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Abstract
In this thesis pre-stressed piezoelectric actuators for micro and fine mechanical applications have
been developed. First, RAINBOW (Reduced And INternally Biased Oxide Wafer) and thick film
actuators were manufactured and their electromechanical properties were characterised. In the second
part, the novel pre-stressed piezoelectric actuator PRESTO (PRE-STressed electrOactive component
by using a post-fired biasing layer) was developed and its electrical and electromechanical properties
were measured.

Commercial piezoelectric PZT 5A and PZT 5H discs were used in the RAINBOW and PRESTO
actuators and PLZT paste for thick film actuators. The pre-stressing of the PRESTO actuators was
based on the sintering shrinkage and different thermal expansion coefficient of the piezoelectric disc
and passive material. Dielectric LTCC tape and AgPd paste were utilized as pre-stressing media and
passive layer by using lamination and screen-printing, respectively. Different active and passive layer
thicknesses and electrode materials were realized in order to obtain high displacements and good load
bearing capability for actuators.

The PRESTO actuators showed a significantly higher coercive electric field than their bulk
counterparts, but a decreased remanent polarisation. The displacement as a function of load was
measured under 0.3–3 N loads and electric fields up to ±0.75 MV/m. The highest displacement of
118 μm was obtained with a 250 μm thick PZT 5H actuator (Ø 25 mm) with LTCC tape (thickness
~96 μm) as the pre-stressing material. The corresponding actuator with AgPd pre-stressing material
(thickness ~33 μm) produced 63 μm displacement. Additionally, PRESTO actuators were tested with
a glued steel layer in a mechanical amplifier which obtained displacements up to 1.2 mm. 

Effective d31 coefficients of the PRESTO actuators were derived using an analysis based on
unimorph model and measured displacement data. The actuators exhibited significantly enhanced
effective d31 coefficients (d31eff = -690 pm/V and d31eff = -994 pm/V for PZT 5A and 5H,
respectively) comparable to the RAINBOW actuators. Mass-producible PRESTO actuators with high
displacement, moderate load bearing capabilities and integration possibilities can be utilised in
various micro and fine mechanical devices e.g. dosing devices, electromechanical locks, regulators,
positioners vibrators, speakers, adjusters, pumps, valves, relays, dispensers, micromanipulators, etc. 
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 List of abbreviations and symbols 

δ Displacement along the longitudinal axis 
ν Poisson’s ratio 
νnp Poisson’s ratio of non-piezoelectric material 
νp Poisson’s ratio of piezoelectric material 
Δhmax,circ The maximum calculated axial displacement of the circular unimorph 

actuator 
Δhmax,rect The maximum calculated axial displacement of the rectangular 

unimorph actuator 
Δhmeas Measured axial displacement 
d31 Piezoelectric coefficient at 90° from direction of polarisation 
d31eff Calculated effective piezoelectric coefficient at 90° from direction of 

polarisation 
d33 Piezoelectric coefficient in direction of polarisation  
dij Piezoelectric coefficient; electric field applied at i axis and strain in j 

axis 
E Electric field  
Ec Coercive electric field 
Enp Young’s modulus of non-piezoelectric material 
Ep Young’s modulus of piezoelectric material 
f Frequency 
F Force 
Ly Width of an actuator 
Lx Length of an actuator 
P  Vector of poling direction 
Pr Remanent polarisation 

1S  Strain along longitudinal axis 
tnp Thickness of a non-piezoelectric material 
tp Thickness of a piezoelectric material  
V Voltage 
Cermet Composition of ceramic and metal 
CTE Coefficient of Thermal Expansion 



CERAMBOW CERAMic Biased Oxide Wafer 
FEM  Finite Element Method 
FIB Focused Ion Beam 
LaRC-SI™ Amorphous thermoplastic developed at NASA  
LIPCA LIghtweight Piezo-composite Curved Actuator 
LTCC Low Temperature Co-fired Ceramic 
MEMS Micro-Electro-Mechanical System 
PRESTO PRE-STressed electrOactive component by post-fired biasing layer 
PZN-PZT Composition of a Lead Zinc Niobium and Lead Zirconate Titanate 
PZT Composition of a Lead Zirconate Titanate 
PLZT Composition of a Lead Lanthanum Zirconate Titanate 
RAINBOW Reduced And INternally Biased Oxide Wafer  
RB RAINBOW 
THUNDER THin-layer composite UNimorph ferroelectric DrivER and sensor 
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1 Introduction 

1.1  Piezoelectric actuators 

Actuators creating force and displacement are required for a variety of industrial and 
consumer products to produce regulation, on-off motion or continuous operation. 
Actuators are an essential part of the machine and are key for better performance and new 
characteristics of the device e.g. the injection system of the car or an alignment of the 
optical fibre.  

Actuators manufactured from active materials have been under extensive research in 
the past decade. Piezoelectric actuators produce 100 to 1000 times the mechanical work 
per unit volume and 10 times the energy per mass compared to conventional actuators 
(i.e. electromagnetic, hydraulic or pneumatic). Piezoelectric actuators have a wide 
frequency range, high resolution, fast response times and the ability to generate high 
forces with low power consumption. (Culshaw 1996) 

The direct piezoelectric effect was found by Pierre and Jacques Curie in the 1880s in 
Rochelle salt and soon after this the converse effect was discovered. The converse 
piezoelectric effect changes the dimensions of the material under an electric field. After 
discovery, it took several decades before the phenomena were exploited in commercial 
applications. The first application was probably ultrasonic detector for submarines which 
was developed in 1940s during the World War II. (Chopra 2002) Ever since the 
piezoelectric materials have been developed to improve their performance and extend 
their feasibility. 

The most widely used piezoelectric material today is lead zirconate titanate, PZT, that 
induces strains of the order of 0.1 % to 0.2 % (Park & Shrout 1997). In order to reach 
higher displacements, different kinds of actuator configurations are used to amplify 
dimensional changes of the material. These amplification mechanisms can be divided into 
externally, frequency and internally leveraged actuators (Niezrecki et al. 2001). Rough 
estimation of the stress versus strain characteristics of different type of actuators are 
shown in Fig. 1.  
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Fig. 1. Stress strain relationship of different type of actuators (edited from Haertling 1994 a, 
Haertling 1997). 

Externally leveraged actuators are based on external mechanisms that amplify 
displacement using e.g. hydraulic amplification, levers or Moonie type structures. 
(Niezrecki et al. 2001) Frequency-leveraged actuators rely on many small steps typically 
taken by non-leveraged actuator at high frequency e.g. travelling wave or inchworm 
motors (Tenzer & Mrad 2004, Uchino 1997, Niezrecki et al. 2001). Internally leveraged 
actuators include for example unimorph, bimorph, stack and telescope actuators. These 
actuators produce relatively high displacements utilising bending of the material or the 
extended length of the piezoelectric material. (Niezrecki et al. 2001) 

In order to expand the application range of piezoelectric devices a high/moderate load 
bearing ability is also needed. The piezoelectric coefficients are a function of the stress 
bias in the material which can be utilised to enhance the piezoelectric properties of the 
actuators. Therefore, mechanically pre-stressed internally leveraged actuators such as 
RAINBOW, THUNDER, etc. have been under research recently offering high 
displacement and moderate load bearing capability (Fig. 1). These properties, combined 
with low power consumption, high resolution and fast response times can be utilized in 
applications of fine and micromechanics, telecommunication, optics, fluidics, medical 
technology, vibration and noise control, military, space and the car industry. 

1.2  Objective and outline of the thesis 

The objective of the thesis is to develop an pre-stressing method and internally leveraged 
pre-stressed piezoelectric bending actuators feasible for integration, mass-production and 
fine and micro mechanical applications. Such actuators should also be able to produce 
forces of several newtons and displacements of dozens of micrometres. A further 
objective was to gather information and performance of the present pre-stressed actuators 
in order to compare their characteristics.  
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In Chapter 2, characteristics and manufacturing methods for existing pre-stressing 
actuators are described to give guidelines, requirements and specification for further 
development and analysis. In Chapter 3, pre-stressed RAINBOW and thick film actuators 
are manufactured and their characteristics are investigated. In Chapter 4, a new pre-
stressed actuator known as PRESTO (PRE-STressed electrOactive component by using a 
post-fired biasing layer) and its associated manufacturing method is introduced and 
developed. The objective was to find materials and optimize manufacturing process for 
these actuators, test their performance and to amplify their displacement with an external 
fine mechanical amplifier. Theoretical analysis, comparison and further development 
possibilities are also discussed. Development stages of novel pre-stress piezoelectric 
actuator are shown in Fig. 2.  

Fig. 2. Development stages of novel pre-stressed piezoelectric bending actuator.  

In this thesis, a novel mass-producible manufacturing method for pre-stressed 
piezoelectric bending actuators is introduced. These PRESTO actuators have high 
displacement, moderate load bearing capabilities and the possibility to be integrated with 
e.g. LTCC (Low Temperature Co-fired Ceramic) circuit board.  



2 Pre-stressed piezoelectric bending actuators 

Background information, operating principles, manufacturing methods and characteristics 
of existing pre-stressed benders are described to give guidelines, requirements and 
specifications for actuator development. The characteristic properties of the actuators are 
gathered and theoretically evaluated for further analysis and comparison. 

2.1  Background 

In the early 1930s, bimorph and unimorph type benders without pre-stress were 
developed utilising bending of the actuator in displacement amplification. The bimorphs 
consisted of two active layers working against each other while unimorph type actuators 
consisted of one active and one passive layer (US Patent 1931, Germano 1971, Niezrecki 
et al. 2001) In the late 1980s a branch of unimorph type actuators called monomorphs 
was developed. (Nakamura et al. 1987, Uchino et al. 1987) These utilised a monolithic 
structure without a separate bonding layer between the active and passive materials. 
(Uchino 1997) Mechanically pre-stressed internally leveraged bending actuators are 
categorised as unimorph or monomorph actuators depending on their structure. In such 
actuators the basic structure is the same, but it is under mechanical pre-stress which alters 
the actuator behaviour and shape.  

The first pre-stressed bending actuator was named RAINBOW (Reduced And 
INternally Biased Oxide Wafer) and it was introduced by Haertling (Haertling 1994 a) in 
1994 (Fig. 3).  



19

Fig. 3. Schematic drawing of RAINBOW actuator. 

This monomorph actuator structure is able to give load bearing capabilities over 30 N and 
displacements over 3 mm with a single wafer having 100 mm diameter and thickness of 
375 µm. According to Haertling, these actuators produce higher displacements and have 
greater load bearing capabilities than normal bender actuators due initially to the pre-
stressed state of the ceramic. (Haertling 1997) Since then several other pre-stressed 
actuator structures has been introduced.  

The CERAMBOW (CERAMic Biased Oxide Wafer) actuator was introduced by 
Barron et al. in 1996 and in the same year THUNDER (THin-layer composite UNimorph 
ferroelectric DrivER and sensor) was introduced by NASA (Barron et al. 1996, Nolan-
Proxmire & Henry 1996). The CRESCENT actuator was introduced by Chandran et al. in 
1997 (Chandran et al. 1997) and LIPCA (LIghtweight Piezo-composite Curved Actuator) 
as an improved version of the THUNDER actuator was developed by Yoon et al. in 2000 
(Yoon et al. 2003). In these unimorph type actuators active and passive layers were 
bonded together by using solder or thermally cured adhesive at elevated temperature. Pre-
stress is formed during cooling due to the different thermal shrinkage of the piezoceramic 
and passive material. 

An alternative processing route for RAINBOW type piezoelectric actuators was 
introduced in 1998 by Pearce and Button and in 2001 a d31 gradient flextensional 
actuator, PrinDrex, was introduced by Li et al. Both actuators utilised a co-firing process 
in formation of the pre-stress. In such actuators, mismatch in sintering shrinkage, instead 
of the CTE (Coefficient of Thermal Expansion) difference, is the key to obtaining the 
pre-stressed state. The actuator developed by Li et al. demonstrated also a functionally 
graded structure where passive material was replaced by piezoelectric ceramic with a 
lower d31 piezoelectric coefficient. (Pearce & Button 1998, Li et al. 2001) 

The most recent development in the field is a multilayer pre-stressed monomorph 
actuator via a co-extrusion method, introduced by Yoon et al. in 2005. The method 
utilises a co-fired composite of PZN-PZT (lead zinc niobium and lead zirconate titanate) 
and dispersed silver particles introducing the initial pre-stress state due to the CTE 
mismatch. (Yoon et al. 2005, Yoon et al. 2006) Performance and manufacturing methods 
of the pre-stressed unimorph-type actuators are introduced in Chapter 2.3 in detail.  
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It should also be noted that other unimorph-type actuators, such as thick and thin film 
piezoelectric actuators deposited, for example, on silicon, have been produced for a long 
time (Chen et al. 1995, Lappalainen et al. 1995). Internal asymmetric pre-stress can be 
also formed in these actuators due to e.g. a different coefficient of thermal expansion or 
sintering shrinkage. The presence of pre-stress can be recognized in the properties of the 
structures (Chung et al. 1994, Paradise et al. 1994, Lappalainen et al. 1995, Lappalainen 
1999, Leppävuori et al. 1999). Therefore control of the stresses in MEMS (Micro-
Electro-Mechanical System) as well as in mesoscale actuators is important in order to 
improve their characteristics and avoid unbeneficial behaviour or breakage (Shepard et 
al. 1996, Koch et al. 1998, Iborra et al. 2004). 

2.2  Characteristics 

In piezoelectric actuators, the displacement generation capability is described with the dij 
coefficients. These coefficients define the magnitude of the strain or displacement 
generated under an electric field. The piezoelectric coefficient perpendicular to the poling 
axis is (Culshaw 1996)  

S L1 xd31 VE
tp

δ
= =  (1) 

where ( 1S ) is strain and (δ) displacement along the longitudinal axis (x-axis or axis 
number 1), (E) electric field in the (tp) thickness (z-axis or axis 3) direction, (V) the 
applied voltage and (Lx) the length of the actuator. Directions of the piezoelectric 
coefficients parallel (d33) and perpendicular (d31) to the poling axis are shown in Fig. 3. 
The effects of these coefficients are opposite due to the fact that, when the actuator is 
excited parallel to the poling field, the thickness of the actuator increases while the length 
of the actuator decreases. Reverse excitation produces the opposite behaviour. Typically, 
piezoelectric d33 and d31 coefficients are specified by the material manufacturer under 
stress-free conditions at low electric fields, constant frequency and/or as a function of 
temperature. All these factors affect the piezoelectric coefficients.  

The behaviour of d33 and d31 under stress depends on material composition (Zhao et al. 
1998, Zhang & Zhao 1999, Yang et al. 2000). In Fig. 4 normalised d33 and -d31 
piezoelectric coefficients are shown as a function of increasing and decreasing stress. As 
can be seen, d33 and -d31 piezoelectric coefficients of softer materials (PZT 5A and 5H) 
tend to decrease when more stress is applied to the ceramic. Therefore, the displacement 
of an actuator would decrease. On the other hand, harder piezoelectric materials (PZT 4 
and 8) show a tendency to increase d33 and -d31 values, which is beneficial in higher load 
actuator applications. (Zhang & Zhao 1999) 
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Fig. 4. The dependence of weak signal d33 and d31 coefficients of PZT 5H, PZT 5A, PZT 4 and 
PZT 8 under compressive uniaxial stress parallel to poling (Zhang & Zhao 1999). 

In Fig. 5 values of the -d31 piezoelectric coefficient are presented showing the importance 
of the proper stress level. It can be seen that when stress levels are increased above ~63 
MPa piezoelectric materials PZT 5A and 5H have lower |d31| than PZT 4 and 8 (Fig. 5 a). 
Consequently, values of the |d31| remain decreased after removal of the mechanical pre-
stress from PZT 5A and 5H materials (Fig. 5 b). This is due to partial de-poling of the 
softer piezoelectric materials by mechanical stress while harder materials, PZT 4 and 8, 
are not as easily de-poled (Zhang & Zhao 1999). Pre-stressing/pre-loading has been 
utilized, for example, in stacked piezoelectric actuators and high power underwater 
transducers with resulting improvements in piezoelectric coefficients, electromechanical 
coupling factors and reliability. In such cases tensile stresses under high electric field 
driving conditions are kept to a safe level by adjusting the initial compressive stress in the 
piezoceramic. This is a consequence of the inherently higher mechanical strength of the 
ceramic under compressive stress than under tensile stress. (Zhang & Zhao 1999, PI 
Ceramic 2005) 
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Fig. 5. The dependence of weak signal d31 coefficients of PZT 5H, PZT 5A, PZT 4 and PZT 8 
under a) increasing and b) decreasing compressive uniaxial stress (Zhang & Zhao 1999). Data 
extracted from Fig. 4. 

In pre-stressed bender actuators, the situation is different because the actuators utilize 
tensile stress in the lateral direction. Research has been made concerning the effect of the 
transverse tensile stress on the properties of the bulk and pre-stressed bending actuators. 
The results show that a suitable stress state will change the initial domain configuration 
and electromechanical characteristics, especially at high electric fields, leading to an 
increased d31 coefficient (Li et al. 1997, Schwartz et al. 2001, Schwartz & Moon 2001, Li 
et al. 2002, Lee et al. 2005). 

Mechanical stress also has an effect on the electrical properties of the active ceramic 
which have been studied in many publications for e.g. bulk and pre-stressed bending 
actuators. The hysteresis loop (Fig. 6) of the polarisation plays an important role in the 
investigation of actuator behaviour under a high electric field. (Wang et al. 1989, Wang et 
al. 1991, Lynch 1996, Dausch 1997, Zhang & Zhao 1999, Ounaies et al. 2001, Zhou et 
al. 2005) The hysteresis curve provides information about, for example, coercive electric 
field and remanent polarisation which are crucial in the determination of suitable poling 
conditions. This is particularly important from the operational point of view, since the 
stress state in actuators alters the remanent polarisation and coercive electric field that can 
enhance actuator performance. The coercive electric field (Ec) is the point where 
polarisation of an actuator is zero (Fig. 6). It determines how high an electric field is 
required to negate the charge of an actuator due to polarisation of domains in the 
material. It also provides information about the minimal poling field which should be 
applied in order to change polarisation and what is the maximal usable electric field 
during excitation of the actuators. If excitation exceeds the coercive electric field, de-
poling or re-poling occurs which has an effect on actuator properties and performance. 
This is especially important for bimorph actuators where elements are driven with an 
electric field opposite to poling. Typically, actuators are driven with ±1/3 AC field of the 
coercive electric field to avoid disturbance of the poling. Similarly, the electric field limit 
for re-polarisation is about half that of the initial coercive electric field. (Lynch 1996, 
Hughes & Bednarchik 2000) Using electrical biasing, an actuator can be driven from -1/3 
of the coercive field up to 80 % of the maximum allowable tensile strain. By this means 
much higher AC electric fields can be applied. (Hughes & Bednarchik 2000)  
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Fig. 6. Hysteresis loop of the piezoelectric material. 

The remanent polarisation is determined from the intersection of the hysteresis loop and 
the polarisation axis as the electric field is returned from its maximum and minimum 
values to zero, as shown in Fig. 6. In other words it describes the polarisation level or 
density of the remaining charge as a consequence of the orientation of the domains. The 
magnitude of the piezoelectric properties depends on the polarisation. The level of the 
remanent polarisation depend on material composition and is non-linearly related to the 
piezoelectric coefficients e.g. d33 and d31 in polycrystalline piezoelectric ceramics. (Wang 
et al. 1991, Moulson & Herbert 2003) Therefore, it can be used to optimise the poling 
conditions and maximise output of the actuators.  

In the case of the internally leveraged actuators (Fig. 3) the displacement is mainly 
produced by bending via the d31 coefficient. Benders are typically thin but long so that the 
displacement produced by d31 is much larger than that produced by d33 in spite of the fact 
that d33 is significantly larger than d31 (d33=593 pm/V d31=-274 pm/V for PZT 5H under 
stress free conditions) (Berlincourt et al. 2005, Morgan Electro Ceramics 2005). 
Displacement of the actuator depends on its structure, materials, actuation mode and 
clamping (Sherrit et al. 1994).  

Contraction and expansion of the active material in the lateral direction is resisted by 
passive material (cermet and metallic layers in Fig. 3) or material with a lower d31 
coefficient. The structure is forced to bend under electrical excitation due to the stresses 
between these two layers. In Fig. 3 the result of this would be seen as flattening of the 
RAINBOW actuator when driven with an electric field parallel to poling. Bending of the 
actuator can produce significant axial displacement via amplification of the lateral 
displacement (a factor of over a hundred can be achieved). The amplification depends on 
the size and shape of the actuator, Young’s modulus and the material thicknesses of the 
passive and active materials. (Furman et al. 1994, Haertling 1997, Shih et al. 1997, Mossi 
et al. 1998, Wise 1998, Li et al. 1999) Optimal material thickness ratios for circular and 
rectangular unimorph type benders can be calculated through the maximum axial 
displacement capability of the actuator (Li et al. 1999)  
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where (tp) and (tnp) are thicknesses, (Ep) and (Enp) are Young’s modulus of the 
piezoelectric and non-piezoelectric material respectively, (ν) is Poisson’s ratio of both 
materials, (E) is electric field, (d31) is lateral piezoelectric coefficient, (Lx) is length or 
diameter and (Ly) is the width of the actuator. The analytical solution assumes that the 
unimorph is standing freely on the support, the highest displacement (Δhmax,circ and 
Δhmax,rect) occurs in the centre of the actuator and that the Poisson’s ratio is the same for 
the piezoelectric and non-piezoelectric materials. Fig. 7 shows theoretical and 
experimental results obtained by Li et al. (Li et al. 1999) 

Fig. 7. Displacement of unimorph at a constant voltage as a function of the brass/PZT 
thickness ratios for squares and discs (Li et al. 1999). 

The calculations and experiments in Fig. 7 were made for a PZT disc (∅25.4 mm and 
thickness 1.0 mm) and a PZT square (length 15.2 mm and thickness 0.381 mm) together 
with glued brass backing with different thicknesses (0.127-0.813 mm). Displacements 
can be increased by a factor of several times by adjusting the thickness of the materials. 
Using a ~0.38 thickness ratio of passive and active materials gives the maximum results 
for circular and square unimorphs as shown in Fig. 7. (Li et al. 1999) Even though the 
experiments and equations were for unimorph actuators, the same rules apply also for 
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pre-stressed actuators (Furman et al. 1994, Haertling 1997, Shih et al. 1997, Mossi et al. 
1998, Wise 1998, Li et al. 1999, Wang & Cross 1999 b, Li et al. 2001 Schwartz et al. 
2001). 

2.3  Manufacturing methods and performance 

Since the year 1994, several pre-stressing methods have been introduced. The earliest 
actuators utilized a mismatch of the coefficient of the thermal expansion (CTE) between 
different layers. Recently, sintering shrinkage has also been utilised as an agent of the 
pre-stress. Manufacturing methods and properties of pre-stressed benders and unimorph 
actuator are gathered into Table 1 and 2, used later in calculations and comparison. 

Table 1.  Manufacturing methods and properties of unimorph and pre-stressed benders. 

Actuator Unimorph RAINBOW CERAMBOW CRESCENT RAINBOW 
type actuator 

Pre-stress No 
pre-stress 

CTE and volume change CTE CTE Sintering 
shrinkage 

Method Gluing in 
room temp. 

Reduction Soldering Thermally 
cured glue 

Co-sintering 

Piezo APC  
PZT-857 

PZT 5A 1) PZT 5H 1) PLZT 
1.0/53/47 

PLZT 
5.5/53/47 2) 

PKI550 
(PZT 5H) 

PZT 
+5wt.% Ag2O 

Sample D3 33 % 
metal 

25 % 
metal 

RB1053-8 - Sample in 
250 °C 

- 

Lx x Ly [mm] ∅25.4 ∅25.4 ∅25.4 ∅22.4 ∅31.75 26x11 ∅31.0 
tp [µm] 1000 255 381 322 432 1090 400 
tnp [µm] 381 

(brass) 
126 

(cermet) 
127 

(cermet) 
110 

(cermet) 
127 

(brass) 
370 

(SS302) 
400 (PZT + 

28wt.% Ag2O) 
E [MV/m] +0.40 ±0.75 ±0.75 +1.60 +1.04 0.185  ±0.325 
F [N] - 0 0 - 0 - - 
f [Hz] - 1 1 - - 100 0.15 
Ep [GPa] 62.5 69 1) 72 1) 74.2 74.2 3) - - 
Enp [GPa] 110 4) 62.6 3) 62.6 3) 62.6 110 4) 210 4) - 
d31 [pm/V] -295 -171 1) -274 1) -271 -271 3) - - 
νp 0.3 5) 0.35 1) 0.34 1) 0.374 0.374 3) 0.3 - 
νnp 0.3 0.342 3) 0.342 3) 0.342 0.34 0.3 - 
Δhmeas [µm] ~6.9 ~178 ~135 ~117 ~88 ~25.5 6) 9 
References (Li et al. 

1999) 
(Wise 
1998) 

(Wise 
1998) 

(Li et al. 
1997) 

(Barron et al. 
1996) 

(Chandran
et al. 1997) 

(Pearce & 
Button 1998) 

Length or diameter (Lx), width (Ly), thicknesses of piezoceramic (tp) and passive (tnp) material, electric field (E), 
force in measurement (F), frequency (f), Young’s modulus of piezoceramic (Ep) and passive (Enp) material, 
piezoelectric coefficient (d31) Poisson’s ratios of piezoceramic (νp) and passive (νnp) materials and measured 
displacement (Δhmeas). 1) Properties not mentioned in publication, properties of PZT 5H and 5A piezoelectric 
ceramics used in PRESTO experiments were used. 2) Note that composition used in experiments by Barron et al. 
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was PLZT (5.5/56/44) with slightly different characteristics. 3) (Li et al. 1997). 4) (Goodfellow 2005). 5) Not 
mentioned in publication, selected for analysis. 6) Cantilever clamped from one end. 

Table 2. Manufacturing methods and properties of pre-stressed benders. 

Actuator THUNDER Prindrex / d31 gradient actuator LIPCA Co-extruded 
PZN-PZT 

Pre-stress CTE Sintering shrinkage CTE CTE 
Method Thermally cured  

LaRC-SI™ 
Co-pressing and co-sintering Thermally cured 

epoxy  
Co-extrusion and 

co-sintering 
Piezo PZT 5A 

1) 
PZT 5H 

1) 
PZT  

E70/E63 
PZT 

E76/ZnO 
3195 HD  
(PZT 5H) 

PZN-PZT  

Sample 33% 
metal 

25% 
metal 

Thickness  
ratio 1 

E76/ZnO + 
4wt.% Sb2O3 

LIPCA  
Model C1 

- 

Lx x Ly [mm] ∅25.4 ∅25.4 ∅25.4 ∅25.2 72.42x23 2) 50x20  
tp [µm] 255 381 500 (PZT E70) 670 250 420 (PZN-PZT) 
tnp [µm] 126 (Al) 127 (Al) 500 (PZT E63) 330 280 3) 420 (PZN-PZT+ 

50wt.% Ag) 
E [MV/m] ±0.75 ±0.75 +1.00 +0.90 ±0.75 +1.43 
F [N] 0 0 - - 0 - 
f [Hz] 1 1 0.05 0.05 1 - 
Ep [GPa] 69 1) 72 1) 63 (PZT E70) 62.5 67 74.5 
Enp [GPa] 70.6 4) 70.6 4) 100 (PZT E63) 110 5) 80 
d31 [pm/V] -171 1) -274 1) -180 (E70-E63) 6) -250 -190 -230 
νp 0.35 1) 0.34 1) 0.3 0.3 0.31 0.3 7) 
νnp 0.345 4) 0.345 4) 0.3 0.3 0.31 0.3 7) 
Δhmeas [µm] ~138 ~114 16 40 ~1051 ~175 
References (Wise 

1998) 
(Wise 
1998) 

(Li et al.  
2001) 

(Li et al. 
2001) 

(Yoon et al. 
2003) 

 (Yoon et al. 
2005 a) 

Length or diameter (Lx), width (Ly), thicknesses of piezoceramic (tp) and passive (tnp) material, electric field (E), 
force in measurement (F), frequency (f), Young’s modulus of piezoceramic (Ep) and passive (Enp) material, 
piezoelectric coefficient (d31) Poisson’s ratios of piezoceramic (νp) and passive (νnp) materials and displacement 
(Δhmeas). 1) Properties not mentioned in publication, properties of PZT 5H and 5A piezoelectric ceramics used in 
PRESTO experiments were used. 2) Total length 100 mm and total width 24 mm. 3) Bottom layer: glass/epoxy 
(90 µm) + carbon/epoxy (100 µm) + glass/epoxy (90 µm), top layer: glass/epoxy (90 µm). 4) (Goodfellow 
2005). 5) Young’s modulus of carbon/epoxy 231.2 GPa in axis 1, and 7.2 GPa in axis 2 and glass/epoxy 21.7 
GPa. 6) PZT E70 d31: -230 ± 30 pm/V, PZT E63 d31:-30 ± 10 pm/V. 7) Not mentioned in publication, selected for 
analysis.  

The RAINBOW actuator is manufactured by a reduction process at elevated temperature 
(600-1000 °C) where one side of the piezoelectric ceramic disc is placed in a reducing 
medium. Typically, carbon is used as a reducing agent which reduces oxides of the 
piezoelectric material and produces layers of cermet and metallic lead on the disc. The 
different thermal expansion coefficients of the unreduced ceramic and the cermet and/or 
metal layers introduce asymmetric internal stresses during cooling. (Furman et al. 1994, 
Wang & Cross 1999 a) Additionally, reduction of the volume in the reduced layer induces 
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more stress into the actuator (Haertling 1994 b, Furman et al. 1994). High displacements 
of the actuators are obtained due to the contraction and expansion produced via the d31 
coefficient, as explained in Chapter 2.2. RAINBOW actuators have generally exhibited 
the highest displacement capabilities among the pre-stressed bending actuators, excluding 
the recently developed LIPCA (Barron et al. 1996, Pearce & Button 1998, Wise 1998, Li 
et al. 2001). 

CERAMBOW actuators are manufactured by soldering a piezoceramic onto a metal 
e.g. brass. Soldering was carried out at ~250 ºC on a hot plate where the solder was 
uniformly applied on a brass sheet. After heating the solder and metal sheet, the pre-
heated piezoelectric disc was placed on the solder with applied weight. Pressure was 
applied during cooling for a short period of time in order to keep the ceramic and metal 
surfaces attached. When cooled, the CERAMBOW actuator bends due to the different 
CTE of metals and ceramic. The authors imply that stress gradients in the ceramic layer 
enable greater displacements than those produced by an average unimorph actuator. 
(Barron et al. 1996) 

The CRESCENT actuator is also bonded with metal, but using a thermally cured 
adhesive, for example, epoxy which is cured at 200-400 ºC for 0.5–6 hours. CRESCENT 
actuators become domed and pre-stressed during rapid cooling in air from the bonding 
temperature. In optimum conditions at 250 ºC, CRESCENT actuators displayed superior 
characteristics compared to corresponding unimorph actuators. The reason for this was 
suggested to be due to an increased d31 piezoelectric coefficient that may be a 
consequence of specific domain structures formed during poling. On the other hand, it 
was indicated that using excessive mechanical pre-stress (a temperature of 350 ºC) 
decreased the displacement of CRESCENT actuators, resulting in inferior characteristics 
compared to unimorph actuators. (Chandran et al. 1997)  

The THUNDER actuator (Fig. 8) differs from earlier ones in the sense that it typically 
utilises pre-stressing metal layers of both sides of the ceramic. This is especially 
beneficial because metals make the actuator very rugged for handling. The asymmetric 
stress state in the THUNDER actuator is accomplished using different thicknesses and/or 
different metals that are bonded at 300-325 ˚C temperatures. (Mossi et al. 1998, Wise 
1998) Typically, thin steel and/or aluminium foils are bonded using sprayed LaRC-SI™ 
polyimide with N-methyl-pyrolidinone solvent (Mossi et al. 1998, Wise 1998). The 
actuator is curved during cooling due to differences in the CTE and strength of the 
materials. Recently, an improved version of THUNDER, called LIPCA, has been 
introduced. In this case the metals of the THUNDER actuator are replaced with 
composite materials in order to improve displacement capabilities and lighten the 
structure (Fig. 8). Bonding is realised with co-curing of a stacked carbon/epoxy, PZT 
wafer and glass/epoxy laminates. (Yoon et al. 2003, Haris et al. 2004, Kim et al. 2005) 
The LIPCA actuator has shown approximately three times higher free displacement 
compared to the THUNDER actuator, probably having the highest displacement 
capabilities among the pre-stressed benders (Mossi et al. 2003).  
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Fig. 8. THUNDER and LIPCA constructions (edited from Mossi et al. 2003, Yoon et al. 2003). 

Bonding of bimorph or unimorph is typically carried out by physical bonding, for 
example glue, that can make the interface fragile or weak resulting in de-lamination, poor 
fatigue resistance, reduced performance and increased hysteresis. Strong and reliable 
bonding is required between layers which implies that the bonding layer is uniform and 
thin and the surfaces are clean. The interlayer is usually softer than the active or passive 
layers and this degrades performance to a certain degree. The interlayer should also be 
able to withstand higher temperatures, aging and stresses, especially in resonance 
devices. (Zhu & Meng 1995, Kugel et al. 1997, Uchino 1997, Wang & Cross 1999 b, Li 
et al. 2003, Schulz et al. 2003, Taya et al. 2003, Hall et al. 2005) Although good results 
may be obtained with adhesives, general problems associated with the bonding have led 
to development of co-fired bimorphs, unimorphs or monomorphs and functionally graded 
structures using sintering phenomena as a bond between layers (Dogan 1996, Schulz et 
al. 2003, Wang & Cross 1999 b). In the case of the bimorphs and monomorphs, co-firing 
has improved reliability, blocking force, lifetime, stiffness and operational temperatures 
and has also decreased the voltage requirements (PI Ceramic 2005, Colla et al. 2000, 
Galassi et al. 2001). Using co-fired ceramic and functional gradients one can produce 
monolithic structures with reduced hysteresis and stresses, thus extending the lifetime of 
the actuators (Zhu & Meng 1995, Takagi et al. 2003, Taya et al. 2003, Hall et al. 2005). It 
is also suggested that introduction of graded microstructures can maintain displacement 
capability on the same level with the bimorph (Takagi et al. 2003). In some cases the co-
firing process can also produce pre-stress for actuators, using the different sintering 
shrinkages of CTE mismatch of at least two materials. 

In the method introduced by Button and Pearce silver oxide doped soft PZT material 
was used. Doping of the PZT had several purposes: a) to lower the sintering temperature 
of the PZT b) to provide a conductive Ag layer through reduction of Ag2O at high 
temperature c) to obtain different sintering shrinkages of two layers due to different 
amount and reduction of the silver oxide. Two layers of PZT sheets in green state were 
laminated together having 5 wt.% and 28 wt.% of Ag2O respectively and 2 % difference 
in linear shrinkage. Circular plates were stamped from laminated tapes and co-sintered at 
1000 °C for 2 hours in a closed crucible and on zirconia sand. A bent and curved actuator 
structure was obtained which had a piezoelectric upper layer and a conductive and 
passive bottom layer. (Pearce & Button 1998)  

Li et al. also utilised co-fired materials and the difference in sintering shrinkage. 
Piezoelectric PrinDrex actuators with two different layer configurations were 
manufactured. In the PZT/PZT structure, piezoelectric materials with different d31 
coefficients were co-pressed and co-sintered. These structures produced an inner-type 
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dome structure where the piezoelectric material with the larger d31 coefficient formed the 
bottom layer and the material with the lower d31 was the upper layer. The structure was 
initially domed in such a way that the layer with the lower d31 was on the convex side of 
the actuator. Since the material with the higher d31 coefficient had larger longitudinal 
shrinkage, axial displacement of the inner type actuator was upwards (i.e. the radius of 
the actuator decreased) under an electric field applied parallel to the polarisation. The 
highest displacement was obtained when the thicknesses of the layers were same. The 
actuator configuration with PZT/ZnO layers was flat, inner or outer-type domed 
depending on the thickness ratio and Sb2O3 content of the ZnO layer. An outer-type 
actuator is typical for pre-stressed bending actuators i.e. the piezoelectric material is the 
upper layer, subjected to tensile stress and the actuator is moving downwards when an 
electric field is applied parallel with the polarisation. The PZT/ZnO actuator produced 
higher displacements than the PZT/PZT actuator. The ZnO layer showed typical varistor 
behaviour under electrical testing and exhibited ~108 times higher conductivity than the 
PZT layer, hence the ZnO layer can be treated as an electrical conductor for the PZT 
layer. (Li et al. 2001) 

The most recently developed pre-stressed bending actuator was introduced by Yoon et 
al. It was realised via the co-extrusion of PZN-PZT and PZN-PZT/Ag compositions and 
subsequent co-firing. Two layer and multilayer structures were fabricated using PZN-PZT 
as an active material and PZN-PZT/Ag as a passive material and electrode. Extruded 
structures were sintered at 900 °C for 4 hours in a sealed alumina crucible in a PbO 
atmosphere. Due to the thermal expansion difference of the layers the actuator became 
outer-type domed during cooling. A silver content increased the CTE of the PZN-PZT 
composition producing residual stress in the structure. In the case of the two layer (i.e. 
unimorph) actuator solution, larger concentration than 50 wt.% of silver caused too high 
stresses introducing cracks into the interface of the layers. Additionally, in order to 
achieve good electrical conductivity the concentration of Ag need to be optimised 
according to the thickness of the layers. (Yoon et al. 2005, Yoon et al. 2006 ) 

The RAINBOW actuator has a unique combination of high displacement and 
monolithic structure. Advantages derived from the structure are high reliability and 
fatigue resistance, compared to conventional piezoelectric bending actuators, due to the 
strong chemical bond between different layers. (Haertling 1994 b, Barron et al. 1996, 
Dausch 1997, Li et al. 1997, Wang & Cross 1999) However, commercial production of 
RAINBOW has ended and THUNDER is currently the only commercially available pre-
stressed bending actuator (Niezrecki et al. 2001). The reason for this might be 
manufacturing issues. On the other hand, recently developed actuators utilise more 
feasible manufacturing processes but to date have shown lower displacement properties 
or non-monolithic structure.  

In an optimal case, a high tensile stress is created in the piezoelectric material of the 
pre-stressed unimorph-type actuator enhancing the effective d31 coefficient, which 
describes the average electromechanical response of the piezoelectric layer (Li et al. 
1997, Schwartz et al. 2001, Schwartz & Moon 2001). Higher stresses of the RAINBOW 
actuator have been suggested to be the reason for its higher displacements compared to 
THUNDER and CERAMBOW actuators (Wise 1998). Also non-uniform distribution of 
the internal stress through the thickness contributes to the field-induced displacement (Li 
et al. 1997). The mechanism contributing to the increased effective d31 coefficient is an 
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altered initial domain configuration with minimal suppression of the 90° switching by 
internal stress. A higher a-domain (domains parallel to the actuator surface) population 
compared to the corresponding bulk actuator was obtained for PLZT (lead lanthanum 
zirconate titanate) RAINBOW actuators. The initial a-domain population depends on the 
tensile stress of the actuator surface i.e. higher stress introduces more a-domains. (Li et 
al. 1997, Schwartz & Moon 2001) Especially important is the a-domain population after 
poling enabling 90° domain switching and greatly affecting the field-induced 
displacement. Although, only a fraction (~7 %) of the a-domains experienced 90° 
switching, significant enhancement in the d31 coefficient has been obtained due to the 
large anisotropy in switching. Calculations predicted d31=-1400 pm/V under ~50 MPa 
tensile stress for the surface of the RAINBOW actuators while measured values of the 
bulk actuators were approximately -190 pm/V. (Schwartz & Moon 2001) Similar results 
were also obtained by Li et al. for bulk actuators under transverse tensile stress (Li et al. 
2002). The enhancing effect of the altered domain configuration is assumed also to be 
present in the other pre-stressed piezoelectric actuators. However, the requirements of the 
stress controllable domain structure have to be fulfilled in order to have a significant 
increase in strain by domain reorientation (Li et al. 1997). 

In Table 1 and 2 actuator configurations with the highest displacement capabilities 
were selected and results obtained with support of both ends or the perimeter of actuators. 
Accurate comparison of different pre-stressed actuators is difficult and not possible in all 
cases due to the large number of different actuators, measurement configurations and 
unknown material parameters. However, a rough comparison is made in Table 3 using 
equations (2) and (3) together with displacements measured in publications. Since the 
shape of the actuators (rectangular, square or circular) has a significant impact on 
displacement capabilities both equations are required to extract the effective d31 from 
displacement data. The measured displacement is compared to the calculated 
displacement using actuator parameters of the publications. This value gives some 
estimation about the possible influence of pre-stress. The difference is assumed to be the 
product of the pre-stress and hence an altered part of the d31 piezoelectric coefficient. The 
effective piezoelectric coefficient d31 used in calculations to reach the measured 
displacement is also indicated in Table 3. The estimation method used is basically the 
same as that used by Schwartz et al., but for free-standing actuators (Schwartz et al. 
2001). It should be noted, however, that the piezoelectric coefficient d31 changes also 
under high electric fields even though stresses are not introduced (Wang et al. 1999, 
Schwartz et al. 2001). In order to compare the actuators later with PRESTO actuators the 
equations were used to calculate the displacement of the actuator with the same thickness 
ratio of materials but scaled in size and shape (∅25 mm, piezoceramic thickness 0.25 
mm). With the same size and thickness of the piezoelectric material the displacement at 
the optimal passive material thickness was also calculated. For both results the material 
parameters in Table 1 and 2 and the effective d31 value under ±0.75 MV/m electric field 
and zero force were used. However, the piezoelectric material was kept the same which 
has a significant impact on the displacement in terms of piezoelectric coefficients under 
pre-stress. 

The thickness and Young’s modulus ratios of the passive and active materials have 
great importance in actuator displacement and load bearing capabilities. Therefore, it is 
important to notice that this approximation gives only a general perspective to compare 
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the magnitude of displacement of the different actuators because not all parameters are 
known accurately. Additionally, the effect of the interlayer is ignored in the unimorph 
model, but different Poisson’s ratios of the materials are taken into account in presented 
cases. (Li et al. 1999) In calculations of RAINBOW actuators, passive and active 
material thicknesses are assumed to be homogenous. In the case of the THUNDER 
actuators, the top layer is ignored and the calculation is made using only the properties of 
the bottom layer. In the case of the gradient actuator the d31 coefficient was obtained by 
reducing lower value of d31 from the higher value of d31 as they work in the same phase 
(Li et al. 2001). Due to the complexity of the composite structure of the LIPCA actuator 
it was not included in the calculations. Applied forces in measurements were ignored in 
all cases. 

Table 3.  Calculated performance for unimorph and pre-stressed benders according to 
properties listed in Table 1 and 2.  

Actuator, material Δhmeas 
[μm] 

Δhmax,circ

[μm] 
(Δhmeas/Δhmax,circ)-1

[%] 
d31eff 

[pm/V] 
Δhmax,circ

1) 
[μm] 

Δhmax,circ 2)  

[μm] 

RAINBOW       
PZT 5A ~178 46 284 -656 176 176 
PZT 5H ~135 46 192 -801 199 214 
PLZT (1.0/53/47 

RB1053-8) 
~117 44 165 -718 176 188 

THUNDER       
PZT 5A ~138 47 192 -499 136 136 
PZT 5H ~114 48 138 -652 168 178 

Prindrex / d31 gradient 
actuator 

      

PZT E76 / ZnO +  
4 wt.% Sb2O3 

 
40 

 
18 

 
121 

 
-554 

 
175 

 
178 

PZT E70/E63 16 15 6 -192 47 61 
CERAMBOW       

PLZT 5.5/53/47 ~88 50 77 -480 136 140 
Co-extruded PZN-PZT       

PZN-PZT ~175 149 3) 17 3) -270 66 80 
Unimorph, no pre-stress       

APC PZT-857 ~6.9 6.5 6 -312 100 100 
1) Scaled actuator size (piezoceramic ∅25x0.25 mm) calculated using d31eff. 
2) Scaled actuator size (piezoceramic ∅25x0.25 mm) calculated using d31eff and optimal thickness ratio. 
3) Δhmax, rect 

According to Table 3, the RAINBOW actuators exhibited the highest effective d31 and 
more importantly the highest difference between measured and calculated values. Other 
pre-stressed actuators also show enhancement of the effective d31 coefficient. At the same 
time, unimorph actuator without pre-stress exhibited only a 6 % difference between the 
measured and calculated displacement. Due to the earlier mentioned assumptions and 
simplified cases in equations 2 and 3, results obtained here for the RAINBOW actuators 
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are higher than those suggested by Li et al. where the effective d31=-508 pm/V (for 
sample RB1053-8) value was obtained using a FEM analysis of the structures (Li et al. 
1997). However, over-estimation of the effective d31 can be accepted as it is present in the 
values of every actuator. It should also be noticed that the differences between actuators 
are large, which makes comparison possible and clearly indicates the magnitude of the 
stress-enhanced effect. 



3 Measurement methods and manufacturing of RAINBOW 
and thick film actuators and their properties 

In order further to develop manufacturing methods of pre-stressed actuators, a deeper 
understanding is required about the existing methods. As mentioned earlier, present 
methods utilise either a CTE difference or sintering shrinkage. Since these are evidently 
very practical methods in the realisation of pre-stressed actuators they were first studied 
individually in the form of screen-printed thick film and RAINBOW actuators. 
RAINBOW represents the most desirable properties in its class while thick film actuators 
are exceptionally easy to produce. Both actuators have been well studied and information 
is widely available in literature thus enabling the synthesis of theory and practice. At the 
same time the knowledge basis was expanded about the material properties and 
measurement methods.  

3.1  Measurement and analysis methods 

The hysteresis loop, remanent polarisation and coercive field measurements were carried 
out with a Radiant RTV6000HVS system (Radiant technologies, USA). Different 
temperatures were applied using a controlled heating plate and an external thermometer 
which was placed near the piezoelectric sample in silicone oil. In order to keep a 
homogenous temperature in the oil it was mixed with a magnetic stirrer and the 
temperature was allowed to stabilise before measurements. Temperature accuracy was 
about ±1 °C. The same setup was used in poling while a sufficient DC voltage level was 
applied using the amplifier of the Radiant RTV6000HVS system and an HP33120A 
signal generator. The fired thickness of AgPd, LTCC and PLZT and curvature of the 
samples was measured using a profilometer (DEKTAK3ST Surface Profiler) for small 
dome heights and a micrometer screw (Mitutoyo) for larger dome heights. Measurements 
of the material thickness in the cross-section of the RAINBOW actuators were carried out 
with a Leitz Ergolux optical microscope having ~2.75 µm spacing between grid lines at 
the selected magnification. Cross-section pictures were taken with an Olympus SZ-60 
optical microscope equipped with a digital camera system and a Micrion 2500 FIB 
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(Focus Ion Beam) system. Elementary analysis was carried out by a Scanning Electron 
Microscope (SEM) Jeol JSM-6400 equipped with an Inca Energy Dispersive 
Spectrometer (EDS).  

Displacement measurements were carried out by a system based on a Michelson 
interferometer (Moilanen & Leppävuori 1993, Moilanen & Leppävuori 2001, Paper III). 
A schematic drawing of the measurement system is presented in Fig. 9. 

Fig. 9. Schematics of the measurement system (Paper III). 

The laser beam of the interferometer is reflected back from a silicon mirror to the detector 
of the interferometer. Due to the displacement of the mirror, the reflected beam 
experiences continuous phase shift compared to the reference beam of the interferometer. 
Therefore, the reflected and reference beams have continuous change in interference on 
interference plane and as a consequence, intensity variations can be detected. In order to 
detect displacements less than a wavelength of the beam, the reference beam is divided 
into two parts with 90° phase shift. The two interference signals of the beams in 90° 
phase shift are detected with separate detectors, converted to voltage signals and lead to a 
digital oscilloscope. (Moilanen & Leppävuori 1993) From the oscilloscope, the captured 
data is taken to a PC via GPIB for analysis using software based on LabVIEW. The 
program transforms the two voltage signals to a Lissajous pattern and calculates the total 
displacement based on the fact that one full cycle of the Lissajous pattern is half of the 
wavelength, ~390 nm. The same program also feeds a driving signal for the actuator 
through a signal generator and amplifier (Radiant technologies, USA) via GPIB. The 
resolution of the Michelson interferometer system is ~2 nm and the noise level of the 
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system is approximately 5 nm, depending greatly on disturbances of the surroundings. 
(Moilanen & Leppävuori 2001) 

Loads were applied to the RAINBOW actuators by different masses (0.3-1.5 N) with a 
Round Robin jig (Moilanen & Leppävuori 2001). Masses were applied to the system by a 
thread in order to keep them steady. The weight of the masses was measured with a 
precision scale and accuracy of the weights was ~0.1 g. Later on the system shown in Fig. 
9 was developed which utilised a micrometer screw (Newport, USA) and springs for 
loading (0.3-3.0 N) the PRESTO actuators (Paper III-IV). In this case the applied force 
was read out from the force sensor (KYOWA LUB-20KB) via an instrumentation 
amplifier (WGA-650A KYOWA). The accuracy of the force measurement system was 
about 0.01 N, but in practice forces were applied with 0.05 N accuracy. In both cases 
loads were applied to the centre of the actuators with a steel ball in order to measure the 
axial displacement from that point. Actuators were aligned on the jig using a circular 
frame having a diameter 0.5 mm greater than actuators. The measurement frequency of 
10 Hz was well below the resonance of the spring (resonance of the free spring ~120 Hz) 
and force sensor (~500 Hz). The measurement frequency was also well below the 
bending resonance of the actuators. The mechanical part of the measurement system was 
placed on an air cushioned optical table (Newport, USA) in order to minimise 
mechanically transferred disturbances from the surroundings. 

In the case of the thick film actuators, a cantilever configuration was used in the 
measurements. Cantilevers were supported from one end and the tip displacement as a 
function of frequency and voltage was measured with the interferometer using small 
glued mirrors. Firstly, a mirror was glued to reflect the beam back in the thickness 
direction from the end of the piezoelectric material while the other end was fixed with 
glue from the point where the active material ends. Secondly, a silicon mirror was glued 
in the same place, but the reflecting direction was along the longitudinal axis of the 
actuator. Since the initial geometry of the actuator was known, the d31 piezoelectric 
coefficient could be determined from the changed geometry during excitation in 
quasistatic conditions (10 Hz). (Paper II) 

The displacements of the PRESTO actuators with a glued steel layer and external 
amplification mechanism were measured with the interferometer system by gluing a 
mirror on the centre of the actuators. During the measurement actuators were only 
subjected to the load applied by the mechanism as they were attached to the piezoelectric 
actuators. (Paper V) 

3.2  RAINBOW actuators 

In the experiments, discs of soft piezoelectric ceramics PZT 5A and PZT 5H of Morgan 
Electro Ceramics were used (Juuti et al. 2001, Juuti et al. 2004, Paper I). These materials 
provide high d31 coefficients and are used for pre-stressed actuators (Wise 1998, Wang & 
Cross 1999, Berlincourt et al. 2005). The diameter of the discs was 25 mm and the 
thickness 500 µm and 250 µm. Different processing temperatures and reduction times 
were used to study the reduction process and its effect on the RAINBOW actuators. The 
processing temperature has an effect on the reduction rate and composition of the reduced 
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layer. The aim was to achieve a sharp and thin interface between the piezoelectric 
ceramic and the reduced ceramic (Fig. 10). (Paper I) Process conditions were also 
adjusted to produce high pre-stresses, i.e. dome heights, by maximizing the amount of 
metallic lead in the reduced layer.  

Fig. 10. Cross-sectional view of the PZT 5A RAINBOW actuator reduced at 750 °C. a) 
photograph from edge of disc b) FIB image from centre of disc, conductive material can be 
seen to be brighter (Paper I). Pores in the reduced layer can be seen as black regions. 

Processing was obtained by using tightly packed ZrO2 powder and a solid graphite block. 
The protective powder was applied over the piezoceramic disc and then formed with a 
cylinder (∅ 35 mm) and piston using hand pressure. The hot zone of a furnace (DEK) 
was set to the reduction temperature and the assembly was driven into the zone using a 
belt. After the reduction period the sample was driven out from the furnace. Usually the 
most suitable temperature was the lowest one, thus a long process was used achieving the 
required features and the best controllability over the reduction depth. However, the wear 
of the graphite in the long process was also a limiting factor, resulting, for example, in 
failure of the protection. Therefore, a higher temperature and faster process was used 
when high reduction ratios were aimed at. Reduction temperatures, time and the depth of 
the PZT 5A and PZT 5H materials are presented in Table 4. (Juuti et al. 2001) 

Table 4. Reduction depths in the centre of actuators for different materials (Juuti et al. 
2001). 

PZT 5A PZT 5H Material  
750 °C 800 °C 800 °C 850 °C 

Depth [μm] 104 151 220  67 146  70 123 173  83 132 220 
Time [min] 90 120 150  30 60  30 60 90  20 30 60 

The reduction depth was approximately proportional to time as obtained for PLZT 
(Heartling 1994 c, Elissalde et al. 1996). However, reduction followed a parabolic law in 
results obtained by Wang and Cross for PZT 5H RAINBOWs (Motorola PZT 3203HD), 
hence the reduction depth was a function of the square root of time (Wang & Cross 1999 



37

a). The differences are due to porous and inhomogenous reduced ceramic (Fig. 10) and 
therefore gaseous species (such as CO and CO2) can pass through the product layer 
making the process as reaction limited. Additionally, different compositions of the 
piezoelectric material have an effect on the reduction product and reduction ratio as 
shown in Table 4. (Wang & Cross 1999 a, Dausch 1996)  

Generally, a shorter reduction time was obtained for PZT 5H type material (Table 4) 
than that obtained by Wang and Cross even though significantly lower temperatures were 
used. The reason is assumed to be due to differences in the protection. Protection has an 
effect on the reduction atmosphere as it controls the diffusion of the oxygen from the air. 
Therefore it is possible that in our case the portion of the oxygen coming from the PZT 
ceramic is higher, resulting in different reduction rates. Similarly, faster reduction rate can 
be a consequence of easier access of oxygen to the reaction. (Wang & Cross 1999 a) 
Overall, the results are well in line with those obtained by others (Haertling 1994 b, 
Elissalde et al. 1996, Wang & Cross 1999 a). 

Typically, 500 µm thick samples were dome shaped (Fig. 11) and 250 µm thick 
samples had a saddle or mixed shape (between saddle and dome shape). Samples also had 
a flat and only slightly reduced region on the edge of the discs as shown in Fig. 11 and 
more closely in Fig. 10 (~0.5-1.0 mm perimeter from the edge). 

Fig. 11. Cross-section of the 500 µm thick PZT 5A actuator with dome shape. 

The cooling rate of the RAINBOW actuator is crucial to the manufacturing process 
because slow cooling results in re-oxidation and an insulating oxide layer. On the other 
hand, too rapid cooling can break the sample. Because the actuators were protected from 
thermal shocks by the ZrO2 powder and graphite block they were quickly removed from 
the processing temperature to room temperature using a conveyor belt.  

After the process, samples were lightly ground to reveal metallic lead under the re-
oxidised layer from the bottom of the disc. Electrodes were made on the whole area and 
both surfaces of the actuator using conductive silver paint (Electrolube) so that also a 
slightly reduced area on the edges was under electric field (Fig. 10 and 11). The silver 
paint had poor adhesion but it ensured good electrical connection and did not cause 
constraint of the actuators. Poling was carried out at room temperature for 30 min under 
electric fields of 2.5 MV/m and 4.0 MV/m for PZT 5H and PZT 5A, respectively. During 
poling the dome height of the actuators decreased to some extend i.e. the radius was 
increased. (Juuti et al. 2004, Paper I) 

Displacements of the RAINBOW actuators were measured 24 h after poling. The 
measured PZT 5A and PZT 5H actuators (∅ 25 mm, thickness 500 µm) were reduced at 
temperatures of 750 °C and 800 °C, respectively. Displacement of a disc shaped PZT 5H 
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RAINBOW actuator as a function of electric field and under 1.5 N point load is shown in 
Fig. 12. (Juuti et al. 2004, Paper I) 

Fig. 12. Displacement of the 500 µm thick (∅ 25 mm) PZT 5H RAINBOW and bulk actuators 
as a function of electric field (Juuti et al. 2004). Actuators were driven at 10 Hz frequency 
with 0V offset and under 1.5 N point load.  

An initially disc shape PZT 5A RAINBOW actuators was cut from two sides with a Nd-
YAG laser in order to study their electromechanical and geometric properties and any 
disruptive effect due to the laser cutting. After each cut, the relative permittivity, the 
profile of the cross-section and the displacement as a function of load were measured 24 
h later. Measurements are explained in greater detail in Paper I. Cutting the actuators into 
a smaller size naturally reduced their load bearing capabilities, yet they showed 
reasonable properties even with large relative size reductions (Fig. 13). Laser cutting also 
had a small decreasing effect on the relative permittivity of the actuators due to the 
localised heating and disrupting effect of the beam. These effects could largely be 
avoided by poling the actuator after cutting. A larger decrease was observed under high 
electric field driving conditions due to the de-poling of the samples. (Paper I)  
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Fig. 13. Displacements of the 500 µm thick PZT 5A RAINBOW actuators as a function of 
load, driving field ±1.125 MV/m, frequency 10 Hz (Paper I). Actuators were poled under 4.0 
MV/m electric field at room temperature for 30 min.  

Both RAINBOW actuators exhibited a large bending motion several tens of micrometres 
in magnitude and sustained a high displacement with moderate loads (Fig. 12 and 13) 
(Paper I, Juuti et al. 2004). Properties of the RAINBOW actuators are gathered into Table 
5. According to the comparison method presented in Chapter 2.3, the effective d31 is -191 
pm/V for PZT 5A and -316 pm/V for PZT 5H disc shaped actuators, as shown in Table 6. 
In further calculations, the effective d31 value and parameters of Table 5 were used and a 
displacement of ~67 µm was obtained for different slices. The effect of the slicing of the 
RAINBOW actuators did not follow the equation (3) and measured displacement was 
decreased (Fig. 13). There are several possible reasons for these discrepancies. Firstly, 
cutting of the actuators decreased their stiffness and load bearing capability, which was 
not taken into account in the calculations. Secondly, narrower actuators were subjected to 
more load cycles which might have de-poled the actuators and decreased the d31 values. 
Finally, the differences might be due to a not entirely rectangular shape (the ends of the 
actuators were radiused) and the simplified shape of the passive layer in the calculations. 
Behaviour of the FEM (Finite Element Method) model of the actuators showed better 
correspondence than theoretical calculations because actuator geometry in the model was 
more precise. However, displacements were lower because material parameters supplied 
by the manufacturer were used. (Paper I)  
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Table 5. Material and driving parameters used in calculation of RAINBOW actuators. 

Actuator RAINBOW RAINBOW 
Pre-stressing method CTE and volume change CTE and volume change 
Manufacturing method reduction reduction 
Piezoceramic PZT 5H PZT 5A 
Lx [mm] ∅25 ∅25 
tp [µm] 320 270 
tnp [µm] 170 (cermet) 210 (cermet) 
E [MV/m] ±0.75 ±1.125 
F [N] 1.5 0.3 
f [Hz] 10 10 
Ep [GPa] 72 1) 69 1) 
Enp [GPa] 62.6 2) 62.6 2) 
d31 [pm/V] -274 1) -171 1 
νp 0.34 1) 0.35 1) 
νnp 0.342 2) 0.342 2) 
Δhmeas [µm] 66 67 
References (Juuti et al. 2004) (Paper I) 
Diameter (Lx), thicknesses of piezoceramic (tp) and passive (tnp) material, electric field (E), force in 
measurement (F), frequency (f), Young’s modulus of piezoceramic (Ep) and passive (Enp) material, 
piezoelectric coefficient (d31), Poisson’s ratios of piezoceramic (νp) and passive (νnp) materials and measured 
displacement (Δhmeas). 1) (Berlincourt et al. 2005, Morgan Electro Ceramics 2005, Sinocera 2005). 2) (Li et al. 
1997). 

Table 6. Measured displacements of RAINBOW actuators and their calculated 
performance. 

Actuator,  
material 

Δhmeas 
[μm] 

Δhmax,circ

[μm] 
(Δhmeas/Δhmax,circ)-1

[%] 
d31eff 

[pm/V] 
Δhmax,circ

1) 

[μm] 
Δhmax,circ

2) 
[μm] 

RAINBOW       
PZT 5H 66 57 15 -316 82 84 
PZT 5A 67 60 11 -191 48 51 

1) Scaled actuator size (piezoceramic ∅25x0.25 mm) calculated using d31eff and initial thickness ratio – see 
Chapter 2.3. 

2) Scaled actuator size (piezoceramic ∅25x0.25 mm) calculated using d31eff and optimal thickness ratio. 

Comparison of RAINBOW actuators shows ~2.0-2.7 times lower measured 
displacements for actuators produced here (Table 3 and 6). Subsequently, the actuators 
exhibited a 2.5 and 3.4 times lower effective d31 coefficient for PZT 5H and 5A, 
respectively. This was due to the non-optimised process in terms of composition and 
porosity of the reduced passive layer and the level of the pre-stress. It should be noted 
that the mechanical characteristics of the reduced layer in Table 5 are from results 
obtained by Li et al. (Li et al. 1997) It is expected that the actual Young’s modulus is 
lower. However, the introduction of 1/3 of Young’s modulus used in the calculation 
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would generate an effective d31=-443 pm/V, which is still lower than the value obtained 
by others.  

The formation of the passive layer in the process has a large impact on the 
displacement characteristics of the actuator through pre-stressing and mechanical 
properties of the layer. Although RAINBOW actuators obtain high levels of pre-stress, 
bonding strength and effective d31 they are somewhat limited by the Young’s modulus of 
the passive layer. This is because the passive material is processed from the piezoceramic. 
In order to produce actuators with an improved performance (Table 3), the pre-stress 
level of RAINBOWs should be obtained by other methods (Li et al. 1997, Wise 1998, Li 
et al. 2001). Additionally, passive material with a higher Young’s modulus compared to 
RAINBOWs has to be realised with a high bonding strength. A more feasible 
manufacturing process is also crucial to further utilisation of the actuators.  

3.3  Thick film actuators 

Thick film actuators were manufactured from laboratory made PLZT (lead lanthanum 
zirconate titanate) powder by screen-printing. In order to reduce the sintering temperature 
of the PLZT paste, 4 wt.% of glass frit was used. PLZT actuators with a size of 
30.5×9.0×0.09 mm were printed on an alumina (96 %) substrates which had AgPd 
electrodes on them. The top electrode was printed using the same AgPd paste. A detailed 
description of cantilever actuator, compositions and the manufacturing process is given in 
Paper II. Actuators were poled in a silicone oil bath under 5.0 MV/m at 100 ºC for 30 
min. Over 24 h after poling, the profile of the actuators, d31 piezoelectric coefficient and 
tip displacement as a function of frequency with different driving voltages were measured 
(Fig. 14). (Paper II) 
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Fig. 14. Displacement of the tip of the cantilever as a function of frequency with 5 Vpp and 10 
Vpp voltages (Paper II). First and second bending resonances appeared at 294 Hz and 1863 Hz 
frequencies, respectively.  

The actuators exhibited a piezoelectric coefficient d31=-34.6 pm/V at 10 Hz frequency 
and under 5.0 MV/m electric field. This value can be compared to values determined by 
the earlier calculations (Table 3 and 6). It should be noted, however, that the d31 
coefficient was obtained on the surface of the thick film actuator. The hysteresis curve 
was measured from poled and measured samples showing a remanent polarisation of 1.36 
μC/cm2 at 100 °C under 5.0 MV/m electric field. These values are compared to values 
obtained from PRESTO actuators in Chapter 4.4. (Paper II) 

The dome height at the centre of the cantilever was about 9 μm when supported from 
both ends during measurement (Paper II). The actuators showed an inner-type domed 
structure due to sintering shrinkage of the PLZT and AgPd paste and a CTE difference 
between alumina, PLZT and AgPd. This means that the free surface of the alumina was 
subjected to tensile stress while the PLZT was under compression. This is an unwanted 
state in terms of enhancing the piezoelectric actuation with the pre-stress because the 
compressive stress tends to decrease the effective |d31| coefficient (Li et al. 2001). Due to 
the solid substrate, sintering of the piezoelectric paste is constrained which can also lead 
to reduced piezoelectric characteristics, as proven by many others (Simon et al. 2001, 
Torah et al. 2004 a). Additionally, paste preparation and lowering the firing temperature 
have significant effects on the piezoelectric properties (Holc et al. 1999, Simon et al. 
2001, Walter et al. 2002, Torah et al. 2004 b, Hrovat et al. 2006). The actuators exhibit a 
low performance compared to the actuators in Tables 3 and 6 and the advantages of the 
substrate with a high Young’s modulus and strong bond with sintering could not be 
utilised efficiently due to relatively low piezoelectric d31 coefficient.  

In spite of the low piezoelectric characteristics of the thick film actuators in Paper II, 
they produced large displacements at resonance with low voltages (Fig. 14). This kind of 
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actuator can be utilised as a low force actuator, a resonant device and a sensor and the 
manufacturing method is feasible for mass-production (Aoyagi et al. 2002). 



4 Pre-stressed electroactive actuator PRESTO 

The trend in pre-stressed actuators is towards sintered monolithic structures with 
improved piezoelectric properties. Sintering gives several advantages such as a strong 
bond between layers, higher reliability, functional gradients, improved performance, good 
control of the thickness and miniaturisation. It also reduces costs and labour-intensive 
work phases such as cutting, polishing, and bonding. In the perspective of miniaturisation 
and mass-production, techniques such as screen-printing and tape casting are very 
attractive for utilisation in new actuators. In spite of good manufacturability, new 
actuators should also exhibit high piezoelectric coefficients initially and enhanced 
piezoelectric properties after the process utilising the high tensile stress in piezoceramics. 
In order to improve actuator characteristics even further, passive material should have a 
high Young’s modulus and a strong bond with the active material.  

The idea of the PRESTO, the manufacture of different configurations and their 
electrical and electromechanical properties are presented and compared to corresponding 
RAINBOW and THUNDER actuators. Furthermore, effective d31 piezoelectric 
coefficients of the PRESTO actuators are calculated and compared to results obtained 
earlier from other pre-stressed actuators. 

4.1  Idea and principles of the PRESTO 

The basic idea of the PRESTO actuator developed in this thesis is that sintered 
piezoelectric ceramic is used as a substrate for the post-processed pre-stressing layer. As a 
result, good piezoelectric properties are obtained because sintering temperature is not 
reduced and shrinkage adjustments are not required as in the LTCC piezoelectric 
materials obtained by Corker et al. and Wolny (Corker et al. 2000, Wolny 2000). 
Additionally, in the different manufacturing processes piezoelectric, mechanical and 
dielectric properties can diminish greatly (Holc et al. 1999, Corker et al. 2000, Wolny 
2000, Simon et al. 2001, Walter et al. 2002, Torah et al. 2004 b). Since high 
displacements and moderate load bearing capability are required from the new actuators 
it is particularly important that crucial properties, such as the d31 coefficient, are as high 
as possible. Consequently, it is suitable to use well optimised commercial bulk materials 
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obtaining high piezoelectric coefficients which might even be enhanced in the 
configuration of the PRESTO actuators. 

A primary limitation is that the substrate material has to tolerate the processing 
conditions and the pre-stressing process. A pre-stressing material, on the other hand, is a 
material that can be sintered onto piezoelectric ceramic e.g. ceramic green sheet or metal 
conductor paste. In practice, materials sintered at temperatures below 1000 °C are 
desirable due to the lower cost and the avoidance of harmful effects for the piezoelectric 
ceramic. Piezoelectric properties can be reduced due, for example, to lead loss (lead 
oxide evaporates at around 800 ºC) and over sintering if temperatures near the sintering 
temperature of the piezoelectric material are used (Pokharel & Pandey 1999, Torah et al. 
2004 b, Wang et al. 2004).The pre-stressing material should also exhibit a strong bond 
with the substrate material in order to introduce high stresses through sintering shrinkage 
and CTE mismatch. Adhesion, which is typically the weakest link, dictates the amount of 
pre-stress. Use of materials with a higher Young’s modulus should show an improvement 
over conventional actuators. Overall, an introduced pre-stressing process has an effect on 
displacement, load bearing capabilities and moment of inertia via stress, adhesion and 
properties of the pre-stressing layer.  

The closest counterparts for PRESTO actuators are pre-stressed actuators produced by 
co-firing. In the co-firing, materials in the green state (i.e. not solid) are sintered in the 
same process while in the post-firing process some materials are already sintered (i.e. in 
solid state). Co-fired pre-stressed actuators utilise either sintering shrinkage or CTE 
mismatch for mechanical pre-stress. In PRESTO actuators both phenomena are utilized. 
(Pearce & Button 1998, Li et al. 2001, Yoon et al. 2005) In the co-firing process, the 
difference in sintering shrinkage is smaller than in actuators made by the post-firing 
method. 

Actually, the post-processing technique of the PRESTO is used in ceramic hybrid 
circuit manufacturing. In the proposed method, however, the substrate material is active 
and stress created between the substrate and added material is a necessary feature. In 
post-processed ceramic circuit manufacturing stresses are minimised by CTE matching of 
the inks (Koch et al. 1998). Additionally screen-printing, used in the realisation of the 
PRESTO actuators, is a commonly used manufacturing method for the electrodes of the 
piezoelectric ceramics. Similarly, LTCC is widely used in the car industry, electronics 
manufacturing and in the telecommunication industry (Heyen et al. 2003, Jantunen et al. 
2003).  

Mass-production of actuators is possible by utilisation of the screen-printing and 
LTCC manufacturing technologies. In PRESTO manufacturing, existing production 
equipment can be used, special devices are not required and only very small changes are 
needed for standard processes e.g. changing of paste and printing thickness. 
Manufacturing processes are also well controllable and commercially available and 
optimised materials can be used for active and passive layers of the PRESTO actuators. 
Therefore, actuators with uniform quality can be expected with the minimum amount of 
labour-intensive work phases. In addition, work phases are minimised when conductive 
material is used as a pre-stressing layer. By this means electrodes and pre-stress are 
realised with a single process while in other methods electrodes and pre-stress are made 
in separate processes (Barron et al. 1996, Chandran et al. 1997, Pearce & Button 1998, 
Wise 1998, Li et al. 2001, Yoon et al. 2005). 
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4.2  Manufacturing of PRESTO actuators 

PRESTO actuators were manufactured from 250 μm and 375 μm thick PZT 5A and PZT 
5H discs of the Morgan Electro Ceramics. Pre-stressing of the actuators was carried out 
using AgPd thick film paste or LTCC tape. The actuator configurations used in Papers III-
V are shown in Fig. 15. (Paper III) Different thicknesses of the AgPd paste (emulsion 
thickness 20-60 μm, referred in Figs. 17-19) was screen-printed obtaining fired 
thicknesses in the range of ~12-33 μm. The opening in the mask was 24.5 mm in 
diameter to prevent the paste from going over the edges of the sample. The samples were 
sintered at 850 °C in a belt furnace. In Paper III the same AgPd paste was used for the top 
electrodes (~12 µm) and the pre-stressing layer with total thickness of ~12-45 µm. 
Alternatively, the top electrode was made using conductive silver paint (Electrolube) after 
firing in order to study the constraining effect of the electrodes. The AgPd pre-stressing 
layer of the sintered sample consists of ~69 wt.% of silver and ~23 wt.% of palladium. 
(Paper III) 

In the pre-stressed structures made with LTCC tape (DuPont 951, green thickness 114 
µm, fired thickness ~96 μm), the top and bottom electrodes were first printed and fired on 
the piezoelectric discs using the AgPd paste (fired thickness ~12 μm) and the mask 
mentioned above. To make an electrical connection through the LTCC layer, a via with a 
diameter of 1.1 mm was laser-cut into the green tape. The green tape was cut into the 
same size as the piezoelectric disc and placed on one side of the disc with fired 
electrodes. The multilayer structure was installed into a vacuum pouch and laminated at 
20 MPa and 70 °C for 10 min using a PTC IL4008 isostatic laminator. After firing at 875 
°C in the belt furnace, the actuator domed, and the electrical connection was applied to 
the bottom surface using silver paint through the via hole. In Paper III actuators were 
poled at room temperature under 2.5 MV/m electric field for 30 min. After 24 h had 
elapsed after poling, the actuators were aged for 105 cycles under ±0.15 MV/m electric 
field, 10 Hz frequency and 0.3 N load. (Paper III) 

Fig. 15. PRESTO actuators manufactured by using a) conductive and b) ceramic layer as a 
pre-stressing material (Paper III). 

In Papers IV and V the pre-stressing was carried out with the same AgPd paste as in 
Paper III but the top electrode was replaced by Ag paste in Paper IV. Also, the same 
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masks were used for pre-stressing layer and top electrode. In Paper IV, after a 24 h period 
had elapsed from the firing, the hysteresis loop was measured using temperatures in a 
range of 25-125 °C and an electric field of 0.5-7.0 MV/m. The samples were poled with a 
30 min poling time using the same temperatures and electric fields as in the hysteresis 
loop measurements and the displacement characteristics were measured 24 h after poling. 
Furthermore, the actuators were aged for 105 cycles before measuring displacement with 
an electric field of ±0.15 MV/m, 10 Hz and 0.3 N. (Papers IV-V) 

In Paper V, external mechanical amplifiers utilising PRESTO actuators were 
manufactured. PZT 5H PRESTO actuators with thickness of 250 μm and 410 μm (∅25 
mm) with 33 μm thick AgPd pre-stressing layers were poled at room temperature under a 
5.0 MV/m electric field for 30 min. Steel layers with diameter of 35 mm and thickness of 
25 μm for thinner and 50 μm for thicker actuators were glued after poling onto the pre-
stressed side of the discs using cyanoacrylate glue. Electrical connection was achieved 
with a small dot of silver paint between steel and electrode which was applied in the 
centre of the disc just before gluing. The actuator installed on the base of the mechanical 
amplifier had 25 mm spacing to move as the steel around the disc was clamped tightly 
with screws and plastic plates. (Paper V) 

4.3  Properties of the PRESTO actuators 

Different configurations of the PRESTO actuators were tested in Paper III. The 
manufactured PRESTO actuators were of the outer-type i.e. the piezoelectric material 
was on the convex side of the disc. Doming of the structures for high and non-existing 
CTE mismatch with layer to be sintered (black layer) are presented in Fig. 16 a) and b), 
which correlate with the actuators pre-stressed with AgPd and ceramic layers.  

Fig. 16. Curvature of actuator with different CTE mismatch. 

The level of the pre-stress was roughly indicated by the dome height (material 
thicknesses are subtracted from the results) as shown in Table 7, which gathers the 
information of different actuator configurations. The first part of the configuration label 
(e.g. F3 in F3-1) refers to the figure number in Paper III while the second part gives an 
order in displacement performance at the lowest force. It should also be noted that the 
fired thickness of the AgPd top electrode is ~12 μm which is referred to as a constraining 
layer. In contrast, the Ag paint top electrode has an insignificant constraining effect. 
(Paper III) 
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PRESTO actuators exhibit dome heights comparable with the RAINBOW actuators 
(Li et al. 1997). The thickness of the active material reflected on the dome height, thus 
thicker material decreased the height in all actuators. In the cases of 250 µm thick 
actuators, higher dome heights were observed when the top electrode was applied using 
Ag paint after firing (Table 7). The dome heights of the actuators decreased significantly 
due to poling. This was expected as large stresses, opposite to the pre-stress, are 
generated in poling. The largest decrease of the dome heights was observed for the 
actuators with the highest dome heights as a consequence of their lowest initial stiffness 
which provides the spring force against poling-induced stresses. Based on this 
assumption, stiffer actuators with ceramic pre-stressing material should exhibit a smaller 
decrease in dome height. Surprisingly, these actuators produced about the same decrease 
in dome height as their closest counterparts with a metal pre-stressing layer. The reason 
for this is the same as in displacement generation during excitation. A thicker layer is 
stiffer, but it also has a better ratio of active and passive material generating higher 
displacements, as shown later (Li et al. 1999). Subsequently, some of this displacement 
will remain due both to residual stress from the poling and to decreases in asymmetric net 
pre-stress. (Paper III) 

Table 7. Properties of PRESTO actuators (Paper III). 

Material, 
label 

Thickness of  
bottom layer [μm] 

Top electrode 
material 

Thickness of 
PZT [μm] 

Height before 
poling [μm] 

Height in 
test [μm] 

Shape  
in test 

PZT 5A       
F3-1 45 1) AgPd 375 435 215 dome 
F3-2 33 1) AgPd 375 470 300 dome 
F3-3 35 1) AgPd 375 335 270 dome 
F3-4 24 1) AgPd 375 320 260 dome 

PZT 5A       
F4-1 33 1) AgPd 250 725 665 saddle 
F4-2 12 1) Ag paint 250 410 220 dome 
F4-3 24 1) AgPd 250 400 360 dome 

PZT 5H       
F5-1 33 1) AgPd 250 470 345 mixed 
F5-2 33 1) Ag paint 250 620 380 mixed 
F5-3 33 1) AgPd 375 450 230 dome 
F5-4 33 1) Ag paint 375 270 140 dome 

PZT 5H       
F6-1 96 2) AgPd 250 410 240 dome 
F6-2 96 2) AgPd 375 355 160 dome 

PZT 5A       
F6-3 96 2) AgPd 250 450 260 dome 
F6-4 96 2) AgPd 375 410 230 dome 

1) Bottom layer material: AgPd  
2) Bottom layer material: LTCC DuPont 951 

Same shapes found by Haertling for RAINBOW actuators could be seen for PRESTO 
actuators in Table 7. (Haertling 1997, Paper III) Poling changed the shape of actuators 
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with thicknesses of 250 µm from mixed to dome shape or from saddle to mixed shape, 
while 375 µm thick actuators were initially dome shaped. Actuators pre-stressed by the 
ceramic layer exhibited initially mixed or dome shape and after poling only dome shape 
due to their lower generated pre-stress and larger total thickness. (Paper III) The lower 
pre-stress and dome height obtained with the ceramic pre-stressing material is due to the 
similar coefficients of thermal expansion (CTE) of the LTCC and piezoelectric materials 
(PZT 5A ~2.5 ppm/K and DuPont 951 ~5.8 ppm/K, both near room temperature). 
(Berlincourt et al. 2005, CTS Microelectronics 2005) The actual pre-stressing is caused 
by the lateral sintering shrinkage of LTCC on the piezoelectric disc, although the 13 % 
shrinkage value of a freely standing LTCC DuPont 951 tape was not reached. (CTS 
Microelectronics 2005, Paper III)  

It can be seen (Table 7), that even a thin layer (33 µm) of the metal produces dome 
heights comparable to or higher than a significantly thicker (96 µm) ceramic layer. This is 
due to a larger CTE mismatch between PZT and AgPd. The pre-stressing metal layer 
thickness also had a direct effect on dome heights of the actuators. An anomaly of this 
behaviour is observed in F3 cases in Table 7 due to different processing steps. In the case 
of F3-2, the top electrode and the pre-stressing layer were sintered at the same time. 
Conversely, in the cases labelled as F3-1, F3-3, and F3-4, the bottom and top electrodes 
were first printed and sintered, followed by another sequence of printing and sintering to 
form the pre-stressing layer. As a consequence of earlier fired layers, structure is stiffer 
and lower asymmetric pre-stress and dome height (Table 7 – see samples F3-1, F3-2 and 
F3-3) was obtained with the pre-stressing layer. Also, the electrode beneath the pre-
stressing layer may soften and relief stresses produced via sintering shrinkage. (Paper III) 

When different piezoceramics were compared, higher dome heights were observed for 
PZT 5A actuators under initial conditions and after poling. This might be due to a lower 
value of Young’s modulus. It should also be noted that differences in the CTE of PZT 
materials introduced slightly different stress levels in the actuators. (Hooker 1998) In 
general, different actuator configurations show significant differences and careful 
consideration has to be made in actuator design and manufacturing. (Paper III) 

Displacements were measured under ±0.75 MV/m electric field at 10 Hz frequency 
using a 0.3-1.5 N point load for AgPd and 0.3-3 N point load for LTCC pre-stressed 
actuators. The results of PZT 5A PRESTO actuators with AgPd pre-stressing layer show 
that the displacements achieved were proportional to the thickness of the pre-stressing 
conductive layer (Fig. 17). (Paper III) 
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Fig. 17. Displacements of the 375 μm thick PZT 5A PRESTO actuators pre-stressed with 
AgPd layer as a function of force (Paper III). 

Additionally, the results indicate an enhanced effective d31 coefficient especially in the 
case of the samples F3-2 and F3-3 (Fig. 17). These actuators have pre-stressing layer 
thicknesses of ~33 µm and ~35 µm, respectively, but due to the different processing 
steps, the pre-stress and displacement levels are different. (Paper III) The better 
performance of F3-2 is the result of higher pre-stress via co-firing of electrode and pre-
stressing layer as concluded by others for different pre-stressed actuators (Li et al. 2001, 
Schwartz et al. 2001). 

Fig. 18 presents the general results of Paper III, where thinner PZT 5H actuators 
generate higher displacements than thicker ones. This is also an obvious result that can be 
derived from equations (2) and (3). Additionally, the displacement capability of the 
thinner actuators depends more upon the load (Fig. 18 and 19 and Table 8). There was 
also a significant difference in load bearing capability of the different actuator materials, 
where the PZT 5A produced lower displacements but was more inert for loads than PZT 
5H. The higher displacement of PZT 5H material can be understood from its initially 
larger d31 piezoelectric coefficient (PZT 5H: d31= -274 pm/V, PZT 5A: d31= -171 pm/V, 
manufacture’s information). (Berlincourt et al. 2005, Paper III) 
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Fig. 18. Displacements of the 250 μm and 375 μm thick PZT 5H PRESTO actuators pre-
stressed with AgPd layer as a function of force with or without constraining layer (Paper III). 

Displacement results for 250 µm thick PZT 5H actuators pre-stressed with AgPd in Fig. 
18 show that the constraining top electrode has a significant reducing effect on 
displacement capabilities as a function of load. The actuators without a constraining layer 
generated more displacement at higher loads than their constrained counterparts. The 
same result was obtained also for 250 µm thick AgPd pre-stressed PZT 5A actuators in 
Paper III. Similarly, constrained 250 µm thick actuators obtained lower dome heights 
(Table 7), and hence lower tensile stresses. The constraining top electrode increases the 
stiffness of the actuator at the cost of the displacement and dome height. (Paper III) 

The thicker PZT 5H actuators, however, showed only a slight decrease in their 
displacement as a function of load, regardless of whether or not a constraining electrode 
was used (F5-3 and F5-4). Such behavior under a load is natural due to the stiffer 
structure of the thicker actuators and the larger volume of the piezoelectric material. The 
shape of the actuator has also an effect on load bearing capabilities; the dome shape 
sustains higher loads than the saddle or mixed shape as obtained by Haertling for 
RAINBOW actuators (Haertling 1997, Paper III). The 375 µm thick PRESTO actuators 
were initially dome-shaped, which is a partial reason for their better load-bearing 
capabilities. Since only small differences between F5-3 and F5-4 actuators were observed 
it is assumed that the constraining effect is smaller in thicker actuators due the larger 
thickness. The relatively larger amount of material consequently contracts and expands 
more freely. Additionally, the net pre-stress level obtained with thicker actuators is 
smaller and therefore has no significantly different effects on different samples (F5-3 and 
F5-4). The 3.4 % difference can even be explained by variation of the piezoelectric 
coefficient in the bulk material. 

Asymmetric net pre-stress is a result of stresses created by the top and bottom layers, 
which have opposite effects on the curvature of the actuator. The layer with the largest 
overall shrinkage in sintering and cooling determines the direction of curvature. In 
electrical excitation the direction of curvature is determined by the layer with the highest 
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stiffness, i.e. Young’s modulus and dimensions. Therefore, during excitation of the 
actuator with a painted silver electrode, the constraining effect and the opposing force are 
very small, and the structure is more free to bend into the direction determined by the 
pre-stressing layer. (Paper III)  

Fig. 19. Displacement of the 250 μm and 375 μm thick PZT 5A and PZT 5H PRESTO 
actuators pre-stressed with LTCC tape as a function of force (Paper III). 

Displacements as a function of load for actuators with a ceramic pre-stressing layer are 
presented in Fig. 19. The results showed that, in this case also, the displacements were 
larger when the actuator was 250 µm thick or the d31 coefficient of the piezoelectric 
material was higher (PZT 5H). The main difference between a AgPd and a ceramic pre-
stressing layer was seen in the higher level of displacements at all forces. Improved 
displacement and load bearing capabilities are due to the fact that the used ceramic pre-
stressing layer was thicker and the Young’s modulus of the ceramic material is higher 
than that of AgPd. Therefore, an increased Young’s modulus and thickness ratios of the 
passive and active materials were obtained which were decisive factors for the higher 
displacements. (Furman et al. 1994, Mossi et al. 1998, Wang & Cross 1999 b, Wang et al. 
1999) On the other hand, the lower dome height (Table 7) indicates that the pre-stress 
level was lower (Schwartz et al. 2001, Li et al. 2001, Mossi et al. 2003). Thus an effect of 
the pre-stress in displacement could be seen more clearly from actuators pre-stressed by 
AgPd (Fig. 17 and Table 8).  

Performance of the PRESTO, RAINBOW and THUNDER actuators with nearly the 
same diameter (∅ ~25 mm) and thickness were compared in Table 8 (Paper III). 
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Table 8.  Average displacements of free RAINBOW and THUNDER actuators at 1 Hz 
frequency and PRESTO actuators at 10 Hz frequency under 0.3 N load and ±0.50 MV/m 
and ±0.75 MV/m electric fields. Relative change in displacement of the actuators under ± 
0.50 MV/m driving field while loaded from 0.3 N to 1.5 N or 3.0 N (edited from Paper 
III).  

Material, actuator, label Piezo/ 
pre-stress 
layer [μm] 

Δhmeas under
±0.50 MV/m

[μm] 

Δhmeas under
±0.75 MV/m

[μm] 

Δhmeas change 
under ±0.50 MV/m 

and load [%] 

d31eff 
[pm/V], 

label 
PZT 5A      

PRESTO, LTCC Dupont 951, F6-3 250 / 96 40 72 +7 3) -216 
PRESTO, AgPd/AgPd, F4-1 250 / 33 23 42 -54 2) -374 
PRESTO, Ag paint/AgPd, F4-2 250 / 12 15 32 -19 2) -690 
RAINBOW 1) 255 / 126 95 ~178 +1 3) -656 
THUNDER 1) 255 / 126 75 ~138 +2 3) -499 

PZT 5H      
PRESTO, LTCC Dupont 951, F6-2 375 / 96 49 89 -11 3) -413 
PRESTO, AgPd/AgPd, F5-3 375 / 33 24 51 -9 2) -994 
PRESTO, Ag paint/AgPd, F5-4 375 / 33 21 50 -7 2) -967 
RAINBOW 1) 381 / 127 70 ~135 -11 3) -801 
THUNDER 1) 381 / 127 60 ~114 -3 3) -652 

1) (Wise 1998). 
2) Applied force from 0.3 to 1.5 N. 
3) Applied force from 0.3 to 3.0 N. 

Load bearing capabilities of the 375 μm thick PZT 5H actuators are well in line with the 
results obtained by Wise, especially with RAINBOW actuators, while the displacement of 
the THUNDER actuator reduced less under load. Instead, the load bearing capability of 
250 μm thick PZT 5A PRESTO actuators with AgPd pre-stressing layers was 
significantly lower than RAINBOW and THUNDER actuators. This was an obvious 
result of the thin pre-stressing AgPd layer. However, PZT 5A PRESTO actuators with 
ceramic pre-stressing layers showed better performance under load and had a 7 % 
increase in displacement when the load was increased from 0.3 N to 3.0 N. Displacement 
capabilities of the PZT 5H and PZT 5A PRESTO actuators were within a factor of 1.2-3.3 
and 1.9-6.3 of corresponding RAINBOW and THUNDER actuators (Table 8), 
respectively. (Paper III) 

Some of the differences in the values presented in Table 8 are due to different 
frequencies and loads used in measurements, which both tend to reduce the displacement 
of PRESTO actuators compared to RAINBOW and THUNDER actuators. (Paper III) A 
passive piezoelectric ring also reduces the obtained displacements as well as poling 
(Papers IV). The overall trend in the differences between the materials is the same, 
showing that the PZT 5A material also sustains loads better in the PRESTO structures 
(Table 8). Displacements of the PRESTO actuators, however, are smaller with PZT 5A 
materials, which is contradictory to the results obtained by Wise shown in Table 8 (Wise 
1998). This can be due to the optimized structures and pre-stress levels in the THUNDER 
and RAINBOW actuators. For example under uniaxial compressive stress, the highest d31 
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and d33 coefficients are obtained at an optimal stress level as shown in Fig. 4 (Zhang & 
Zhao 1999, Paper III). 

Accordingly, optimized structures and poling will improve the performance of the 
PRESTO actuators (Paper III-IV). Major improvements in the performance, however, can 
be expected due to optimization of the material’s Young’s modulus, pre-stressing level 
and the thickness of the pre-stressing layer enabling performances that are competitive 
with the results obtained by others for different structures (Furman et al. 1994, Mossi et 
al. 1998, Wise 1998, Wang & Cross 1999 b, Li et al. 2001). The displacements of 
THUNDER and RAINBOW actuators increased up to 205 % and 286 %, respectively, 
following optimization of pre-stress and the place of the neutral axis as suggested by 
Furman et al. and Mossi et al. (Furman et al. 1994, Mossi et al. 1998, Wise 1998). The 
same kind of improvements are anticipated for PRESTO actuators due to analogous 
behaviour of the actuator. Additionally, a competitive solution is obtained due to the 
straightforward manufacturing method, the integration possibility for LTCC and 
possibilities for high temperature operation. (Paper III) Optimisation, expected 
improvements and future possibilities are described in Chapter 4.4. 

Electrical properties of PRESTO and bulk actuators under high electric field and at 
different temperatures were measured in Paper IV. Positive and negative remanent 
polarisation and coercive electric fields under highest electric field are presented at Table 
9. (Paper IV) 

Table 9.  Hysteresis measurement results under the highest electric fields (Paper IV). 

Sample Thickness 
[μm] 

+Pr [μC/cm2] 
(25°C/125°C) 

-Pr [μC/cm2] 
(25°C/125°C) 

+Ec [MV/m] 
(25°C/125°C) 

-Ec [MV/m] 
(25°C/125°C) 

PZT 5A bulk 250 34.86/29.60 -35.61/-30.05 1.84/1.19 -1.67/-1.08 
PZT 5A pre-stressed 250 25.77/27.72 -25.02/-27.42 2.87/2.38 -3.02/-2.31 
PZT 5A bulk 375 34.63/29.22 -35.08/-30.42 1.73/1.17 -1.51/-0.98 
PZT 5A pre-stressed 375 33.50/29.75 -32.90/-29.60 1.99/1.43 -2.23/-1.44 
PZT 5H bulk 250 27.87/19.46 -29.07/-20.66 1.11/0.57 -1.05/-0.55 
PZT 5H pre-stressed 250 21.33/20.21 -22.69/-20.36 2.04/1.23 -1.93/-1.17 
PZT 5H bulk 375 29.30/21.18 -29.30/-21.33 1.16/0.54 -1.15/-0.52 
PZT 5H pre-stressed 375 23.21/19.61 -22.16/-18.56 1.60/1.08 -1.77/-1.08 

PRESTO actuators showed a significantly higher coercive electric field than their bulk 
counterparts, but a decreased remanent polarisation in Table 9. The highest remanent 
polarisation for the 375 μm thick PZT 5A bulk (34.63 μC/cm2) and PRESTO actuators 
(33.50 μC/cm2) were almost the same. (Paper IV)  

In general the PZT 5H material had 9-37 % lower remanent polarisation and 20-54 % 
lower coercive electric field values than the PZT 5A material (Table 9). This result is well 
in line with the results reported earlier where a 31-33 % difference in remanent 
polarisation and 45-50 % difference in coercive electric field was measured by Dausch. 
(Dausch 1997, Paper IV)  

The highest coercive field was achieved with 250 μm thick PZT 5A PRESTO 
actuators, 2.87 MV/m and -3.02 MV/m. ±Ec and ±Pr values for bulk and PRESTO 
actuators were higher than those obtained by Dausch, probably due to the higher electric 
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fields (Table 9). PZT 5A THUNDER actuators had higher remanent polarisation and 
about the same coercive electric field under ~2 MV/m (+Ec = 1.38 MV/m and -Ec = -1.4 
MV/m) compared with PRESTO actuators. At higher electric fields remanent 
polarisations of the PRESTO actuators were closer to the values of THUNDER actuators 
and the coercive electric field was higher. It should also be noted that the thickness of the 
piezoelectric material in the THUNDER actuators was ~200 µm, which has an effect on 
properties as introduced in Paper IV. (Dausch 1997, Ounaies et al. 2001, Paper IV) 
Similarly, the passive ring of the PRESTO actuators has a hindering effect on 
polarisation. (Paper IV) 

In general, the differences between PRESTO actuators and others can be explained by 
the differences in pre-stress level, stronger clamping of the thicker passive layers of the 
RAINBOW and THUNDER actuators and the passive ring area introducing high tensile 
stresses (Paper IV). 

Additionally, displacement of the PRESTO actuators closely followed the remanent 
polarisation as a function of poling fields. This can be used as an indicator of expected 
displacement properties, as with bulk actuators (Paper IV).  

In Paper V, a AgPd pre-stressed PZT 5H PRESTO actuators was used with an 
additional steel layer. The actuator, with a thickness of 250 µm, produced 71 µm 
displacement under +2.0 MV/m electric field and 1 Hz frequency. Thicker actuator (410 
µm) produced 45 µm displacement under +1.2 MV/m electric field and 1 Hz frequency. 
Displacement was measured when the actuators were assembled into amplifier structure. 
Actuators were clamped from a steel layer into the base of the amplifier using screws and 
connected to the amplifier mechanics by glue. The mechanical amplifier with thinner 
actuator produced 1.2 mm and 1.15 mm displacements under 0 N and 7.2 mN loads and 
2.0 MV/m electric field, respectively. The corresponding amplification factors were ~17 
and ~16. The mechanical amplifier with the thicker actuator produced 1.16 mm and 1.08 
mm under 0 N and 7.2 mN loads and ~1.2 MV/m electric field, respectively. The 
inverting amplifier system with a 410 µm thick actuator obtained amplification factors of 
~-25 and ~-24. (Paper V) 

4.4  Discussion 

Optimisation of PRESTO actuators demands further study. Dimensions and mechanical 
properties of materials, such as thickness (Figs. 7 and 20) and Young’s modulus, have to 
be carefully considered when designing. This is particularly important in pre-stressed 
actuators compared to conventional unimorph actuators because the stress state and 
passive material are created in the same process. From the mechanical point of view, 
selection of a thicker passive layer can introduce higher displacements due to a more 
suitable active and passive material ratio, as explained in Chapter 2.2.  

In order to estimate the contribution of the mechanical factors, the theoretical 
maximum axial displacement (Δhmax,circ) was calculated for different PRESTO actuators 
using equation (2) and parameters in Table 10 (Li et al. 1999). 
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Table 10. Material and driving parameters of the PRESTO actuators used in calculation 
(Berlincourt et al. 2005, Morgan Electro Ceramics 2005, Sinocera 2005). 

Material Diameter 
[mm] 

Thickness 
[μm] 

Young’s modulus 
[GPa] 

Poisson’s 
ratio 

d31 [pm/V] Electric field 
[MV/m] 

PZT 5A 24.5 250 / 375 69 0.35 -171 ± 0.75 
PZT 5H 24.5 250 / 375 72 0.34 -274 ± 0.75 
Passive  24.5 25-250 37-300 0.30 - - 

The effect of the Young’s modulus of the passive layer and the thickness ratio of passive 
and active material on the displacement is shown in Fig. 20 for a 250 μm thick PZT 5H 
actuator. The measured displacements of PRESTO actuators have been added from Paper 
III for comparison. 

Fig. 20. Calculated displacement of the PRESTO actuators as a parameter of Young’s 
modulus of passive layer (Poisson’s ratio 0.3) and ratio of passive layer and PZT. Measured 
displacements are from 250 μm thick PZT 5H PRESTO actuators with constraining layer 
driven by ±0.75 MV/m electric field and 10 Hz frequency (Paper III).  

Fig. 20 shows that the thickness ratio of the LTCC pre-stressed actuator is near optimum. 
For the AgPd pre-stressed actuator, a significant increase of the displacement can be 
expected by introducing a thicker passive layer. Interestingly, measured displacements are 
much higher than would be expected from the values of the Young’s modulus of silver 
and LTCC. In order to achieve theoretical displacements equal to the measured one, the 
AgPd pre-stressing layer should exhibit a Young’s modulus about 115 GPa, as shown in 
Fig. 20 for PZT 5H actuators. For 250 μm thick PZT 5A PRESTO actuators, calculation 
suggests that Young’s modulus of the passive AgPd would be ~140 GPa and even higher 
for thicker actuators. The lowest Young’s modulus which corresponded with measured 
displacements of the actuators was 37 GPa obtained with a 250 μm thick PZT 5A 
actuator F4-3 in Paper III. This value was used later in calculations for Young’s modulus 
of the AgPd layer. Young’s modulus of freely sintered LTCC tape (DuPont 951) is 
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between 120-152 GPa, depending on firing parameters (CTS Microelectronics 2005, 
DuPont 2005). Constrained sintering is expected to lower these values, but even if 152 
GPa Young’s modulus is used for PZT 5H PRESTO actuators, the difference between 
measured and calculated values is ~40 % with a Poisson’s ratio of 0.3. This value is 
higher than the difference between measured and theoretical values obtained by Li et al. 
for unimorph actuators as shown in Table 3 (Li et al. 1999). The same calculation for the 
different Young’s modulus of passive layer was made for 375 μm thick actuators showing 
an even higher difference between measured and calculated values.  

The value of Poisson’s ratio used in calculations (Fig. 20) was 0.30, corresponding to 
values of e.g. stainless steel. However, for DuPont 951 LTCC tape, Poisson’s ratio has 
been previously determined to be 0.17 (CTS Microelectronics 2005). The change applied 
into calculations increased displacements by 6-15 % over the whole range of thickness 
ratio and by 11 % at the particular thickness ratio of actuators pre-stressed by LTCC tape. 

It should also be noted that in Fig. 20 the Young’s modulus of the piezo ceramics is 
kept constant. However, Young’s modulus, i.e. inverse elastic compliance, depends on 
pre-stress and applied electric field (Wang & Cross 1998, Zhang & Zhao 1999, Li et al. 
1999). The calculation suggests that using a half of the Young’s modulus of both piezo 
materials (Table 10) and 37 GPa for the passive layer generates a 15 % increase in 
maximum displacement compared to the initial Young’s modulus.  

All earlier mentioned factors can produce cumulative errors in calculations so that an 
accurate analysis of material parameters under driving conditions is required in the future. 
The effective d31 piezoelectric coefficient was calculated for comparison of the PRESTO 
actuators and other pre-stressed and unimorph actuators. In these calculations Young’s 
modulus was fixed at 37 GPa and 120 GPa for AgPd and LTCC, respectively. A Poisson’s 
ratio of 0.3 was used for AgPd and 0.17 for LTCC. The top electrode was ignored in the 
calculations. Other initial information is in Table 10. Thickness of AgPd, dome heights, 
measured and calculated displacements, their difference and effective piezoelectric 
coefficient d31 are calculated for PZT 5A PRESTO actuators in Table 11. 

Table 11. Thickness of AgPd, dome heights, measured displacements of different PZT 5A 
PRESTO actuators under 0.3 N force and ±0.75 MV/m electric field at 10 Hz frequency 
and their calculated performance.  

PZT thickness, 
label of actuator 

Thickness of 
AgPd [μm] 

Height after 
poling [μm] 

Δhmeas 
[μm] 

Δhmax,circ

[μm] 
(Δhmeas/Δhmax,circ)-1 

[%] 
d31eff 

[pm/V] 
375 μm        

F3-1 1) 45 215 24 12 101 -344 
F3-2 2) 33 300 22 9 138 -407 
F3-3 1) 35 270 18 10 88 -322 
F3-4 1) 24 260 13 7 96 -336 

250 μm        
F4-1 1) 33 665 42 19 119 -374 
F4-2 3) 12 220 32 8 304 -690 
F4-3 1), 4) 24 360 15 15 0 -171 

1) Electrodes sintered first after which pre-stressing layer was sintered. 
2) Electrodes and pre-stressing layer sintered at the same time. 
3) No sintered top electrode. 
4) Reference actuator for determination of Young’s modulus of AgPd. 
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The results of Table 7 and 11 indicate that the thickness of the pre-stressing layer has an 
effect on dome height and effective d31, since a purely mechanical contribution would 
give the initial d31=-171 pm/V as the effective value. The effective d31 coefficient of the 
375 μm thick actuators in Table 11 corresponded closely with the initial dome height of 
the actuators (Table 7). This was an expected result as the dome height has been used as 
an indicator of the pre-stress in the results obtained by others (Mossi et al. 2003). 
However, when the dome height after poling was compared with the effective d31 
coefficient the relation was not as obvious, but still actuators with the highest dome 
height generated the highest effective d31 coefficient. For thinner actuators the results are 
clear if actuator F4-2 is ignored. Apparently a constraining top electrode significantly 
changes the pre-stress state of the actuator. Consequently, dome heights of actuators with 
different configurations cannot be compared directly. Interestingly, the processing order 
seems to have a great impact on actuator properties. Actuator F3-2 produced the largest 
effective d31 value introduced by simultaneous sintering of the top electrode and pre-
stressing layer. Also, one firing cycle is avoided which might otherwise diminish the 
piezoelectric properties due to lead loss (Torah et al. 2004 b, Wang et al. 2004, Yoon et 
al. 2005). 

Measured and calculated displacements, their difference, the effective piezoelectric 
coefficient d31 and the displacement of the scaled actuator (piezoceramic ∅25x0.25 mm - 
see Chapter 2.3) using effective d31 in initial and optimal conditions for different 
PRESTO configurations are listed in Table 12. 

Table 12. Measured displacements of different PRESTO actuators with constraining layer 
under 0.3 N force and ±0.75 MV/m electric field at 10 Hz frequency and their calculated 
performance.  

Actuator type Δhmeas 
[μm] 

Δhmax,circ

[μm] 
(Δhmeas/Δhmax,circ)-1

[%] 
d31eff 

[pm/V] 
Δhmax,circ

1) 
[μm] 

Δhmax,circ
2)  

[μm] 
PZT 5A 250 μm       

F4-1, AgPd 33 μm 42 19 119 -374 44 95 
F6-3, LTCC 96 μm 72 57 26 -216 75 75 

PZT 5A 375 μm       
F3-2, AgPd 33 μm 22 9 138 -407 34 105 
F6-4, LTCC 96 μm 45 37 21 -207 70 72 

PZT 5H 250 μm       
F5-1, AgPd 33 μm 60 30 101 -552 63 139 
F6-1, LTCC 96 μm 117 91 28 -350 122 122 

PZT 5H 375 μm       
F5-3, AgPd 33 μm 51 14 263 -994 80 250 
F6-2, LTCC 96 μm 89 59 51 -413 139 144 

1) Scaled actuator size (piezoceramic ∅25x0.25 mm) calculated using d31eff and initial thickness ratio– see 
Chapter 2.3. 

2) Scaled actuator size (piezoceramic ∅25x0.25 mm) calculated using d31eff and optimal thickness ratio. 

Dome heights were proportional to the effective d31 coefficient when actuator material 
and thickness were kept the same but the pre-stressing material was changed (Table 7 and 
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12). As shown in Table 12, actuators pre-stressed by AgPd exhibited greater differences 
between measured and calculated values than did actuators pre-stressed by LTCC. This is 
probably due to higher tensile pre-stress, (as indicated by the dome height – see Table 7), 
as a consequence of the larger CTE mismatch between materials, as mentioned earlier. 
The performance level of the LTCC pre-stressed actuators is between CERAMBOW and 
co-extruded PZN-PZT actuators (Tables 3 and 12).  

PRESTO actuators pre-stressed by AgPd exhibited performance on the level between 
Prindrex and RAINBOW actuators depending from the configuration (Tables 3, 11 and 
12). The highest difference of 304 % between measured and calculated values was 
obtained with a 250 µm thick PZT 5A PRESTO actuator with a 12 µm thick AgPd pre-
stressing layer and silver paint top electrode (Table 11). The highest calculated effective 
d31=-994 pm/V was obtained with a 375 µm thick PZT 5H PRESTO actuator with a 33 
µm thick AgPd pre-stressing layer and AgPd top electrode (Table 12). As suggested by 
these results, in the optimal case PRESTO actuators would generate the highest 
displacement among different pre-stressed actuators scaled in size, shape and driving 
conditions (Table 3, 11 and 12). In practice, displacements up to 250 µm and 175 µm 
with 250 µm thick (∅25 mm) PZT 5H and 5A actuators respectively (Table 11 and 12) 
would be obtainable via optimisation. Although, RAINBOW exhibits displacements of 
the same magnitude (Table 8), the pre-stress level of the PRESTO can be increased and 
materials with higher Young’s modulus can be applied to further improve their 
characteristics. However, it is important to notice that these values can decrease or 
increase significantly resulting from changes in material parameters of the pre-stressing 
layer used in the model. Therefore detailed characterisation of the pre-stressing passive 
layer and pre-stressed piezoelectric material under driving conditions will be required in 
future. Additionally, more experiments are required with different materials and material 
thicknesses to optimise actuator structure and verify theoretical calculations. 

RAINBOW actuators manufactured here produced lower performances (d31eff=-316 
pm/V and -191 pm/V for PZT 5H and PZT 5A, respectively) than PRESTO actuators 
even though they exhibited high displacements with moderate loads (Table 6, 11 and 12). 
This was due to the non-optimised manufacturing process, with slight differences 
compared to RAINBOW actuators presented by others. Manufactured thick film actuators 
showed d31 values of -34.6 pm/V and remanent polarisation of 1.36 μC/cm2, which are 
orders of magnitude lower than PRESTO actuators. Additionally, pre-stress due to 
sintering shrinkage is considered to be a harmful effect for piezoceramic in this case. 
However, these actuators showed quite good characteristics at resonance and thus can be 
utilised as various mechanical resonators. Furthermore, paste prepared here can be 
sintered at low temperature and shows promising characteristics for use in functionally 
graded PRESTO actuators in further experiments.  

Electrical characteristics of the PRESTO actuators were discussed in Chapter 4.3 in 
detail. Increases of the coercive electric field appeared to be at the cost of the remanent 
polarisation. The relation between remanent polarisation and displacement seems to be 
valid for pre-stressed actuators in the same way that piezoelectric d33 and d31 coefficients 
and remanent polarisation are related for bulk actuators (Wang et al. 1991, Paper IV). 
However, remanent polarisation and piezoelectric d33 or d31 coefficients of PRESTO and 
bulk actuators are not directly comparable, based on results of effective d31 coefficients 
(Table 9, 11 and 12). More research is required for the determination of the relation 
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between remanent polarisation and effective d31 coefficient at different stress levels. 
Poling and structure optimisation of the PRESTO actuators can further improve their 
displacement capabilities by introducing higher values of effective d31 and coercive 
electric field (Table 9). (Paper IV) 

The 250 µm thick AgPd pre-stressed PZT 5H PRESTO actuator with a glued steel 
layer, presented in Chapter 4.3, showed a smaller displacement (71 µm) than was 
expected. (Paper V) Initially, without steel layer, the actuator produced a displacement of 
~60 µm under 0.3 N force and ±0.75 MV/m electric field as shown in Table 12. 
According to equation (2), the displacement is linearly proportional to electric field. 
Therefore, the actuator should exhibit displacements over 80 µm under +2.0 MV/m 
electric field and due to the thicker layer of passive material i.e. glue and steel in addition 
to AgPd. There are several possible reasons for reduced behaviour. Firstly, the actuator 
was firmly clamped by the steel layer which strongly resisted movement of the piezo 
actuator. Secondly, the loading effect of the amplifier is not known which might reduce 
the displacement of a thin actuator. Thirdly, the linear relation of electric field and 
displacement is not accurate because the displacement of the actuators tends to saturate 
under strong unipolar electric fields. Finally, the gluing may be ineffective in terms of 
increasing the displacement and instead may decrease the displacement by resisting the 
actuation.  

The same glued steel layer configuration with a 410 µm thick PZT 5H PRESTO 
actuator exhibited 45 µm displacement under +1.2 MV/m. Using the same calculation as 
earlier this actuator should produce 56 µm under ±0.75 MV/m electric field. The closest 
counterpart is the 375 µm PRESTO actuator with a 33 µm thick AgPd layer (Table 12) 
which produced a displacement of 51 µm. As can be seen from equation (2) and results 
shown earlier (Figs. 18 and 19), the displacement of a thicker actuator should be lower 
than that of a thinner actuator. Therefore it is clear that displacement capabilities are 
enhanced due to the thicker passive material (additional steel layer), as can be expected 
based on the unimorph model. The best performance will be obtained when the pre-stress 
level is set by a AgPd layer and when a steel layer is used to adjust the optimal ratio of 
passive and active materials. In the model, use of approximately 125 µm and 75 µm thick 
steel layers would generate the highest displacement for 410 µm and 250 µm thick 
actuators, respectively. In practice, the highest displacements were obtained by using 100 
µm and 50 µm thick steel foils as a consequence of the glue and pre-stressing layers.  

As explained in Chapter 2.3, gluing has its problems. However, durability of handling 
and clamping with other structures is improved by using the solid metal layer beneath the 
ceramic actuator. In the presented case, the actuator experienced an increased effective 
d31 coefficient as a consequence of the pre-stress, and gluing of the actuator was carried 
out after the pre-stressing process. By this means actuators can achieve better durability, 
better assembling and a higher effective d31 coefficient. In addition, decreased stresses 
can be expected to be applied to the glue layer. The interlayer of the passive and active 
material will be subjected to the highest stresses during actuation. Thus using material 
with a higher Young’s modulus and bonding strength, such as AgPd, instead of glue is 
beneficial in terms of displacement and endurance. In sections where lower stresses are 
introduced, adhesives are suitable for improving durability as well as displacement, by 
mechanical factors as explained earlier. Such a material composite with a graded Young’s 
modulus requires further studies to be optimised in terms of durability and displacement.  
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Application-specific customisation is often required in spite of relatively large 
displacements, moderate load bearing capabilities and mass-producible actuators. 
Customisation can be achieved through flexible manufacturing methods but sometimes it 
is more feasible and cost effective to make the required changes by external mechanisms, 
especially if the amount and size of actuators is limited. By using a pre-stressed actuator a 
high displacement is produced due to the very compact internal leverage. Therefore, the 
amplification factor and stresses in the external amplifier are reduced and construction 
and manufacturing are simplified. As a consequence, materials with low mechanical 
stiffness such as plastic can be used for mechanisms enabling, for example, injection 
moulding of devices. The amplification mechanism for PRESTO actuators was developed 
to obtain displacements over 1 mm. This displacement range is very feasible for fine 
mechanical devices such as low power electromechanical locks, valves, dosing devices 
and mechanical regulators. In future, amplifier construction will be more compact and 
efficient with improved load bearing capability utilising optimised pre-stressed actuators. 

Further research is required to verify the model for PRESTO actuators. The 
manufacturing method also enables other options for actuator fabrication, including pre-
stressing various sizes and shapes of the actuator as well as pre-stressing patterns. It has 
already been demonstrated that pre-stressing segments can be realised on the surface of 
the piezoelectric ceramic so that pre-stressed actuator or sensor arrays can be 
manufactured on single wafer (Fig. 21 a). It should be also pointed out that presented 
PRESTO actuators are not functionally graded structures like the PZT/PZT actuator 
presented by Li et al. (Li et al. 2001). However, such structures are easily manufactured 
using e.g. piezoelectric paste or tape as a pre-stressing material. Problems associated with 
limited thickness range of the bulk actuators can be solved with the utilisation, for 
example, of tape cast piezoelectric structures (Fig. 21 b).  

Fig. 21.  a) three pre-stressed regions on a piezoelectric disc (∅ 25 mm) b) tape cast 
piezoelectric actuator (thickness ~70 µm, ∅ 10 mm) with a AgPd pre-stressing layer. 

Furthermore, LTCC technology enables a convenient way to build a variety of solid state 
3D structures which are durable, hard and inert (Gongora-Rubio et al. 2001, Gongora-
Rubio et al. 2004). In order to realise actuators for elevated temperatures a strong and 
temperature resilient bond between the piezoelectric and another material is required. In 
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addition, temperature durable wiring and electrodes, a high Curie point and enhanced 
piezoelectric properties are needed. (Schulz et al. 2003) PRESTO actuators offer these 
possibilities, especially with LTCC. Additionally, they enable realisation of LTCC 
embedded microwave-driven piezoelectric actuators with high piezoelectric coefficients 
(Choi et al. 2002, Song et al. 2003). Such actuators and devices with remote control and 
wireless energy transfer have huge potential markets in various industrial fields and 
consumer electronics. 



5 Conclusions 

The main target of this thesis has been to develop novel pre-stressed piezoelectric 
actuators. 

Different PRESTO actuator configurations were realised for 250 µm and 375 μm thick 
PZT 5A and 5H piezoelectric discs and their displacement characteristics as a function of 
load were studied. The overall behaviour of the actuators was analogous to RAINBOW 
and THUNDER actuators. PZT 5A material exhibited better load bearing capability and a 
250 µm thick actuator with an LTCC pre-stressing layer increased displacement by 7 % 
when loaded from 0.3 N to 3 N. A maximum displacement of 118 µm was obtained with 
a 250 µm thick pre-stressed PZT 5H actuator with a diameter of 25 mm where LTCC tape 
was utilized as a pre-stressing layer. Similarly, the PZT 5H actuator with same size 
provided a maximum displacement of 63 µm with a screen-printed pre-stressing AgPd 
layer. These values show lower displacement capabilities than corresponding RAINBOW 
and THUNDER actuators. However, optimisation of the pre-stress level and material 
thicknesses can increase displacement properties by a factor of 2-3. Additionally, a 
competitive solution is obtained due to the straightforward manufacturing method 
suitable for mass-production, the integration possibility for LTCC and possibilities for 
high temperature operation.  

The produced mechanical bias and passive layer significantly increased the coercive 
electric field of the PRESTO actuators. Coercive electric fields up to -1.67 MV/m and -
3.02 MV/m were obtained for PZT 5A bulk and PRESTO actuators, respectively. This 
expands the operational electric field range of the PRESTO actuators, and hence their 
displacements can be increased. On the other hand, the introduced pre-stress decreased 
the remanent polarisation of PRESTO actuators compared to that of bulk actuators. This 
value has been used as an indicator of piezoelectric coefficients d33 and d31. However, 
since pre-stress also has an influence on piezoelectric coefficients, values of two actuators 
are not directly related and more research is required in this topic.  
Mechanical bias enhances the d31 piezoelectric coefficient which is the main contributor 
for displacement of the bender type PRESTO actuator. The influence of the pre-stress can 
be seen in the increased displacements. According to the unimorph model, PRESTO 
actuators pre-stressed by LTCC tape showed moderate enhancement comparable to 
CERAMBOW actuators i.e. higher than unimorph and some of the most recently 
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developed actuators. On the other hand, PRESTO actuators pre-stressed by AgPd already 
show the highest effective piezoelectric coefficient d31 (calculated maximum d31eff = -690 
pm/V and d31eff = -994 pm/V for PZT 5A and 5H, respectively) among the pre-stressed 
internally leveraged actuators produced by others. Calculations suggest that 
displacements up to 250 µm and 175 µm with PZT 5H and 5A actuators (∅25 mm, 
thickness 250 µm) respectively would be obtainable via optimisation. These theoretical 
results need to be verified by further experimental results. 

RAINBOW and thick film actuators produced here showed significantly lower 
effective d31 values compared to PRESTO actuators. However, thick film actuators 
produced a relatively large displacement at resonance with low voltages which can be 
utilised in low force actuators, resonant devices and sensors with mass-producible 
manufacturing methods. In further research the paste can also be utilised in a functionally 
graded PRESTO actuator due to low temperature sintering.  

PRESTO actuators were utilised in an external mechanical amplifier producing 
displacements up to 1.2 mm. In this case the actuators were glued onto steel layers, 
enhancing the displacement capability due to a thicker layer of passive material. By this 
means a high effective piezoelectric coefficient d31 could be produced by first pre-
stressing and then adjusting the optimal thickness of the passive material. From a 
practical point of view, such an approach makes structures easy to handle, assemble and 
attach. Further research on external mechanical amplifiers and optimised pre-stressed 
structures will improve their displacement, load bearing capability and compactness. 

In summary, PRESTO actuators show promising characteristics in terms of large 
displacement, manufacturability and integration, obtaining the following advantageous 
features: 

− A simple and straightforward manufacturing method with existing mass-production 
manufacturing technology. 

− Utilization of the high piezoelectric coefficients of commercially available materials. 
− A strong bond due to sintering and a monolithic structure without a separate adhesive 

layer. 
− Increased coercive electric field and effective d31 coefficient. 
− Integration and miniaturisation possibilities using e.g. LTCC.  
− A fabrication method enabling segments in the actuator sheet, producing e.g. actuator 

matrices. 
− A actuator structure suitable also for a high temperature operations. 
− Materials with high Young’s modulus can be utilised as a passive layer increasing 

electromechanical properties of the actuator. 
− Pre-stress level can be easily tuned by selection of materials and thicknesses providing 

optimal conditions for different piezoelectric materials.  
− Functionally graded materials can be utilised. 

Properties of the PRESTO actuators can be improved further through optimisation. 
Remarkable advantages are obtained due to their monolithic, integrated structures and 
flexible manufacturing methods suitable for mass-production. Embedded solid state 
actuators can be manufactured, for example, inside the LTCC circuit board in the same 
process together with a mechanical base, package and electronics. Due to the high 
chemical resistance of the ceramic and the temperature resilient bonding mechanism, 
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PRESTO actuators offer possibilities for utilisation in harsh environments and elevated 
temperatures. Wirelessly controlled and microwave driven pre-stressed piezoelectric 
bender actuators have already been demonstrated in a space application. The concept of 
integrated actuators, sensors and their matrices with enhanced electromechanical 
properties and wireless energy transfer is very beneficial and can be utilised in consumer 
electronics and various industrial fields related, for example, to micro and fine 
mechanics, telecommunication, instrumentation, fluidics, optics and the car and 
aerospace industries. Devices which require a high resolution, small size, low power 
consumption and relatively large displacement are especially attractive, such as dosing 
devices, electromechanical locks, regulators, positioners, vibrators, speakers, adjusters, 
pumps, valves, relays, dispensers, micromanipulators and motors, etc.  
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