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Abstract 
Today the need for mass produced items is ever growing with the demand for 

reproducible parts to be of a high precision.  The introduction of co-ordinate measuring 

machines (CMM) has seen the ability to inspect produced 3D parts at faster speeds 

combined with high precision.  The measurements with a CMM are carried out by a touch 

trigger probe at the interface between the produced part and machine.  The probe 

system includes a stylus tip which makes contact with the workpiece and a probe head 

where the sensing technology is housed.  The probe head and tip are connected by a 

shaft, typically constructed from steel or graphite fibre.  The registration of a touch must 

be achieved in a minimal time in order to promote sensitivity of the probe. 

  This thesis investigated the current touch trigger technology and found that a 

piezoelectric sensor may be incorporated into the shaft section.  Piezoelectric material is 

of interest as it is widely used in sensing technology and can be manufactured into small 

cylindrical structures.  This research has investigated the structures required for a sensor 

that would be applied to a touch trigger probe.  An interdigitated electrode or IDE was 

developed and optimised with the use of computational finite element analysis (FE) and 

laboratory experiments.  From this an understanding of the piezoelectric 

electromechanical behaviour with respect to the influence of the cylinder and IDE 

geometry on the electric field distribution and the resulting resonating characteristics was 

achieved.  Optimised IDE electrode, cylinder geometries and piezoelectric materials 

allowed for the manufacture of prototype piezoelectric touch trigger probes.  This was 

achieved by using a novel laser ablation process to manufacture IDE electrodes on the 3D 

piezoceramic surface.  Analysis of the resonance response of the prototype piezoceramic 

probes showed good relation to developed FE models.  Additionally, the prototype 

piezoceramic probes gave a good response to a mechanical contact.  This thesis presents 

a working prototype which future work can develop it into a working CMM system. 

  This work describes a novel approach to predict the effects of electric field on 

piezoelectric materials and the resulting dynamic behaviour in a multi-physics model.  

This was used to design, manufacture and characterise a working prototype which 

increases the sensitivity of a touch trigger probe.  
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CMM has become an established method for the inspection in the mass production 

market. 

 

With the advent of new production technologies, the need for the development of novel 

measuring systems is always at the forefront of industrial evolution.  This project will 

further develop a specific CMM device tool, known as the touch trigger probe, by 

integration of a piezoelectric sensor.  This will in turn promote greater precision in the 

technology.  Advanced piezoelectric ceramics are becoming commonplace in sensors and 

actuators, and are found in SONAR, medical devices, aerospace and automobile 

applications [4,5].  Any innovation of a machine or product must increase its working 

scope and capabilities, and not hinder its operation.  A full understanding of the touch 

trigger probe and piezoceramic structures must be established to develop an innovative 

design. 

 

This work aims to further increase the capabilities of the touch trigger system by 

developing a novel piezoceramic touch sensor.  The overall structure will be constrained 

by the geometry of the touch trigger probe and must be taken into consideration.  The 

development of a piezoceramic element has the potential to decrease the response time 

of a recorded touch event of the mechanical system.  This will allow for greater accuracy 

in CMM measurements.  Taking an understanding of piezoceramic materials and using it 

to develop and build prototype structures with novel electrode geometries is motivation 

of this PhD. 

 

1.2 Thesis structure 

An overview of the current products and materials is presented in Chapter 2.  This 

involves a review of the current literature regarding touch trigger probe systems and 

piezoelectric materials.  Innovations in both technologies is given, with the strengths and 

weaknesses discussed in the concluding remarks.  Objectives of this thesis are outlined on 

the basis of the literature review. 
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Chapter 3 investigates the effect of varying the geometry of piezoceramic tubes in 

relation to their resonance behaviour.  This is carried out using practical experimentation 

along with computational finite element modelling for the prediction of resonance modes 

and frequencies without the need for the manufacturing large numbers of precision 

ceramics.  Similarly, a powerful developed computational model is presented for the 

analysis of novel structures. 

 

Chapter 4 investigates the effect of both low and high mechanical stresses on 

piezoceramic tubes.  This provides an understanding of the resonant behaviour of small 

piezoceramic tubes at low stresses, where touch trigger probe technology operates, and 

also at higher, detrimental stresses.  This work also illustrates the limitations of current 

electrode arrangements of piezoceramic tubes. 

 

In Chapter 5 a finite element model for predicting the effect of the electric field on the 

polarisation of piezoceramic structures is developed.  This understanding is core to the 

development of ceramic structures with unique electrode patterns.  Work carried out has 

been compared to experimental data, where it has been thought that poor polarisation 

attributes to the degradation of piezoelectric performance. 

 

The developed understanding and tools for prediction the piezoelectric behaviour is 

applied in Chapter 6 to design a piezoceramic tube for the use in touch trigger probe 

technology.  Material selection, electrode arrangement and geometries are all applied to 

computational modelling to calculate optimum structures that are best suited to the end 

application. 

 

The application of the device design is applied to the manufacture of a prototype 

piezoceramic device in Chapter 7.  The device is evaluated by the use of mechanical 

testing to simulate applied loads that current touch trigger probe technologies are 

subjected to.  The manufacture of a prototype allows for the evaluation of the techniques 

used to predict and optimise piezoceramic structures.  This is discussed further in the 

concluding remarks of Chapter 8.  In this chapter, future work is discussed as the 
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techniques established in this thesis give the opportunity to develop and manufacture 

devices for the use in touch trigger probes. 
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Chapter 2: Background 

2.1 Introduction 

This chapter provides the reader with a comprehensive overview of the research on touch 

trigger technologies and piezoelectric ceramic materials, which represents the main 

topics of this thesis.  The most significant achievements, along with technological gaps in 

the current technology are highlighted in this chapter.   

 

2.2 Literature Review 

2.2.1 Introduction 

The ability to carry out rapid measurements on a manufacturing production line has been 

enhanced with the introduction of the touch trigger probe system.  With the increasing 

needs to developing new capabilities, a clear understanding must first be established of 

the trigger probe, and the typical co-ordinate measuring machine (CMM) which it is 

commonly integrated within. 

 

The inspection of a workpiece during the manufacturing process is traditionally referred 

to as the post process inspection; this involves the measurement of workpiece 

dimensions after manufacture resulting in an acceptance or rejection of the workpiece.  A 

feedback control allows for the reduction in waste and measurement during the 

manufacturing process, referred to as in-process gauging [1], where a CMM is an ideal 

device for performing this style of operation.  For a CMM the mode of measurement can 

be achieved with the utilisation of a probe.  The touch trigger probe system is used to 

generate an electronic signal during mechanical contact of a probe with a workpiece 

surface.  This results in a known measurement from a pre-defined scale on the CMM.  

Current mechanical machines use piezoceramic technology in an attempt to improve its 

function [2], therefore the fundamentals of piezoelectric materials, notably ceramics will 

be discussed.  Approaches in driving piezoelectrics as well as the manufacturing processes 

that can be used for developing novel piezoceramic structures will also be investigated, 

and the means to apply a novel arrangement of electrodes will be examined. 
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vector rp to the centre point of the ball and the vector b from the centre point to the 

actual contact point [1]. 

 

The machine co-ordinate system may be Cartesian or Spherical.  A three dimensional co-

ordinate system applied to the workpiece (xw, yw, zw) may be measured to give the output 

as rw in Figure 2-8.  This multidimensional measurement of the defined reference point 

can be successfully achieved by a CMM device. 

 

Gauging of the measurement of a workpiece to a suitable engineering standard relies on 

the configuration of the CMM system.  The accuracy of the machine is crucial to its 

operation.  The set-up of the contact point, the stylus, is of importance to precision of 

measurement [1,2,6].  The requirements for a precise system must consist of the 

following: 

i) A contact point such as a stylus ball, 

ii) A device to transfer information of the contact point such as a stylus shaft, 

iii) A spring device to produce a defined probing force, 

iv) A sensor or electric switch to sense the interaction of the contact point and 

workpiece surface, 

v) A transmission of the output information to a scale or post processing. 

 

2.3.2 Touch trigger probe system and piezoelectric ceramics 

Pre-travel variations in touch trigger probes are detrimental to the accuracy, and are seen 

in the response switch time in Figure 2-4.  Occurrences of pre-travel are when there is 

machine travel after an initial contact with the workpiece surface, without contact 

recognition [1], one such source is a result of machine vibration leading to a false switch 

signal [2].  One recent development of the probe trigger was the introduction of a 

piezoelectric sensor which allowed for the recognition of a probe contact with a 

workpiece surface.  Piezoelectric sensors allow for the use of heavier styli for longer 

period of times without degradation of the measurement process, with a schematic 

diagram of the system seen in Figure 2-9.  Although the probe serves well in validating or 

rejecting a measurement for the purpose of operation, the incorporation of the 
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piezoelectric sensor within the body of the touch probe tends to increase the size of the 

device.  The consequence of this is that the dynamic properties of the sensing module 

(Figure 2-5) are adversely affected [8], such as false triggering occurring due to pendulum 

motion of the stylus during movement. 

  










































































































































































































































































































































































































































