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This chapter describes the piezoelectric (PE) transducers, the mechanical parts of

piezoelectric accelerometers with integral electronics (IEPE). The function of the

PE transducer in an IEPE accelerometer, its transfer function, equivalent electrical

schematic, main electrical characteristics, construction, and types are described.

Three basic types of PE transducers used in IEPE accelerometers, compression,

shear, and flexural, their advantages and drawbacks are presented. Topics also

include description of the piezoelectric (crystal) elements, the primary sensitive

elements used in IEPE accelerometers. Two most popular piezoelectric element

materials used in IEPE sensors, quartz and lead zirconate titanate (PZT)

piezoceramic, their advantages and drawbacks are presented.

2.1 Function of a PE Transducer in an IEPE

Accelerometer

The PE transducer is an IEPE accelerometer’s mechanical part which transforms

the input acceleration signal into an output charge electrical signal. The construc-

tion, size, and key electrical parameters of the PE transducer, such as charge and

voltage sensitivities, capacitance, and resistance play an important role in the

performance of an IEPE sensor. The integral electronics is comprised of a built-in

FET-input charge or voltage amplifier which converts charge signal coming from

the PE transducer into the output voltage signal. The amplifier transforms the PE
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transducer’s high impedance into low output impedance allowing transmission of

the voltage signal over long cable lengths.

There is a well-known conventional class of PE accelerometers using the PE

transducer without electronics described in many literature sources [1–27]. This

type of sensor is also called the Charge Mode PE accelerometer (or Charge Output

PE accelerometer) in contrast to a Voltage Mode PE accelerometer (or Voltage

Output PE accelerometer), which is the other name for the IEPE accelerometer.

Design, characteristics, and construction of PE accelerometers are different in

comparison with the PE transducers used in IEPE accelerometers. The PE trans-

ducers’ function, construction, and characteristics are dictated by their operation as

a mechanical part of an IEPE accelerometer. The PE transducer and the built-in

FET-input charge or voltage amplifier should meet each other and have specific

parameters described below.

2.2 Transfer Function of a PE Transducer

The basic structure and operation of a transducer can be modeled as a damped

harmonic oscillator with mass m, spring constant k, and mechanical resistance r
[16, 17]. Figure 2.1 shows the simplified schematic diagram of a PE transducer

[16, 17].

This schematic can be described with the help of the classical second-order

differential equation of motion for the output displacement signal z [16, 17, 28]:

m
d2z

dt2
þ r

dz

dt
þ kz ¼ �m

d2y

dt2
ð2:1Þ

In (2.1), y is the input displacement signal. In the frequency domain, the input

displacement signal is Y( f ) and the response is Z( f ) The solution for (2.1) for the

output displacement signal spectral density |Z( f )| in m=
ffiffiffiffiffiffi
Hz

p
is given [28]:

Fig. 2.1 Simplified

schematic diagram of a PE

transducer
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Z fð Þj j ¼ ω

ωn

� �2

Y fð Þj jG fð Þ, ð2:2Þ

where G fð Þ ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ω

ωn

� �2
� �2

þ ω
ωn

� �2
1
Q2

s : ð2:3Þ

In (2.2), (2.3), ω¼ 2πf,ωn¼ 2πfn, fn is the resonant frequency:

ωn
2 ¼ k

m
, ð2:4Þ

and Q is the quality factor (factor of amplitude increase at resonance) of the

harmonic oscillator:

Q ¼ ωnm

r
: ð2:5Þ

Since ω2|Y( f )| is the magnitude of the input acceleration signal as measured in
m

s2
ffiffiffiffi
Hz

p , the expression (2.2) can be rewritten

Z fð Þj j ¼ as H fð Þj j, ð2:6Þ

where H fð Þj j ¼ G fð Þ
ωn

2
: ð2:7Þ

H( f ) is the transfer function of the PE transducer. For an IEPE accelerometer, the

typical operating frequency range is restricted to ω< 0.3ωn. Then, according to

(2.3), G( f )� 1 and expressions (2.6) and (2.7) become

Z fð Þj j ¼ as
1

ωn

� �2

, ð2:8Þ

H fð Þj j ¼ 1

ωn
2
: ð2:9Þ

2.3 Equivalent Electrical Schematic of a PE Transducer

and Its Main Electrical Characteristics

Simplified, but sufficient for IEPE accelerometer design purposes, the equivalent

electrical schematic of a PE transducer can be presented as the voltage source

electromotive force (EMF) ePE and capacitance CPE connected in series (see

Fig. 2.2) [9]. Here ePE and CPE represent the output voltage of the open-circuit

PE transducer and its electrical capacitance, respectively:

ePE ¼ as � VPE: ð2:10Þ
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In (2.10), as is the input acceleration and VPE the PE transducer’s voltage

sensitivity typically measured in mV/g. VPE has the following obvious relationship

with the PE transducer’s charge sensitivity QPE commonly measured in pC/g:

VPE ¼ QPE

CPE
: ð2:11Þ

In practice, using conventional units, (2.11) can be rewritten as

VPE
mV

g

� �
¼

QPE
pC
g

� �
� 1000

CPE pFð Þ : ð2:12Þ

QPE, VPE, and CPE are the main electrical characteristics of the PE transducer which

are needed for design of the IEPE accelerometer. As was shown in Chap. 1,QPE and

VPE are used for finding total sensitivities of a Charge Mode IEPE and Voltage

Mode IEPE accelerometers, respectively. CPE can affect the frequency response of

a Charge Mode IEPE sensor and the total sensitivity of a Voltage Mode IEPE

sensor. One more parameter, the PE transducer insulation resistance RPE needs to

be added to these characteristics. Since the PE transducer is connected in parallel

with the input of the following FET- input amplifier, RPE value can affect bias

voltage provided for FET and, therefore, the output bias voltage of the whole

sensor. To avoid influence of RPE on the amplifier’s bias, the RPE value should

meet the following requirement:

RPE � Rin ð2:13Þ

where Rin is the input resistance of the amplifier. The requirement (2.13) must be

provided over the entire operating temperature range of the sensor. In practice, it is

sufficient to fulfill RPE� 10Rin for most cases. Typical value of RPE in an IEPE

accelerometer is RPE� 1010Ω (�10 GΩ).

Fig. 2.2 Simplified

electrical schematic of a PE

transducer
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2.4 Constructions of the PE Transducers Used

in the IEPE Accelerometers

The PE transducers placed inside IEPE accelerometers have various construction

designs dictated by the performance characteristics required for the sensors and the

built-in FET-input charge or voltage amplifier used. There are three main PE

transducer’s construction designs used in IEPE accelerometers: compression

mode, shear mode, and bending or flexural mode [1, 10, 11].

2.4.1 Compression Mode Design

The compression mode is the PE transducers’ historically earliest design explained

by its relatively simple structure. Figure 2.3 shows one of the compression mode

design options called the Single-Ended Compression (SEC) [1] or Upright Com-

pression Mode design [11].

In this design option, the piezoelectric (crystal) element is placed between a base

and an inertial mass. Typically, the crystal element is pre-stressed with the help of

the preload bolt which is torqued down to secure the mass to it. In some options, a

mass and a crystal element are torqued on a central post [1]. The crystal element

electrodes are connected with the charge or voltage amplifier board with the help of

wires. The signal from the amplifier goes to the output connector. When acceler-

ation is applied to the sensor, the mass creates force acting upon the crystal element

resulting in a proportional electrical charge signal on its electrodes. In this con-

struction, the crystal element creates charge in the same direction as the applied

force. A larger mass produces more stress on the crystal element and, hence, the

output signal has a larger value.

This design features a higher ruggedness, stiffness, and rigidity in comparison to

other designs. As a result, it exhibits high resonant frequencies, resulting in wider

Fig. 2.3 Single-ended (upright) compression mode design of the IEPE accelerometer
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frequency band. Also, this design typically can withstand high levels of vibration

transients (shock level).

But, the compression structure has the following drawbacks. From Fig. 2.3 we

can see that the piezoelectric element has good mechanical contact with mounting

base. As a result, this design is sensitive to base bending (has more base strain

sensitivity) and thermal transients (pyroelectric effect). The error in measured

signal caused by those impacts can be large and, hence, can significantly reduce

dynamic measurement range.

With the purpose to reduce the effects of base-coupled inputs, the isolated

options of the compression mode are designed [1, 11]. The mechanical isolation

of the crystal element from the mounting base is attained by implementing mechan-

ical barriers between the crystal element and the mounting base. In one of these

options called Isobase Compression design [1] or Inverted Compression design

[11], the specially countered base creates a mechanical barrier. The other option

called Isolated Compression design [11] uses an isolation washer combined with a

hollowed-out mass acting as a thermal insulation barrier [11].

Even though the mechanical enhancements mentioned above improve the con-

struction shown in Fig. 2.3 resulting in more stable performance, the compression

mode design is seldom used in modern IEPE accelerometers.

2.4.2 Shear Mode Design

This is the most popular design used in IEPE accelerometers [1–5]. This preference

is explained by its advantages in comparison to other design options. Figure 2.4

shows an example of the Shear Mode design options called an Annular Shear Mode

IEPE accelerometer [1, 2, 11].

Fig. 2.4 An example of the Annular Shear Mode design of an IEPE accelerometer
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In Fig. 2.4, the mass is attached to the periphery of the crystal element which, in

turn, is secured to the central post. With the purpose to provide a stiff, rigid, linear

structure with wide frequency band, a compression ring creates a preload force to

the mass-crystal assembly. When acceleration is applied to the sensor, the mass

causes a shear force to be applied to the crystal element. In this construction, the

crystal element generates charge in the direction perpendicular to the applied force.

There are several options for this design used in practice. Among them are the

Annular Shear design shown in Fig. 2.4 and Isoshear design using a stack of flat

crystal elements attached to the central post by a mounting bolt [1].

This structure offers high charge output and provides good mechanical isolation

of the sensing element from the base. As a result, the Shear Mode design offers the

high value of sensor’s sensitivity and the best protection against base bending and

thermal transients (pyroelectric) effects. The Isoshear design allows the use of

many crystal elements and passive temperature compensators to provide a broad

range of sensitivities, stable performance over wide temperature interval, and low

noise floor [1, 2]. Figures 2.5 and 2.6 show photographs of two recently designed

IEPE accelerometers operating in the Annular Shear Mode [29, 30]. The first one

represents a single axis two wire output sensor family featuring 100, 500, and

Fig. 2.5 Photograph of the

single axis 1 V/g Annular

Shear Mode IEPE

accelerometer

Fig. 2.6 Photograph of the

triaxial 1 V/g Annular Shear

Mode IEPE accelerometer
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1,000 mV/g sensitivity options [29]. The second one is a triaxial 4-pin connector

IEPE accelerometer representing the sensor family having the 500 and 1,000 mV/g

sensitivity options [30].

Some of the Shear Mode constructions have the center-hole mounting option

allowing the user to precisely orient the connector and cable when installing

accelerometers in close quarters [1]. Figure 2.7 shows the photograph of one such

accelerometer featuring wide bandwidth (up to 20 kHz at level of�10 %) and light

weight (1.8 g) [31].

2.4.3 Flexural or Bending Mode Design

The Flexural or Bending Mode design of an IEPE accelerometer is comprised of

piezoelectric elements attached to the seismic mass having the shape of a beam [1,

10, 11]. In practice, this beam generally has a double cantilever form. Figure 2.8

shows an example of this construction [1, 11].

Fig. 2.7 Photograph of the

Shear Mode IEPE

accelerometer with the

center-hole design

Fig. 2.8 An example of

construction of the Flexural

(Bending) Mode IEPE

accelerometer
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The accelerometer has a cylindrical shape and is comprised of PE elements,

mass, support, amplifier, and case. The one piece mass consists of a cylindrical and

cross-beam sections. The piezoelectric elements are bonded to the cross-beam

section in its center. Vibration axis is the same as the cylinder axis. With acceler-

ation signal in this direction, the mass bending causes the PE elements to generate

electrical signal. The signal is amplified by the amplifier and exits at the connector.

This construction features high sensitivity, low resonant frequency, good thermal

stability (low pyroelectric effect), and low noise floor [1, 10, 11, 32, 33]. The

flexural design is typical for so called IEPE seismic sensors used for applications

required the measurement of low-frequency and low-level acceleration signals.

Figures 2.9 and 2.10 show photographs of two ultra-low noise IEPE seismic sensors

having the flexural mode construction [32, 33]. The first one features sensitivity

Fig. 2.9 Ultra-low noise

10 V/g IEPE flexural mode

seismic accelerometer

Fig. 2.10 Ultra-low noise

10 V/g IEPE compact

flexural mode seismic

accelerometer
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10 V/g and a noise floor estimated at 40ng
ffiffiffiffiffiffi
Hz

p
at frequency 1 Hz and 3ng

ffiffiffiffiffiffi
Hz

p
at

frequency 100 Hz [32]. This sensor has a cylindrical shape with a diameter of

65 mm, a height of 56 mm, and a weight of 770 g. The second one is also an ultra-

low noise sensor with the same sensitivity, but it is compact having cylindrical

shape with a diameter of 29 mm, a height of 37 mm, and a weight of 170 g

[33]. This sensor has a slightly higher noise floor, specifically, 90ng
ffiffiffiffiffiffi
Hz

p
at

frequency 1 Hz and 10ng
ffiffiffiffiffiffi
Hz

p
at frequency 100 Hz. More detailed description of

these sensors will be made in the following chapters.

2.4.4 Comparison Between Compression, Shear,
and Flexural Mode Designs

Table 2.1 shows advantages and drawbacks of these three designs.

2.5 Piezoelectric Elements Used in the IEPE

Accelerometers

Piezoelectric PE (crystal) elements are the primary sensing elements which produce

electrical signal when stressed by force. The selection of the PE element materials

plays a critical role in the sensors’ performance.

2.5.1 Quartz Piezoelectric Element

Natural PE crystals, such as quartz and tourmaline, have high levels of Curie

temperatures, the temperatures at which they lose their piezoelectric properties

[20]. Specifically, quartz allows PE sensors to operate at temperatures as high as

315 �C [11]. In practice, PE accelerometers with quartz have maximum temperature

not more than 260 �C due to twinning of the quartz crystal element. But the

temperature limit for electronics does not allow using quartz potential ability in

IEPE sensors.

Quartz crystal element offers stable operation over a wide temperature range and

exhibits very low pyroelectric output [11, 20]. In addition, quartz exhibits a low

value of the charge sensitivity, a small value of the electrical capacitance CPE, and a

high value of the voltage sensitivity VPE. Typically, the single quartz crystal

element has a capacitance value of less than 10 pF. A small value of CPE and a

high value of VPE result in choosing the voltage amplifier as the preferable option

for the PE transducer with quartz. This is because, if the charge amplifier is used, it

would have, at such CPE values, a very small feedback capacitance Cf comparable
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with the hybrid circuit’s strays. That is why, in practice, the Voltage Mode IEPE is

the typical type of sensor when the PE transducer comprises the quartz PE element.

With the purpose to provide good parameters required for the sensor, such as

sensitivity at least 10 mV/g, frequency response with deviation of	5 % at fre-

quency 1 Hz, and temperature range up to 125–130 �C, the voltage amplifier should

have high value of input resistance Rin and small value of input capacitance C1 at

such small CPE values. High value of Rin can limit the temperature range of the

sensor. As a result, tradeoffs in performance of the accelerometers for different

applications are considered to optimize value of Rin. Since quartz has low charge

sensitivity and low value of electrical capacitance, it cannot be used for design of

the high sensitivity and low-noise IEPE accelerometers. The man-made ferroelec-

tric materials with artificial polarization such as PZT piezoceramic are more

appropriate for such IEPE sensors.

2.5.2 Lead Zirconate Titanate Piezoceramic Element

Ferroelectric ceramic materials such as PZT piezoceramic are known for their very

high sensitivities and possibility providing extended frequency range, smaller

noise, and smaller size when compared to the equivalent output of a natural crystals

such as quartz or tourmaline [1–3, 20]. That is why PZT piezoceramic is widely

used in the IEPE sensors. Table 2.2 shows typical charge output per unit force for

quartz, PZT, and tourmaline.

Ferroelectric ceramic materials require polarization before use. The polarization

process known as “poling” includes applying a high voltage to the material to align

polar regions within the ceramic element [7].

In principle, the crystal elements made of PZT are able to operate at tempera-

tures as high as 288 �C [20, 34]. But again, as in the case with quartz, integral

electronics temperature limitation does not allow reaching such temperatures in the

current IEPE sensors. The maximum temperature attained in the existing IEPE

accelerometers with the PZT crystal elements and the FET-input amplifiers built

using the silicon-based technology is 163–185 �C [35–41]. The IEPE accelerome-

ters comprising the silicon-on-insulator (SOI) FET-input amplifiers have maximum

operating temperature 225 �C at present.

Table 2.2 Comparison between different materials in charge output per unit force

Quartz PZT Tourmaline

Charge output per unit force, pC/N Shear mode 4 460 3.8

Compression mode 2.2 350 1.9
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2.5.3 Comparison Between IEPE Sensors Using PZT
Piezoceramic and Quartz Sensitive Elements

Table 2.3 summaries comparison between IEPE sensors using PZT piezoceramic

and quartz element.

2.5.4 The Pyroelectric Effect

The pyroelectric effect is generation of charge on the surface of a piezoelectric

element when temperature gradients occur across the element [7]. This charge signal

is mostly observed at low frequencies, typically below 10 Hz. The magnitude of the

pyroelectric output depends on material of the crystal element and construction of the

PE transducer. The piezoelectric element made of quartz lacks the pyroelectric effect.

As mentioned above, the compression mode accelerometers can produce more

pyroelectic output compared to the shear and flexural mode sensors. Since the

pyroelectric output is a low frequency event, it can be filtered out by high-pass-filter

(HPF) used in the electronics. However, if the low frequency spectrum of the

acceleration signal is to be measured, it is important to know how sensitive to

pyroelectricity the various crystal materials and constructions of the PE transducer are.
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