5

34622.5

32727.0

36153.5

30187.0

38407.0

35049.5

32717.0

36323.5

30227.0

38494.5

35287.0

32642.0

35881.0

30722.0

38354.5

35077.0

32682.0

36198.5

N/A

38642.0

35247.0

32117.0

36046.0

30324.0

38299.0

35214.5

32477.0

35928.0

30334.0

38559.0

35099.5

32487.0

36155.5

N/A

38404.0

33677.0

32337.0

33785.0

29866.0

35194.0

33897.0

31879.0

33930.0

30111.0

35481.0

33897.0

31889.0

33925.0

30031.0

35626.0

34204.5

31926.5

34095.0

30023.5

N/A

34207.0

32151.0

33925.0

30181.0

35486.0

34154.5

32336.0

33660.0

30493.0

35471.0

34367.0

32318.0

34102.5

30160.0

35518.5

34607.1

31915.0

33997.5

30200.0

35856.0

34454.6

32380.0

34090.0

30190.0

35841.0

34412.0

32235.0

33627.5

29897.0

35201.0
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F (H2)

No. A B C D E = G H

1 | 308250 | 346435 | N/A | 332215 | N/A | 32843.0 | 39109.5 | 31984.0
2 | 308255 | 34964.0 | NIA N/A | 33127.5 | 330385 | 399815 | 32590.5
3 N/A | 347100 | N/A | 333945 | 333735 | 32677.0 | 39657.5 | 323465
4 N/A | 348315 | 330365 | 332695 | N/A | 326935 | 396450 | NIA

5 | 30758.0 | 34711.5 | 32915.0 | 33466.0 | 33368.0 | N/A N/A N/A

6 N/A | 342475 | N/A | 335355 | NIA N/A | 391615 | N/A

7 | 300945 | 34994.0 | 33130.5 | 333595 | N/A | 324125 | 392075 | NIA

8 | 299575 | NIA N/A | 333945 | N/A | 327620 | 392515 | 31856.0
9 N/A N/A | 33383.0 | 33847.5 | 33457.0 | 331935 | 393900 | N/A
10 | 29549.0 | N/A | 33093.0 | 35687.5 | 33039.5 | 333855 | N/A N/A
11 | 315835 | 352205 | 328765 | 336355 | N/A | 334045 | 37715.0 | 32949.0
12 | 31694.0 | 35437.5 | 32951.0 | 340545 | 332185 | 33399.0 | N/A N/A
13 | 316915 | N/A | 328255 | 34062.0 | 33627.5 | 33287.0 | 37942.0 | 329405
14 | 313435 | 355425 | N/A | 342490 | N/A | 331765 | 38064.5 | 32995.0
15 | 30748.0 | 35227.5 | 32592.5 | 33883.0 | 33572.0 | 33234.0 | 37702.5 | 329045
16 | 310435 | N/A | 327715 | 33850.0 | N/A | 326745 | 37514.0 | 327525
17 | 30728.0 | 35375.0 | 33019.0 | 34170.0 | 337545 | N/A | 37545.0 | 32586.0
18 | N/A | 355825 | 329460 | NIA N/A | 334085 | 375425 | 325225
19 | 307230 | N/A | 326890 | NIA N/A | 33397.0 | 377120 | N/A
20 | N/A | 356175 | N/A | 34169.0 | 337545 | 335215 | 37079.0 | NIA
21 | 30830.0 | 33723.0 | 323785 | N/A | 328055 | 333195 | N/A N/A
22 | 314464 | 34079.0 | 32883.0 | 34758.0 | 32872.5 | 33454.5 | 351125 | 33078.5
23 | 311885 | 34019.0 | 32732.5 | 34758.0 | 32671.0 | 33223.0 | N/A | 33082.0
24 | 311205 | 33753.0 | 32916.0 | 34763.0 | 32760.5 | 331645 | N/A | 32903.5
25 | N/A | 338655 | N/A | 346765 | 32769.0 | 333205 | NIA N/A
26 | 305025 | 338355 | 32823.0 | 345175 | N/A | 33017.0 | 34800.0 | 32179.0
27 | 302095 | 34012.0 | N/A | 346045 | NI/A | 331655 | 34962.0 | 325715
28 | N/A | 34007.0 | 32879.0 | 348735 | NIA N/A N/A | 32620.0
29 | 30332.0 | 339745 | 32771.5 | 349165 | 32901.0 | N/A N/A N/A
30 | 30197.0 | 339545 | 328795 | N/A | 328085 | N/A | 345125 | NIA
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No

f (Hz)

I J K M N ®) X Y Z
31340. | 36815. | 32225. 31893. | 33670. 31447.
1 N/A 0 0 0 N/A 5 0 N/A 5
39287. | 31350. | 37042. | 32430. | 34662. | 31725. | 33905. | 32630. | 31867.
2 5 0 5 0 5 0 0 0 5
39822. | 31175. 34897. | 31722. 32357.
3 5 0 N/A N/A 5 5 N/A 5 N/A
31245. 32112. 31725. | 33317. | 32487. | 31370.
4 N/A 0 N/A 5 N/A 0 5 5 0
40812. | 30980. 33930. | 31827.
5 5 0 N/A N/A 0 5 N/A N/A N/A
30815. | 36895. 33280. | 31837. | 32895.
6 N/A 0 0 N/A 0 5 0 N/A N/A
31205. | 36820. | 32252. 31880. | 33020.
7 N/A 0 0 5 N/A 0 0 N/A N/A
30980. 31827. | 32625. 30600.
8 N/A 0 N/A N/A N/A 5 0 N/A 0
30972. | 36810. | 32255. | 35697. | 31957. | 33040. 31035.
9 N/A 5 0 0 5 5 0 N/A 0
36670. 36870. | 31847. | 32882. | 32537.
10 N/A N/A 0 N/A 0 5 5 5 N/A
36502. 35617. | 33790. | 34330. | 33000. 32860.
11 5 N/A 5 0 0 0 N/A 0 N/A
36895. | 32205. | 35890. | 34000. | 34970. | 32982. | 35917. | 32860. | 33175.
12 0 0 0 0 0 5 5 0 0
32122. | 35895. | 33835. | 35177. | 32987. 32767.
13 N/A 5 0 0 5 5 N/A 5 N/A
32305. | 36130. | 33997. | 34537. | 32982. | 35782. | 32857. | 33005.
14 N/A 0 0 5 5 5 5 5 0
38180. 32725. | 35785. | 32867. | 32705.
15 0 N/A N/A N/A N/A 0 0 5 0
36760. | 32210. | 35967. 35957. | 32955. | 35467. | 32605. | 32487.
16 0 0 5 N/A 5 0 5 0 5
37270. | 32022. | 35462. | 34127. 32992. | 35407.
17 0 5 5 5 N/A 5 5 N/A N/A
32202. | 35672. 34750. | 32832. | 35512. | 32310. | 32545.
18 N/A 5 5 N/A 0 5 5 0 0
37512. | 32197. | 35902. 35865. | 32950. | 35415. | 32635. | 32327.
19 5 5 5 N/A 0 0 0 0 5
37410. | 31977. | 35787. | 33997. | 36857. | 33005. | 35430. | 32282. | 32485.
20 0 5 5 5 5 0 0 5 0
34982. | 31472. | 33645. | 33785. 32767. | 36457. | 32337. | 32665.
21 5 5 0 0 N/A 5 5 5 0
31945. 34335. | 32717. 32330. | 32890.
22 N/A 0 N/A N/A 0 5 N/A 0 0
36630. | 31775. 32375. | 36910. | 32125. | 32662.
23 0 0 N/A N/A N/A 0 0 0 5
36822. | 31732. | 34032. 32680. | 36337. | 32322. | 32637.
24 5 5 5 N/A N/A 0 5 5 5
36170. | 31475. 33712. 32470. 32340. | 32682.
25 0 0 N/A 5 N/A 0 N/A 0 5
35180. 33740. | 33582. 32180.
26 0 N/A N/A 0 5 N/A N/A N/A 0
35800. 33800. | 34007. | 32200. | 36515.
27 0 N/A N/A 0 5 0 0 N/A N/A
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35872. | 31327. 35232. | 32280. | 36452. | 32352.
28 5 5 N/A N/A 5 0 5 5 N/A
36150. | 31482. 35885. | 32182. | 36555. | 32192. | 31930.
29 0 5 N/A N/A 0 5 0 5 0
36000. | 31445. 32670. | 36500. | 31710. | 31682.
30 0 0 N/A N/A N/A 0 0 0 5
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Appendix B.3 Drawing of shaft design for torque transducer based on SL12
metallic TBTF resonant sensors.
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Appendix B.4 Uncertainty calculation of torque transducer based on SL12

resonant sensor.
I5 torque transducer

Applied Uncertainty contribution

torque Applied torque u; Reproducibility u, Repeatability us Resolution uy Residual deflection us

Nm Value | Uncertainty | Value | Uncertainty | Value Uncertainty | Value Uncertainty | Value Uncertainty
% % % % % % % % % %
0

4.224 0.024 0.0118 0.1020 0.0361 0.0057 0.0016 0.2027 0.0828

7.218 0.024 0.0118 0.3165 0.1119 0.1202 0.0347 0.1283 0.0524

13.206 | 0.024 0.0118 0.3812 0.1348 0.1529 0.0441 0.0763 0.0311

16.2 0.024 0.0118 0.4340 0.1534 0.2170 0.0626 0.0620 0.0253

19.17 0.024 0.0118 0.4320 0.1527 0.1017 0.0294 0.0508 0.0207 0.0763 0.0220
Applied Uncertainty contribution

torque Temperature ug Interpolation uy Reversibility ug Combined uncertainty | Expanded uncertainty

Nm Uc U

Value | Uncertainty | Value Uncertainty | Value | Uncertainty % %
% % % % % %
0

4.224 0.53 0.1530 0.02290 0.00467 0.2030 0.0586 0.1875 0.3750

7.218 0.53 0.1530 0.00810 0.00165 0.2566 0.0741 0.2133 0.4267

13.206 0.53 0.1530 0.02110 0.00431 0.2287 0.0660 0.2214 0.4427

16.2 0.53 0.1530 0.05670 0.01157 0.1865 0.0538 0.2339 0.4677

19.17 0.53 0.1530 0.02100 0.00429 0.0000 0.0000 0.2206 0.4412
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F23 torque transducer

Applied Uncertainty contribution

torque Applied torque u; Reproducibility u, Repeatability us Resolution uy4 Residual deflection us

Nm Value | Uncertainty | Value | Uncertainty Value Uncertainty | Value | Uncertainty | Value Uncertainty

% % % % % % % % % %
0

4.224 | 0.024 0.0118 0.1756 0.0621 0.0147 0.0042 0.1644 0.0671

7.218 | 0.024 0.0118 0.1905 0.0674 0.0303 0.0087 0.0953 0.0389

13.206 | 0.024 0.0118 0.1030 0.0364 0.0515 0.0149 0.0514 0.0210

16.2 0.024 0.0118 0.1180 0.0417 0.0664 0.0192 0.0421 0.0172

19.17 | 0.024 0.0118 0.1434 0.0507 0.0716 0.0207 0.0358 0.0146 0.0718 0.0207
Applied Uncertainty contribution

torque Temperature ug Interpolation uy; Reversibility ug Combined uncertainty | Expanded uncertainty

Nm Uc U

Value | Uncertainty | Value Uncertainty | Value | Uncertainty % %
% % % % % %
0

4.224 0.14 0.0323 0.24420 0.04985 0.1245 0.0359 0.1155 0.2310

7.218 0.14 0.0323 0.16910 0.03452 0.0952 0.0275 0.0962 0.1924
13.206 | 0.14 0.0323 0.07720 0.01576 0.1542 0.0445 0.0735 0.1470

16.2 0.14 0.0323 0.01310 0.00267 0.0927 0.0268 0.0657 0.1313

19.17 0.14 0.0323 0.02910 0.00594 0.0000 0.0000 0.0697 0.1394
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G1 torque transducer

Applied Uncertainty contribution

torque Applied torque u; Reproducibility u, Repeatability us Resolution uy Residual deflection us

Nm Value | Uncertainty | Value | Uncertainty | Value Uncertainty | Value | Uncertainty Value Uncertainty

% % % % % % % % % %
0

4.224 | 0.024 0.0118 0.8923 0.3155 0.2448 0.0707 0.1622 0.0662

7.218 | 0.024 0.0118 0.4456 0.1575 0.0983 0.0284 0.0988 0.0403

13.206 | 0.024 0.0118 0.4588 0.1622 0.1440 0.0416 0.0574 0.0234

16.2 0.024 0.0118 0.4630 0.1637 0.0246 0.0071 0.0487 0.0199

19.17 | 0.024 0.0118 0.2956 0.1045 0.1480 0.0427 0.0423 0.0173 0.1695 0.0489
Applied Uncertainty contribution

torque Temperature ug Interpolation uy; Reversibility ug Combined uncertainty | Expanded uncertainty

Nm Uc U

Value | Uncertainty | Value Uncertainty | Value | Uncertainty % %
% % % % % %
0

4.224 0.42 0.0727 0.21790 0.04448 0.4858 0.1402 0.3688 0.7375

7.218 0.42 0.0727 0.31110 0.06350 0.5434 0.1569 0.2476 0.4953
13.206 | 0.42 0.0727 0.35220 0.07189 0.1723 0.0497 0.2041 0.4082

16.2 0.42 0.0727 0.29120 0.05944 1.0945 0.3160 0.3688 0.7377

19.17 0.42 0.0727 0.08060 0.01645 0.0000 0.0000 0.1454 0.2908
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Appendix C

Characteristics of 9mm Metallic Triple-Beam Tuning Fork
Resonant Sensor

J Intiang, J Weidenmdiller, R T Rakowski, B E Jones, A
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University, Kingston Lane, Uxbridge, UB8 3PH, UK

! ForceSenSys Ltd., BEC, Kingston Lane, Uxbridge, UB8 3PH,
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E-mail: Richard.Rakowski@brunel.ac.uk

Abstract. This paper describes the design and testing of the
first miniaturised metallic triple-beam tuning fork resonant
sensors for use in force, pressure and torque measurement
applications. The new devices with 9mm length vibrating tines
have resulted in over a 40% in size when compared to
previously tested resonators. The four fold increase in operating
frequency to 26 kHz, with Q factors in air up to 4000, provides
additional benefits for resolution, accuracy, range and overload
capability. Measurement repeatability of at least 0.02% of span
levels for torque transducers employing the sensors are quoted.
Results of characterisation over the temperature range -30°C to
+90°C are given.

1. Introduction

Resonant sensors have been used in a wide range of sensing applications,
such as load, pressure, torque and fluid flow characteristics [1]. The key
element of these sensors is the resonator, an oscillating structure, which is
designed such that its resonance frequency is a function of the measurand.
The most common sensing mechanism is for the resonator to be stressed as
a force sensor. The applied stress effectively increases the stiffness of the
resonator structure, which results in an increase in the resonator’s natural
frequency. The resonator provides a virtual digital frequency output, which is
less susceptible to electrical noise and independent of the level and
degradation of transmitted signals, offering good long-term stability. The
frequency output is also compatible with digital interfacing and no analogue-
to-digital conversion is required, therefore maintaining inherent high accuracy
and low cost.

The first successful metallic triple-beam tuning fork (TBTF) resonant sensor
with thick-film drive/pickup elements [2, 3, 5] has a resonating ‘tine’ element
length of 15.5mm and an overall sensor length of 23.5mm, a thickness of
0.25mm and beam widths of 1mm, 2mm and 1 mm. The gap between the
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beams was 0.5mm. However, this device is too large for current force/torque
and pressure sensing applications. The challenge has been to reduce the
sensor dimensional footprint and if possible enhance sensor performance.

2. Design and Fabrication

The combination of processes used in the resonator fabrication, photo-
etched TBTFs with drive and pick-up piezoelectric elements printed directly
onto the device surface, presents low-cost manufacturing opportunities for
mass batch production. Figure 1 shows a plan view of the resonator
structure with PZT drive and detection elements. The thick-film screen-
printing process deposits relatively thick layers of material, typically between
50 and 100um. The magnitude of the output of the lead zirconate titanate
(PZT) element depends upon the piezoelectric properties of the deposited
layer, its thickness and the stress or voltage applied. In trying to reduce the
size of the sensor there is a danger that the piezoactuator might not be able
to excite the stiffer tines, so PZT printing is a physical limitation in size
reduction. Finite element analysis (FEA) was employed to simulate the
modal behaviour and stress distribution of the resonator in order to optimise
the positioning of the thick-film PZT elements on the structure.

. PZT EEEottom Electrode 0 Top Electrode

[ Earth ] Dielectric L] Bubstrate

Figure 1. Plan view of the resonator
structure with PZT drive and detection
elements.

Figure 2. Stress contour plot
for the resonator in mode 3.

The triple beam tuning fork has a planer structure and is inherently more
dynamically balanced when compared to a single beam or an out-of- plane
double beam structure vibrating in flexural modes. Balanced structures
dissipate less energy through their supports and therefore possess an
intrinsically higher mechanical quality factor. The sensor is designed to
oscillate in a differential mode, where the central beam vibrates in anti-phase
with the outer beams (mode 3) to minimise mechanical energy losses from
the resonator. Figure 2 shows the operational modal behaviour of the sensor
modelled by FEA.

Frequency of operation is proportional to 1/L?, where L is the tine length, thus
a reduction in length will lead to an increase in operating frequency (in this
case from 5-6 kHz to 25-27 kHz). However, the reduction in size allows a
larger application range-ability (i.e. 9mm tine device could be used for torque
applications from 10 Nm to 1000 Nm, depending on the torque shaft
diameter). It is true to say that longer tines are more sensitive than shorter
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tines. However, when comparing the old 15.5mm device with new 9mm
device in terms of sensitivity and other performance characteristics, care was
taken to make sure that both devices were compared under the same micro-
strain conditions, that means to consider total frequency excursions,
designed usually at 5-10% of workable range [5].

3. Resonator Operation

3.1. Open-loop configuration

The aim of the experiments was to compare the performance of resonators
designed with different beam lengths. One resonator is 23.5mm long with a
tine length of 15.5mm (Type 1) and a natural frequency between 5 — 7 kHz
and the new resonator is 15.5mm long (Type 2) with a tine length of 9mm
with a natural frequency between 25-27 kHz. Both resonating elements have
the same beam thickness of 0.25mm and beam widths of 2mm for the middle
beam and 1mm for each of the outer beams.

The first tests on the resonators are realised in an open-loop configuration.
The PZT element at one end of the resonator is driven by a periodic chirp
signal of 1V peak-peak from a Hewlett-Packard 89410A Vector Signal
Analyser, which swept the frequencies around the resonant frequency. The
PZT element on the other end of the resonator was connected to a Kistler
5011 Charge Amplifier, which has an adjustable low pass filter, and the
output from the charge amplifier was fed back to the signal analyser for
frequency response analysis of the resonator. Figure 3 shows the amplitude-
frequency response for the third mode of vibration for both resonator types.

From these results the values for the centre frequencies and quality factor
(Q) for the two devices are as follows: resonator Type 1 has a centre
frequency of 6,411Hz and Q-factor of 870, while resonator Type 2 has a
centre frequency of 26.220kHz and Q-factor of 4002.

" 7' Ronator Type 1 (b esonator Ty 2
Figure 3. Resonator frequency response from HP89410A Vector Signal
Analyser
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3.2. Closed-loop configuration

The custom-built electronics for the TBTF resonators operates in a feedback
closed loop mode. The receiving PZT element is connected to a charge
amplifier circuit, followed by a digital 90° phase shift circuit. For optimised
performance the feedback signal passes through a second adjustable phase
shifter and a second stage of amplification all on one circuit board. The
output from the second stage amplification is fed back to the driving PZT
element. The resonant frequency is displayed on the Agilent 54621A
oscilloscope, which is connected to the output of a Phased Locked Loop
circuit. Additionally the frequency output can be connected to an analogue
input of the data acquisition card DAQG6035E that imports the data to the
LabView software. In this software the Fourier transformation is obtained for
the amplitude-frequency analysis of the resonators.

4. Characteristics

4.1. Stability

Stability is the ability of a measuring system to maintain constant its
measurement characteristic with time. For this investigation the
environmental conditions, such as temperature, humidity and pressure, have
to be constant. This was achieved by using a climatic test chamber Montford
Mini-Mech-B set to 25°C. The resonators were operated in the open-loop
configuration. Over a time period of 48h the amplitude-frequency response
was recorded in unequal time steps. The default frequency resolution for this
experiment was 0.5Hz.

Figure 4a displays the test result of resonator Type 1 over a time period of
48h. The maximum deviation from the mean value of 4,620.75Hz was
0.25Hz. In practical terms, for a measured torque sensitivity of 40 Hz/Nm [4]
for this resonator type, the maximum error converted to torque is 0.00625
Nm, hence the stability for a torque range of 0-20 Nm is 0.03 percent.

The maximum deviation for resonator Type 2 (figure 4b) from the mean value
26.187kHz was 1Hz. The torque sensitivity of this new designed resonator,
tested under static torque conditions, with an expanded torque range of O-
100 Nm, is 26.6 Hz/Nm. Hence the maximum error converted to torque is
0.0375Nm or, calculated for this torque range, gives a stability of 0.04
percent.
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Figure 4. 48h Stability test results

4.2. Repeatability
This investigation illustrates the measurement precision under conditions of
repeated measurements over a short period of time. The experimental set-up
was similar to that for the stability investigation, except that the period of
measurement was shortened to about 5 minutes and the resolution was
adjusted to 0.1Hz.

Figure 5a shows, that the deviation of the resonance frequency of resonator
type 1 is less than the resolution of 0.1Hz. Hence the maximum error
converted to torque is less than 0.0025Nm as the torque sensitivity is 40
Hz/Nm. The repeatability for the measurement range 0-20 Nm, is better than
0.01 percent.

The maximum deviation for resonator Type 2 (figure 5b) is 0.62Hz with
respect to the mean value 26.190kHz. Hence the error in torque is 0.023Nm
at the torque sensitivity of 26.6 Hz/Nm and the repeatability for the expanded
torque range 0-100 Nm is 0.02 percent.
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Figure 5. Repeatability Test Results

4618

4.3. Temperature

Industrial monitoring applications require a satisfactory measurement
capability over a temperature range of -30°C up to 85°C. To increase the
application field of the resonant sensor by having even larger temperature
ranges requires that the compensated temperature range should be as large
as possible. On account of this the temperature characteristic needs to be
known so that strategies for temperature compensation can be employed.

The experimental set-up was similar to that for the stability and repeatability
tests. The drive and pickup PZT elements of the sensor were connected by
two coaxial cables to the open-loop electronics outside the climatic test
chamber. The temperature was increased from -30°C to 90°C in steps of
30°C. At each temperature point the frequency response of the respective
resonator was recorded after two hours delay, required to establish stable
conditions inside the climatic test chamber.

The temperature characteristic of resonator Typel is displayed in figure 6a.
Without any kind of temperature compensation the maximum deviation from
the mean 4,615.0Hz is 45Hz in the temperature range between -30°C and
90°C (approximately 0.75Hz/°C). Converted to torque it is 1.125Nm or 5.6
percent for the torque range of interest. After fitting a quadratic polynomial
(see equation f(t) in figure 6a), the maximum deviation could be reduced to
1.5Hz. This is 0.038Nm or 0.2 percent of the maximum torque value.

Figure 6b shows the characteristic of resonator Type 2. The trend of this
resonator is similar with a maximum deviation from the mean 26.1525kHz of
172.5Hz (approximately 2.5Hz/°C). Converted to torque it is 6.48Nm or 6.48
percent. After fitting a quadratic polynomial f(t), (figure 6b), the maximum
deviation is 10Hz or in torque 0.385Nm. This is about 0.4 percent deviation in
the complete temperature range.
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Fiaure 6. Temperature test results

5. Discussion of Results

The 9mm tine TBTF has a performance comparable to the 15.5mm device.
However, the 9mm device under test has a 500Hz frequency excursion
(range or span) for every +/- 25Nm, which is only 2% of the base frequency.
Therefore, under the same strain conditions as tested on the 15.5mm device
[5], the 9mm element could measure up to 21000Nm.

Range is approximately 500Hz for 50 Nm (+/- 25 Nm).

Sensitivity is better than 25 Hz/Nm.

Linearity is better than 2% of the range (worse case)..

Repeatability (Max/Min. load) is +/- 0.04% of the range (maximum change
2Hz): given that the temperature during the tests was varying by +/- 1°C, this
is a good result.

Stability is better than +/- 0.04% of the range (though temperature effect
must be considered).

Max. Hysteresis is less than 1%

The temperature coefficient of these 9 mm devices is approximately 2.5
Hz/°C, which translates to 0.08Nm torque. There are several reasons for this
effect, which should be investigated further: (a) material of TBTF, stainless
steel 430 S17 with a temperature coefficient of 12 ppm; (b) temperature
mismatched between TBTF and shaft material (stainless steel 17-4 Ph
hardened), which has a temperature coefficient of 16 ppm; (c) temperature
characteristic of the PZT paste and dielectric is not known (there is an effect
although not quantified).
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6. Conclusion

Reduced size metallic triple-beam tuning fork resonant devices, resulting in a
42% reduction in critical dimensions, have been successfully fabricated and
tested. The main characteristics can be summarised as follows:

7.

[1]
[2]
[3]

[4]

[5]

(a) The stiffer 9mm device are less sensitive than the longer 15.5 mm
device but they have an increased operating range.

(b) Unstressed frequency of operation occurs at 26 kHz, with a variation
of +/-5% in the resonant frequency, from device-to-device through all
fabricated batches, due to etching tolerances and variations printed
PZT activity factor.

(c) Unstressed frequency variation within a given batch is less than +/-
2%.

(d) Q-factors are generally greater than 2,000 (maximum of 4,000
although some are as low as 1500).

(e) Robust devices with good stability and repeatability, having high
overload capability and suitable for laser spot welding to transducer
structures.

() Performance characteristics of the 9mm devices are encouraging, so
that future plans for further miniaturization can be implemented.

(g) Improvements in yield (etching results, and printing PZT drive and
pick-up) will lead to better device performance and further cost
reduction.
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Appendix D

Use of Metallic Resonant Sensor in Torque Measurement Transfer Standard
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Brunsl University
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Abstract

Thiz paper will describe progress in the development of miniature metallic resonant Triple Beam Tuning
Fork (TETF) sensors for torque measurement applications. For high accuracy any torque transducer
u=ing these sensors ought to have low sensitivity to parasitic influences such as bending moments and
lateral forces, which can only be achieved with reduced sizes. Compared to the original 15.5mm length
vibrating tine, the lateral forces are reduced by 522 for 2 Smm tine length and by B02: for Bmm tins.
High stifiness of these metalic resonant ssnsors will additionslly reduce the occurrence of wrong
measurement values as a result of overload damage. To support the use of these sensors in industrial
applications a transfer standard using this technology is recommendsd.

Key Words: Torgue Measurement, Calibraion, Resonant Sensor, Transfer Standard
1. Introduction

Cualty of measurement in industry requires the measured valus to be compared fo reference standards,
which are tracesble to the bass 51 unit. This can be achieved by using fransfer standards. The most
comman torque transfer standard, widely used in lsboratories and in industry, is based on strain gauge
sensore.  Low sensor output signals require suriace strain on the sensing slements to approasch the
alastic limit in order to obiain a measurable signal over a wides measuring range. As a result, the overload
capability of strain gauge torque transducers is Emited to about 209 of full rangs; this is too kow for many
apphications. To owvercome thes problem, i.e. to increase overload capability whilst maintaining accuracy
and reschution, work has been started to develop a new torque transfer standard using metalkc resonant
sensore [1]  Additionally, metallic resonant sensors give a freguency signal compatible with digital
circuitry, 5o that analogue-to-digital corwversion can be eliminated. Moreower, the resonant sensor
provides better long-term stability, since the freguency signal i not dependent on the amplitude of the
alactrical signals and hence accuracy is not limited by signalto-noise ratio.

In 2005, Yan ef 2 [1] ehowsd that the metallic resonant sensor based on TEBTF design showed high
overioad capability in the measurement of torque.  Full scale operation s achieved with less than 400
microstrain, which is sbout fve times stiffer than for resistance strain gauge torgue transducers.
Howewver, the TBTFs used in this research were 40mm long (characterstics shown in Table 1}, Finite
Element Anaglaia {FEA) indicated that the TETF not only measurss the changes in tensile/compressive
strain at & 45" angle to the axis of the shaft caused by torgue but also experiences some shear strain and
twist that will afizct the final accuracy of the torgue transducer. This effect could be minimized if it was
possiole to reduce the overall sze of the TETFs, whilst maintaining the stifiness of the resonant sensors.
Figure 3 shows the sensors spot-welded onto the outer shoulders of the torque fransducer at +45°
redative to the neulral axizs of the shaft (one on either side), i.e. the resonators are sst pependicular fo
each other.

2 Design and Fabrication

The combination of processes wsed in resonator fabrication, photo-etched TETF= with drive and pick-up
piezoelectric thick-film slements printed directly onto the device surface, presents low-cost manufacturing
opporunities for mass baich production [1]. Fegure 1a shows a plan view of the resonator structurs with
FZT drive and detection elements. The magnitude of the output of the lead zirconate titanate (PZT)
alament depends upon the piszoelectne propertes of the deposited layer, its thickness and the stress or
voltage applied. In trying to reduce the size of the sensor thers is 3 danger that the piezoactustor might
not be able to sxcite the shffer ines, so PZT prnting s a physical limitation in size reducton.  Finide
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glement analysis (FEA} was employed to simulate the modsl behaviour and stress distribuion of the
resonator in order to optimise the positoning of the thick-film PET slements on the structhuns,

el

Bl FET B2 o Electzods T Top Electiods
I Bl [ Desleplae 3 ubatiets

. . Figure 1b Stress confour plat for the
Figure 1a Plan view of the resonetor strocture resonator in mode 3.

with FZT dnve and detection elements.

The trple beam tuning fork has a planer structure and i inherently more dynamically balanced when
compared to a single beam or an out-of-plane double beam structure vibrating in flexural modss.
Balanced structures dissipate less energy through their supporis and therefore posssss an intinsically
higher mechanical quality factor. The sensor is designed to osdllate in a third harmonic differentizl mods,
where the central beam vibrates in anti-phase with the outer beams (mods 3} to minimise mechanical
energy losses from the resonator. Figure 1b shows the operational modal behaviour of the sensor
modelled by FEA.

The firat phass of the ministurisation process was achisved by simply reducing the overall length by 50%
from 40mm (T1%, 15.5mm tine) to 20mm (T3, Smm tine) [2]. The latest version of the ssnsor TE has
reduced the size by 70% from the orginal, as shown in figure 2. For the lstest embodiment of the
resonant sensor FEA analysis showsd that a further reducon of 50% in the overall size was not possible
due to the requirements of the PZT geometry and increased difficulty in excting the short tine length.

—
e
L
1
m
e m

(o (lx)y (&)

Figure 2 Miniaturization of the metallic TETF Figure 3 Torgus transducer with metallic TETF
resonant sensors (&) T15 (b) T2 (c) T resonant sensor

The strategy sdopted for the ministunsation process was to maintain the fine cross-sectonal area,
roughly at 0.4 mm", reduce the connector and mournting gecmetry but maintzin the arsa of the PET
glements. Fundamental resonator opsration and charactenstics of the three miniaturized metallic TETF
resonant sensors are summarized in tabls 1.
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Tabdke 1 Resonator operation and characteristics of the three ministunzed metalic TETF resonant
sensors (* Results previously published [2])

Temiperaturs
SENSOR | LengthLimm) | Tinet(mm) | &z | @ Swblly | Pepeatabiliey mnmgfr
I_EI
T15* 40 15.5 3] &T0 0.03% = (0.01% 0.75
" 20 a 26 4002 | 0.04% 0.02% 25
TG 12 g 40 1600 | 0.02% < 0.01%a 52

3. FEA Analysis of Torque Transducer

11 Intreduction

The transducer in figure 3 was modslled in FEA and the results were compared with actual test
migasurements. Oparating at SMm, & 100 microstrain reading compares with a level of 1800 microstrain
usually required for forgue transducers based on resistance strain gauges, this will give & major
adrantage in application where high overload capability is reguired

1.2 Parasitic Influsnces

When torque is applied, it s sxpected that thers will be a small amount of twist in the TBTF sensor when
the shaft sirain is in shear, creating different amounts of tension in the outer tines and the middle tine.
Thess differences would have an effect on the accuracy of any forgus reading. When the sensor s
loaded with a one-directionz! force, a= in & load cell, the sensor shows 3 small variation acrosa three
tines [3] as shown in figure 4a. Becsuse the angle actuslly changes from 4% degrees as the material
gtraing, the sensor will have several different forces acing on it. Therz will be tensile sirain, which s the
guaniity b=ing measursd but there also will be a shear strain, a3 the once co-linear sides of the mounting
surfaces move gway from each other. The siructure will also undergo a small de=gree of twist,
dispropontionsally raising the strain in the side tines in relation to the central tine. The resulting distortions
in the sensor in torque messurament can be seen in figure db, ampliisd 1000 times. While the shear is
guite obwious, it can be s=en that thers is also some twist in the strudure. This effect could be minimized
if it was possible to reduce the overall size of the mstallic TBTF resonant ssnsor, whilst maintaining the
stiffnees of the resonant sensors.

Figure da TETF with 1 directional forcs
along its axis {load cell configuration)

Figure db TETF with distortion configuration

1.3 Stress Distribution Averaging across Resonant Tines

Figure 5a shows an example FEA result for the three metalic TETF resonant sensors T15, TS, TS in the
same condition of mounting and loading with a 20M shear force at ons end. The average difference in
stress distribubion between the 3 fines compared to the T15 sensor B a reduction of 52% for the TS
sensor and reducad by 802% for TE sensor.
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Figure S5a FEA results of the average won
Mizses stress on three tines for the T15, T'9, and
TE sensors with an applsd 20M shear force

Figure 5Sb FEA results of the diffsrence of the
average von Mises stress betwsen the outer
and middle fines for the T15, T9, and TG
sensors for applied 20 - 100M shear force

Figure So illustrates a further FEA analysis on the thres resonant sensors for applied shear loads from
20M to 100M. | is clearly seen that when the size of the sensor is reducad, the difference in the average
stress distribution on three vibrating tines is decreassd, concluding that reducing the overall sze can
eatisfy the regquirement to improve the accuracy of the torgue transducer with the metalic TETF resonant
ESMIEONS.

4. Characteristics of Té Resonant Sensor

Doan: LLAEMNE Time: 17:87

. g Figure & illustrates the ampliuds-frequency

wf;h et M e B S = regponse from the first manufactured batch of TE

sensors and shows the third mods of vibration

_ =42 S charactenstic. From the result the value for the

i 1d.|L|1-: ﬁl-“"' centre frequency is about 40kHz and the quality

¥ / factor (3} obtzined from thiés characteristic s
------------------ x\j\ ' | calculated to be about 1600.

n-»-—.._..f:_‘f"':":' I ,/

.-.lﬁ [ «-..‘1\ LK B 1 For the repaatability measuremeant of TE sensor,
the defgult frequency resolution was 2.5Hz, the
standard deviation from the mean valus of the
resonant frequencies was found to be +1.6Hz.
The standard dewviation for the stability test was

. found to be #5.2Hz. Finally, the temperature

| N E— i THR coefficient of the resonator was messured at

5.2H= C.
Figure & Resonant frequency signal of TE sensor

5. Overload Capability

Strain gauge transducers producs low amplitude output signaks, thus the surface strain is generally
deszigned to approach the elastic limit of the sensing element in order to obtain a measurable value. As a
result, the overoad capability of the strain-gauge-based torque transducer will be Emited by this factor [1].
The overall accuracy of the torgue measuring system is determined by mechanical disturbance variables
and the uncompensated thermal and humidity effects. In addition any owveroading or damage to the
torgque transducer is a significant factor in obtaining the wrong measurement values [5] during testing or
use in industrial applications. Such emors in messurement valuss might not be detected wntil the next
calibration event. From the torque messurement point of visw, the overload s the guantity that is actually
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of interest im normal operation, &8s it B usually an indicator of a developing fault or failure in a
manuiaciuring application. |t i additionally very hard to predict the level or nature of such a overload
fault. In most cases the mamnufacturing system will have the appropriate overload protection to prevent
damage to the plant and possibly the transducear, such as switching off the dive part when the overload i
buik up. Howewer, such mechanical overoad protection devices respond with a certain time delay, as the
occurrence of the overload peaks BB highly dynamic [4), =o it is not enough to simply protect the
transducer with thess protective measure and hope that no damage cccurs.

Thiz problem with overload capability is one of the factors which could lead to the development of the new
torque fransfer standard using sensors with high stiffness. Evidence shows that the TETF resonant
sensor, fabricated with stiff metallic structures will provide better overload capability than strain gauges,
at the same time as increasing the torguse measuring range [1].

6. Transter Standard

In metrology, traceability to the base Sl unit is very important to ensure that the measured value i
accurate. From the definition of torque, which is the product of force and distance, it can be traceabls fo

the fundamentzl wnits of mass, length and time. The hisrarchy of metrology BB as follow; pamary
standard, secondary standard, calibration maching and messuning instrument.

In torgue calibration, the messured guaniity (torgue) iz disseminated or transferred from the Matonal
Standard to a reference standard, then to working standards and finally to test devices for applications by
using torgue ftransfer stamdard. Imporantly, the transfer tramsducer should not have incomect
measurement properties. The damage to the transducer by owerloading, which results in an emor in the
measurement value, can not be detected from an incorrect zero signal but only during recalforation [5].

The T8 TEBTF torgue transducer was evaluated at the National Physical Laboratory (MPL) in UK against
the Torgue Standard Machine {Deadweight Lever-beam). Calibration weas carfed out fo British Standard
(B5) T882. Parameters measured included repeatability, reproducibility, ineanty, residual deflection,
rexersiility and uncertainty. Moreowver, stability and cresp test had also been investigated to obtain more
information on the transducer.

A zenes of ten readings wers taken at each calibration point to minimise the influence of any fluctustions
in the reading. A one-minute waiting time enabled the system to stabikse after sach change of torgue
increment. The calibration result i3 shown in Table 2.

Table 2 Calibration result of torque transducer according to BS7TB32

Torgue Relatlve error o Relathve error of Relaive ermor of Relative ermor | Felathee emor of
iHm) repaatabliby R Eproducibliisy Rz Imerpolasion Es of M Ey rewversibllity Es
1] 0.15%
5 0.34% 0.76%: 0.31% -0.28%
i0 0.13% 0. 530 -0.05%: -0.52%
i5 0.15% 0.50%: -0.22% -0.44%
20 0004 0.30%: 0,025 -0.11%
20 0004 0.158; 0.0 %

The uncerainty of calibration at 85% confidence level (k = 2} is about 0U002%.

Table 3 &= the classification result of the torque trarsducer with Bmm metalkc TETF resonant sensor. i
showes that this torgue fransducer mests the requirements for a class 1 transfer standard.

Table 3 The classification result of torgue transducer with metallic TETF resonator

lative error of] Felasive ertor of | Relative ermor oF [Relasve ermor of] Felative emor of [Uncerainty] a
repeiabliiey By | eprodedbliisy Bz | Imerpoladon Es =mE, reversibdlity E.
1 1 1 1 0.5 0.05 1
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From the calibration resul, it is found that the class of accuracy of the torgue fransducer is limited by the
resolution of the system displsyindicator, shown a3 column "2’ in Table 3, whers 's" B a coeffficient which
determines the lowsr mit of calbration when mukiplied by the indicator rescludion.  Incorporating a
display/indicating dewvice with higher resoluion would give aditionzl bensfit in improving the acouracy of
this torgue transducer, possibly to the 0.5 or even 0.2 classification.

T. Conclusion

The metalic TETF resonant sensor gives a direct frequency signal cutpart, which has an advantage over
conmvantional resistive strain gauges. The fregusency signal is compatible with digital circuitry, so the
analogue-to-digital comeersion unit needsd for sirain gauges can be eliminated for this kind of torgue
transducer. Using metalic TETF resonant sensors in a torque transfer standard i3 more comvenient as
the cost of the torgue measurement system will be reduced compared fo strain gaugss. In addition, the
resolution achisvable using metslbc resonant sensors would be a5 good as strain gaugss, as fregusncy
can be measured with guite high accuracy, which is very imponant for transfer standards. Morsowver,
resonant sensors provide better long-term stability since the frequency signal is not dependent on the
amplitude of the slectrical signals and the messurement accuracy is not limited by the signalkto-noise
rafio, B8 oocurs with an analogue signal.

The maost common torque transfer standard is based on strain gauge sensors, where the overload
capability is too low for many applications. A new torgue fransfer standard using metallic TETF resonant
ESNE0Ns is propossd to overcome this problem, whilst maintaining accuracy and resolution. Measurement
errars dus ta lateral forces, which would degrade the accuracy of such a torque transducer, were reduced
by BO% when using the latest embodiment of the TETF sensor. The new TE =zensor design, whose
overall size has besn reduced by 702, has maintained the high stiffness of the orginal T15 metallic
resonant sensor. This paper shows the first test resulis for the TE sensor, whose overall length iz only
12mm.  The stiffness of these metallic structures will reduce the occurrence of wrong measurament
values dus to amy overload damage, which might ccour in practical applications. Calibration results show
that the a TETF torgue transducsr incorporating the TY sensors would be classified as a class 1 torgue
transfer standard . A fongue transducer, incorporating the TE sensors, i currently under constnuction and
will b= evaluated against national standards.
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Appendix E.1 Specification of Stainless Steel

430517

Category Steel

Class Stainless steel

Type Ferritic standard

Common Chromium steel

Names

Designations | France: AFNOR Z 8 C 17
Germany: DIN 1.4016
Italy: UNI X 8 Cr17
Japan: JIS SUS 430
Sweden: SS 2320
United Kingdom: B.S. 430 S 15
United States: AMS 5503 , AMS 5627 , ASME SA182 ,
ASME SA240 , ASME SA268 , ASME SA479 , ASTM A176
ASTM A182 , ASTM A240 , ASTM A268 , ASTM A276 ,
ASTM A314 , ASTM A473 , ASTM A479 , ASTM A493 ,
ASTM A511 , ASTM A554 , ASTM A580 , ASTM A651 ,
FED QQ-S-763 , FED QQ-S-766 , FED QQ-W-423,
FED STD-66 , MIL SPEC MIL-S-862 , SAE 51430,
SAE J405 (51430) , UNS S43000

Composition

Element | Weight %

C 0.12
Mn 1.00
Si 1.00

Cr 16.0-18.0

0.04

S 0.03
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http://www.efunda.com/materials/elements/element_info.cfm?Element_ID=C
http://www.efunda.com/materials/elements/element_info.cfm?Element_ID=Mn
http://www.efunda.com/materials/elements/element_info.cfm?Element_ID=Si
http://www.efunda.com/materials/elements/element_info.cfm?Element_ID=Cr
http://www.efunda.com/materials/elements/element_info.cfm?Element_ID=P
http://www.efunda.com/materials/elements/element_info.cfm?Element_ID=S

Mechanical Properties

Conditions
Properties
T (°C) Treatment
Density (x1000 kg/m®) | 7.8 25
Poisson's Ratio 0.27-0.30| 25
Elastic Modulus (GPa) | 200 25
Tensile Strength (Mpa) | 480
Yield Strength (Mpa) | 275 L5 | annealed, hot finished (plate,
Elongation (%) 20 sheet, strip) more
Reduction in Area (%) | 45
Hardness (HRB) 88 (max) | 25 | annealed (plate, sheet, strip)
Thermal Properties
Conditions
Properties

T (°C) Treatment
Thermal Expansion (10%/°C) 10.4 0-100 more
Thermal Conductivity (W/m-K) 26.1 100 more
Specific Heat (J/kg-K) 460 0-100
Electric Properties

Conditions
Properties
T (°C) Treatment

Electric Resistivity (10°-m) 600 25
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http://www.efunda.com/units/convert_units.cfm?From=190&mrn=7800#ConvInto
http://www.efunda.com/units/convert_units.cfm?From=55&mrn=25#ConvInto
http://www.efunda.com/units/convert_units.cfm?From=55&mrn=25#ConvInto
http://www.efunda.com/units/convert_units.cfm?From=319&mrn=200#ConvInto
http://www.efunda.com/units/convert_units.cfm?From=55&mrn=25#ConvInto
http://www.efunda.com/units/convert_units.cfm?From=339&mrn=480#ConvInto
http://www.efunda.com/units/convert_units.cfm?From=55&mrn=25#ConvInto
http://www.efunda.com/materials/alloys/stainless_steels/show_stainless.cfm?ID=AISI_Type_430&prop=uts&Page_Title=Stainless%20Steel%20AISI%20Type%20430
http://www.efunda.com/units/convert_units.cfm?From=339&mrn=275#ConvInto
http://www.efunda.com/units/convert_units.cfm?From=55&mrn=25#ConvInto
http://www.efunda.com/units/convert_units.cfm?From=876&mrn=1%2E04E%2D005#ConvInto
http://www.efunda.com/units/convert_units.cfm?From=55&mrn=0#ConvInto
http://www.efunda.com/units/convert_units.cfm?From=55&mrn=100#ConvInto
http://www.efunda.com/materials/alloys/stainless_steels/show_stainless.cfm?ID=AISI_Type_430&prop=cte&Page_Title=Stainless%20Steel%20AISI%20Type%20430
http://www.efunda.com/units/convert_units.cfm?From=245&mrn=26%2E100000000000001#ConvInto
http://www.efunda.com/units/convert_units.cfm?From=55&mrn=100#ConvInto
http://www.efunda.com/materials/alloys/stainless_steels/show_stainless.cfm?ID=AISI_Type_430&prop=tc&Page_Title=Stainless%20Steel%20AISI%20Type%20430
http://www.efunda.com/units/convert_units.cfm?From=886&mrn=460#ConvInto
http://www.efunda.com/units/convert_units.cfm?From=55&mrn=0#ConvInto
http://www.efunda.com/units/convert_units.cfm?From=55&mrn=100#ConvInto
http://www.efunda.com/units/convert_units.cfm?From=392&mrn=6E%2D007#ConvInto
http://www.efunda.com/units/convert_units.cfm?From=55&mrn=25#ConvInto

Appendix E.2 Specification of Stainless Steel

17-4PH
Category Steel

Class Stainless steel

Type Precipitation-hardening standard

Designations | United States: AMS 5342 , AMS 5343 , AMS 5344 ,

AMS 5355, AMS 5604 , AMS 5622 , AMS 5643 , AMS 5825,
ASME SA564 , ASME SA705, ASTM A564 , ASTM A693 ,
ASTM A705, MIL SPEC MIL-C-24111 , MIL SPEC MIL-S-
81506 , MIL SPEC MIL-S-81591 , SAE J467 (17-4PH) ,

UNS S17400
Composition
Element | Weight %
C 0.07
Mn 1.00
Si 1.00
Cr 15.5-17.5
Ni 3.0-5.0
0.04
S 0.03
Cu 3.0-5.0
Nb+Ta | 0.15-0.45

196



http://www.efunda.com/materials/elements/element_info.cfm?Element_ID=C
http://www.efunda.com/materials/elements/element_info.cfm?Element_ID=Mn
http://www.efunda.com/materials/elements/element_info.cfm?Element_ID=Si
http://www.efunda.com/materials/elements/element_info.cfm?Element_ID=Cr
http://www.efunda.com/materials/elements/element_info.cfm?Element_ID=Ni
http://www.efunda.com/materials/elements/element_info.cfm?Element_ID=P
http://www.efunda.com/materials/elements/element_info.cfm?Element_ID=S
http://www.efunda.com/materials/elements/element_info.cfm?Element_ID=Cu
http://www.efunda.com/materials/elements/element_info.cfm?Element_ID=Nb+Ta

Mechanical Properties

Conditions
Properties
T (°C) Treatment
Density (x1000 kg/m®) |7.7-8.03 | 25
Poisson's Ratio 0.27-0.30| 25
Elastic Modulus (GPa) | 196 25
Tensile Strength (Mpa) | 1070
Yield Strength (Mpa) 1000 - H1025 (bar, plate, sheet,
Elongation (%) 12 strip) more
Reduction in Area (%) |45
Hardness (HRC) 35-42 g5 | H1025 (bar, plate, sheet,
strip) more

Thermal Properties

Conditions

Properties
T (°C) Treatment
Thermal Expansion (10°/°C) 10.8 0-100 more
Thermal Conductivity (W/m-K) 18.3 100 more
Specific Heat (J/kg-K) 460 0-100
Electric Properties
Conditions

Properties

T (°C) Treatment

Electric Resistivity (10°[1-m)

800

25
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http://www.efunda.com/units/convert_units.cfm?From=190&mrn=7700#ConvInto
http://www.efunda.com/units/convert_units.cfm?From=190&mrn=8030#ConvInto
http://www.efunda.com/units/convert_units.cfm?From=55&mrn=25#ConvInto
http://www.efunda.com/units/convert_units.cfm?From=55&mrn=25#ConvInto
http://www.efunda.com/units/convert_units.cfm?From=319&mrn=196#ConvInto
http://www.efunda.com/units/convert_units.cfm?From=55&mrn=25#ConvInto
http://www.efunda.com/units/convert_units.cfm?From=339&mrn=1070#ConvInto
http://www.efunda.com/units/convert_units.cfm?From=55&mrn=25#ConvInto
http://www.efunda.com/materials/alloys/alloy_home/show_alloy_found.cfm?ID=17-4PH&prop=uts&Page_Title=Alloys%20Properties
http://www.efunda.com/units/convert_units.cfm?From=339&mrn=1000#ConvInto
http://www.efunda.com/units/convert_units.cfm?From=55&mrn=25#ConvInto
http://www.efunda.com/materials/alloys/alloy_home/show_alloy_found.cfm?ID=17-4PH&prop=hard&Page_Title=Alloys%20Properties
http://www.efunda.com/units/convert_units.cfm?From=876&mrn=1%2E08E%2D005#ConvInto
http://www.efunda.com/units/convert_units.cfm?From=55&mrn=0#ConvInto
http://www.efunda.com/units/convert_units.cfm?From=55&mrn=100#ConvInto
http://www.efunda.com/materials/alloys/alloy_home/show_alloy_found.cfm?ID=17-4PH&prop=cte&Page_Title=Alloys%20Properties
http://www.efunda.com/units/convert_units.cfm?From=245&mrn=18%2E300000000000001#ConvInto
http://www.efunda.com/units/convert_units.cfm?From=55&mrn=100#ConvInto
http://www.efunda.com/materials/alloys/alloy_home/show_alloy_found.cfm?ID=17-4PH&prop=tc&Page_Title=Alloys%20Properties
http://www.efunda.com/units/convert_units.cfm?From=886&mrn=460#ConvInto
http://www.efunda.com/units/convert_units.cfm?From=55&mrn=0#ConvInto
http://www.efunda.com/units/convert_units.cfm?From=55&mrn=100#ConvInto
http://www.efunda.com/units/convert_units.cfm?From=392&mrn=8E%2D007#ConvInto
http://www.efunda.com/units/convert_units.cfm?From=55&mrn=25#ConvInto

Appendix E.3 Specification of PZT29
FERROPERM

PIEZOCERAMICS A'S

Pz29
A very soft PZT with high sensitivity

P229 = a very S0l prezocaramic malerial with very Nigh coupiing 1actors and pezosiactric charge
coaficients. 115 spacially optmisad for applications whare high sansitwily, or high displacemants
are raquirad.

Typical appicalions ara:
1D, 20, 3D Madical array's lor maging syskems
Nkptprintheads

Actuators for madical, elecironicor oplical control systams
NCT sarsors wilh high sansilily

L

Main Characteristics of Ferroperm Pz29

Symbol Unit Pz29
EGeotrcal Properticn

Relafve disk aric permitfuity at 1 Kz Ky’ 2000
Ddechc desipation fackor al 1 ki n s 10? 19
Cure kmpsrabure o> C 235
Recormmended working range “ C 160
Egctromechanical Progerticn
Couging factors A 064
X 052
Ao a7s
Plezosleckic dharge oo ficient ap pO'N €75
Wechanical Progertice
Me chanicd Ouality Factor Chr s 90
Dengiy o q'am 7.45
X a'a " mes

Hejreckavve] 18+ DK-3200 + Kiistgaard » Donmark » Tel <45 - 40 127100+ Fax<45.49 138188
EMal: m@kroperm peno.com + Intemet:www Jerropermplezo com
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Tanpaatue dapancence o e pi odlechic courtden! dan for
F239 I comparison W other 5o FZT fomFarcpam

Faropanm Pezocaramics A/S § a company compieely dadicaled 1o he producton of
g Quality pezos B Clric CRramics for oUr man sratagicmarkats: Vraion sarsors, Now-
maters, madical degnostics, undarwaker acousiics, and NOT.

We have more han 45 years of axparance n produchon of aovanoed pezosiclrc
ceramics, and ampioy 1oday more han 50 molvalied pacple n managamant, proauchon,
ovelopmant and msexrd). We have axtansve axparenos n development and
mprovemant of products, which can il customers’ indivioual neads.

For more miormation on Femoparm and our materials please visk ouwr intarnal page
Netp: Www 2 rroperm-piezo.com
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Appendix E.4 SIMPosium (WCSIM)

From te Master

The Worshipful Company of Scientific Instrument Makers
9, Montague Close, London, SE1 9DD.
Tel: 020 7407 4832 Fax: 020 7407 1565

05 March 2008

Jittakant Intiang

Brunel University

School of Engineering and Design
Kingston Lane

Uxbridge

UBS8 3PH

Dear Jittakant,

SIMPosium

At the end of yesterday’s inaugural SIMPosium proceedings it was my pleasant duty to
chair the judging panel and present the Medal, Certificate and cheque to the winner. In
my remarks I made a special mention of your presentation because, in the opinion of the
judges, it was ‘Highly Commended’ and was a very close second to the winner, Michael

Schwertner from Oxford. Had there been a second prize to award then you would
certainly have won it.

I congratulate you on your first class performance and wish you every success in your
future studies and in your career.

Yours sincerely

Dok W

David W Smith
Master

cc Carl Saunders Singer, The Clerk

e-mail: theclerk@wcsim.co.uk Internet: http://www.wcsim.co.uk
Registered Charity No. 221332
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