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Abstract—This paper points out the performance and limits &
commercial resistive, piezoresistive, piezoelectriccapacitive,
thermal and optical accelerometers and can be useds a
reference work. Therefore, datasheets of 118 accedeneters
from 27 manufacturers of eight countries have beeanalyzed.
Focus of the analysis were the parameters overloathock limit,
measurement range, frequency response, resonanceduency,
volume, weight, power consumption and operating
temperature of both uniaxial and triaxial accelerometers.
Accelerometers with overload shock limits in the rage of 50 g
to 200x 16g and within a measurement range of 2g to
110x 16 g have been analyzed. The unit g stands for the
gravity acceleration defined as 9.81 meters per sque second.
A strict overload shock limit of 10 x 16 g for accelerometers
with proof mass and a measurement range of less tha
2 x 1C¢ g was found.Also, that the performance of uniaxial and
triaxial accelerometers differs. Especially uniaxidpiezoelectric
accelerometers show a better performance with regdr to
overload shock, measurement range, resonance freqey,
frequency response and operating temperature in carast to
triaxial ones. Piezoelectric accelerometers show ehhighest
overload shock limits, measurement range and operaig
temperature, capacitive accelerometers the lowest opver
consumption and volume, piezoresistive acceleromese the
widest frequency response.

Keywords, accelerometers; measurement range; frequency
response; resonance frequency; overload shock limit.

l. INTRODUCTION

Within the conducted review, seven
principles used in commercial accelerometers tadayd be
identified. The capacitive, piezoresistive and p&ectric
(with charge and with voltage output) principle® amost
common [1]-[4]. Further principles are the resistioptical
and thermal ones. Reviews of state of the art acmeleters
[1][2] are mostly focused on the first three menéd
technologies. This fact and the general lack oferes of
accelerometers as stated in [1], especially comgari
different commercial technologies with each othieayve
been the motivation of the present work. Furtheena
review including the useful parameters volume, Wweig
power consumption and operating temperature isimgss

with voltage output,
accelerometers;
measurement

capacitive, optical and therma

the parameters overload shock , limit
range, frequency response,
frequency, volume, weight, power consumption and
operating temperature for both uniaxial and trixia
accelerometers. All parameters were stored in abdae to
identify limits of technologies and correlation Wwetn
parameters by data mining.

The review includes accelerometers with overloastkh
limits within the range of 50 g to 200 x31@ and within a
measurement range of 2 g to 110 X 40The unit g stands
for the gravity acceleration defined as 9.81 mgperssquare
seconds. Our review covers commercial accelerometsd
in numerous fields, such as consumer, automotaieyay
and aerospace industries, with cost per unit withenrange
of between 1 and 3000 Euro, excluding restricted
accelerometers.

In Section 2, the transduction principles of thelgred
accelerometers are explained. The database arurdhess
of data acquisition is addressed in Section 3€ctin 4, the
analyzed parameters of accelerometers are discumsed
finally, the results are summarized in Section 5.

Il.  TRANSDUCTION PRINCIPLES OF ACCELEROMETERS

Most accelerometers can be modelled as a spring-mas
damper system. Acceleration applied to the acceleter
leads to a mass displacement or to a bending ehalever
beam caused by the inertial force. There are a purnb
transduction principles to detect the displaceméttie mass

transductionor the bending of the cantilever beam. Common coruiale

accelerometers detect the change of resistancacitafce,
charge, temperature or optical characteristicsezhby mass
displacement or bending. Further principles areréisenant,
tunneling and electromagnetic principle [2]. But feend no
manufacturer selling such accelerometers off-ttedf.sh
Each transduction principle needs electronics toved,
e.g., the change in resistance into a voltage kigtso, for,
signal amplifying and processing, electronic citguare
needed. Depending on the transduction principléheei
external electronics has to be connected or is owedbin
one housing. Fundamentally, accelerometers aresifotabs
into two types with regard to their frequency resgm|[3]. So

In this paper, we point out the performance ofcalled AC accelerometers can only measure dynamic

commercial accelerometers by analyzing: a numbet18f
accelerometers from 27 manufacturers of eight cmmt
piezoresistive, resistive, piezoelectric with cleaand also
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acceleration. The second type that can measuréc stat
acceleration, such as gravity acceleration as agetlynamic
acceleration is called DC accelerometer.
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A. Piezodectric accelerometers with charge output

They comprise piezoelectric materials as naturalrtqu
crystals bonded with a proof mass. Acceleratiomldetm a

beam. The deformation of the optical fiber changes
reflection characteristic of the Bragg gratingsisTthange
can be detected by comparing the spectral compafehe

mass displacement and causes stress in the cryst&flected with the induced light. Because usualgctronics

subsequently. Under stress, the piezoelectric teff@gses a
charge transfer in the crystal. The amplitude afrgk can be
measured. Electronics is not integrated so
accelerometers provide a charge signal which haketo
transferred by special low noise cable. They wanky dor
AC measurement [3].

B. Piezoelectric accelerometers with voltage output

is not integrated, they provide an optical sigidley work
for DC measurement. In the present work we onlyyaed

thesEBG accelerometers.

G. Thermal accelerometers

Thermal accelerometers based on mass displacement
have been studied in [8]. We found no manufactseding
these accelerometers off-the-shelf. Thermal acoeleters

They work exactly the same way as piezoelectriGyithout mass displacement have been reported among

accelerometers with charge output, but the elewsois
integrated to amplify and convert the charge signa a
voltage signal. So they provide a voltage outpghai and
work only for AC measurement [3].

C. Resistive accelerometers

They detect the change of resistance of a metainstr
gauge bonded to a cantilever beam. An accelerbads to
a bending of the cantilever beam and thus to a ggham
resistance of the strain gauge. For metal foilghemetric
effect dominates the piezoelectric effect [5]. Up four
strain gauges are normally configured in a Wheatsto
bridge circuit. So they provide a voltage signal arork for
DC measurement.

D. Piezoresisitve accelerometers

They work exactly the same way as
accelerometers, but the strain gauge is fabricdteth
semiconductor materials. Single crystal silicomf®ut 100
times more sensitive to strain because for semiociods
the piezoresistive effect dominates the geomeffece[5].
Configured in a Wheatstone bridge circuit, theyvide a
voltage signal and work for DC measurement [1].

E. Capacitive accelerometers

They detect changes of capacitance of a plate tapac
The plates are composed of semiconductor materiah as
silicon. The capacitor consists of a moveable pliate
between two stationary plates. The center platectsfdue
to acceleration and leads to a change of the dapaei.
Configured in a Wheatstone bridge circuit, theyvide a
voltage signal and work for DC measurement [2][3].

F. Optical accelerometers

Usually, they detect the change of optical charésties
in an optical fiber. There are a variety of tecknior fiber
optical measurement [6]. The Fiber Bragg GratingGly
principle has become widely known

technology. Bragg Gratings are interference filteriten
into optical fibers. The gratings reflect only arnoav
spectral component of induced light. This charastieris
used for FBG accelerometers. Acceleration leadsato
deformation of an optical fiber attached to a suaspmmn
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[7] and FBG
accelerometers seem to be the popular fiber optical

others in [9]. These types of accelerometers cordisa
heater and thermocouples located around the héatar
hermetic chamber. Without acceleration, the heatsates a
symmetric temperature profile. When acceleration is
applied, the hot air in the chamber moves and the
temperature profile gets asymmetric. The asymnzrybe
detected by the thermocouples around the heatereTis
one manufacturer that patented and commercialibéxl t
transduction principle [10]. Electronics is integ@ and
these accelerometers provide a voltage signal ardl for

DC measurement. In the present work, we only aealyz
thermal accelerometers without moving parts.

IIl.  DATABASE AND PROCEDURE OF DATA ACQUISITION
For this paper, we considered accelerometers wattw

resistiveWith regard to high overload shock limit, high measnent

range, low power consumption and low volume. Téble
lists the number of accelerometers classified bgirth
country of origin into European Union and worldwid&'e
chose the headquarters of manufacture as countoyigifi
because of globalization, engineering, manufaafrigtc.,
could be distributed across several locations wddd. For
this review, we think the headquarters is the nsogiable
parameter to compare the performance of accelessmby
countries because from 27 manufactures, 15 manuéact
their accelerometers at the headquarters, and tfaciore
at the headquarters and one or more locations winkéd
Only for 5 manufactures, the location of manufaetisr not
explicitly specified.

TABLE I. NUMBER OF ANALYZED ACCELEROMETERS CLASSIFIED BY
HEADQUARTER OF COMPANY INTOEUROPEANUNION AND NON EU.

Country of Number of Classification by
origin Accelerometers country of origin
Germany 35
UK 11 European Union (EU)
Denmark 11
USA 37
Switzerland 13
China 9 Worldwide (Non EU)
Canada 1
Hong Kong 1
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Table | is not exhaustive, but we found no comnatrci Only piezoelectric and piezoresistive acceleronsetare

accelerometers with higher overload shock limitghler  capable of measuring more than 10 XdO0with the

measurement range and so on. restriction that piezoresistive accelerometers thee only
Table Il shows the number of analyzed accelerometerones capable of DC measurement above 16 x.10

classified by their transduction principle and slfisd by 200000

frequency response into AC and DC measurement. 100000 3 (§
A ©
TABLE II. NUMBER OF ANALYZED ACCELEROMETERS CLASSIFIED BY o 10000 o o
TRANSDUCTION PRINCIPLE AND FREQUENCY RESPONSE P e © L ol ]
=) only 3 accelerometers with
c /AN > =
—— S two measurement axis
. L = 1000 4
Transduction principle Number of Classification by c A «8 I
accelerometers | frequency response 5] u
" £ IA o}
Capacitive 40 2 1004 o o
. o 8 o 1
Piezoresistive 15 = N
104
Resistive 7 DC
Optical 4 1 T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100 110 120
Thermal 2 Accelerometer-ID
Piezoelectric voltage outpu 30 A piezoresitive 1-Axis O piezoelectric voltage output 1-Axis
AC A picroresitive 3-Axis E] fe‘:f:;‘;“l“_‘;gs’““gL output 3-Axis
Piezoelectric charge outpu 20 capacitive 1-Axis B rosistive 3-Axis
capacitive 3-Axis optical 1-Axis
piezoelectric charge output 1-Axis optical 3-Axis

piezoelectric charge output 3-Axis thermal 3-Axis

Resistive and especially optical and thermal acogleters i .
Figure 1. Measurement range of 118 accelerometers classifigd

are not very common in contrast to the other tracson
principles. Due to small samples, we will highligbly
special characteristics of these three principfeshe next
section.

IV. ANALYSES OF PARAMETERS

In this section, we will analyze the parametersrives
shock limit,
volume, weight, frequency response, resonance éremy
and operating temperature of accelerometers spdcdin
their datasheets.

A. Measurement range of accelerometers

In datasheets, the measurement range is mostlifisgdec
for a symmetric range of acceleration, e.g., -5@6 §00 g.
Rarely the lower limit is restricted, e.g., -20@0g500 g. In
this review, the parameter measurement range sfantise
positive upper limit of acceleration, for the lagiven
example 500 g, because for 95 of 118 accelerometess
measurement range is symmetric. For 24 acceleros¢he
lower limit is not specified and only for one aa®meter,
the lower limit is restricted. In Figure 1, the rmeeement
range is plotted against the accelerometer-ID. Aimer of
118 different accelerometers have been analyzedhese
are 118 IDs where each ID is a unique identifiehafl
means an accelerometer, e.g., with the ID 50 inréid. has
the same ID in Figure 2 to Figure 8. These figunese
designed to correlate the analyzed parameters areaciy

other. Among 118 accelerometers, there are onlgethr
capacitive accelerometers with two measurement .axes

Because of that small number, they were classifiea the
class of triaxial accelerometers, annotated in féidu

Capacitive accelerometers are limited to a measeméem

range of 500 g and resistive accelerometers to 1@ g.
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transduction principle, number of measurement aaisl sorted by
measurement range in ascending order.

For measuring 100 x $@ and more, uniaxial piezoelectric
accelerometers are capable. However, triaxial gientric
accelerometers with voltage output are limitedQox 1@ g.

B. Overload shock limit

Figure 2 presents the overload shock limit agathst
ID. Except for piezoelectric accelerometers, most
accelerometers cannot be used for overload shawitsli
beyond 10 x 19g. Especially the capacitive principle is
strictly limited to the 10 x 10g threshold.

500000

measurement range, power consumption,

200000
100000 o ‘

10000 7/

1000
Overload shock limit increase by [
increasing measurement range

Overload shock limit (g)

100 A

10 T T T T T T T

T T T
0 10 20 30 40 50 60 70 80 90 100 110 120

Accelerometer-ID

piezoelectric voltage output 1-Axis
piezoelectric voltage output 3-Axis
resistive 1-Axis

resistive 3-Axis

optical 1-Axis

optical 3-Axis

thermal 3-Axis

A piezoresitive 1-Axis
piezoresitive 3-Axis
capacitive 1-Axis
capacitive 3-Axis
piezoelectric charge output 1-Axis
piezoelectric charge output 3-Axis

| Jof Yo

Figure 2. Overload shock limit of 118 accelerometers clasdifiby
transduction principle, number of measurement saadsl sorted by
measurement range in ascending order.
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The review also shows that a general comparison
overload shock limits for different accelerometésonly
possible to a limited degree, due to the fact tthas
parameter is only valid for a specified profileaafceleration
and a defined period of time. Usually, the overlahdck
limit is specified as the peak of a semi sinusoftalfile of
acceleration. But a uniform specification of theripe of
time on datasheets is missing. The period of time
specified as the maximum or the minimum time orrike
time of a semi sinusoidal profile. For altogethérd 118
accelerometers, the period of time is not specifiadheir
datasheets.

C. Power consumption of accelerometers

Figure 3 shows the power consumption against the IC
Note that piezoelectric accelerometers with charggput
and optical accelerometers are excluded becauseagies
is not integrated and therefore no power is usddoDrse,
both principles also need electronics, but in teigew, we
did not focus on external electronics. Furtherm@e13 of
118 accelerometers, no power consumption was specif
on the datasheet.
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Accelerometer-ID

piezoelectric voltage output 1-Axis

dhtegrated electronics as explained in the sedi&fore. The
volume of capacitive accelerometers covers a rafideve
decades, but this transduction principle has theimal
volume in total. Tendentially, the volume of piegsistive

100

Volume decrease with increasing measurement range

| 104

Volume (cm?)

0,14

0,014

1E-3 ——
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T
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Accelerometer-ID

A piezoresitive 1-Axis

piczoelectric voltage output 3-Axis

A piezoresitive 1-Axis o p%ezoelectqc voltage output 1-Axis
A piczoresitive 3-Axis ® piezoelectric voltage output 3-Axis
S > [ resistive 1-Axis
capacitive 1-Axis B resistive 3-Axis
capacitive 3-Axis ) optical 1-Axis
piezoelectric charge output 1-Axis optical 3-Axis
piezoelectric charge output 3-Axis thermal 3-Axis

Figure 4. Volume of 118 accelerometers classified by transdnc
principle, number of measurement axis and sortesh@gsurement range in
ascending order.

and piezoelectric accelerometers with voltage dutpu
decreases by increasing measurement range. However,
optical accelerometers have the largest volume.

E. Weight of accelerometers

Figure 5 shows the weight plotted against the |&r. 18
of 33 capacitive and for the two thermal acceleremse the
weight is not specified on the datasheet. Note ragfaat
electronics for piezoelectric accelerometers witharge
output and optical accelerometers are excluded.

Weight decrease with increasing measurement range

A piezoresitive 3-Axis
capacitive 1-Axis
capacitive 3-Axis
piezoelectric charge output 1-Axis
piezoelectric charge output 3-Axis

resistive 1-Axis
resistive 3-Axis
optical 1-Axis
optical 3-Axis
thermal 3-Axis

OEDe0O

Figure 3. Power
transduction principle, number of measurement axi®l sorted by
measurement range in ascending order.

The upper limit of power consumption is about 1twat
Generally, the majority of capacitive accelerometsinow
the minimal power consumption beside some pieztéec
accelerometers with voltage output. Our analysesvghat

consumption of 81 accelerometers classified b

Weight (grams)

T T
40 50

60

T T T T
70 8 90 100 110 120

there is no significant correlation between power Accelerometer-D
consumption and measurement range. The powe _ _
consumption for uniaxial piezoelectric acceleromsetgith £ piemrsie 1-Axs G e o e
. piezoresiive - S esistive 1-Axis
voltage output is nearly constant. capacitive 1-Axis R
capacitive 3-Axis ©) optical 1-Axis
piezoelectric charge output 1-Axis optical 3-Axis
D . VOl ume Of aCCd erometers piezoelectric charge output 3-Axis ﬂf‘elxmal 3-Axis

Figure 4 illustrates the volume plotted against tbe
Note that the volume for piezoelectric acceleromseteith
charge output and optical accelerometers doesarpise
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Figure 5. Weight of 98 accelerometers classified by transdoct
principle, number of measurement axis and sortesh@gsurement range in

ascending order.
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Almost all transduction principles cover a rangdloke  Most piezoelectric accelerometers are capable fange of
decades from 0.1 grams to 100 grams. Accordinghto t 1 Hz to 20 kHz, and a few are capable for a frequen
volume, there is a clear tendency of decreasinghteiith  response down to 0.2Hz. By tendency, uniaxial
increasing measurement range for piezoresistivpiezoelectric accelerometers show a wider frequency

accelerometers and piezoelectric accelerometersh witresponse than the triaxial ones. The thermal acreketers

voltage output.

F. Resonance frequency of accelerometers

Figure 6 shows the resonance frequency plottednaai
the ID. For altogether 40 accelerometers (21 ctipacand
10 piezoresistive ones), this parameter was natifspe on
the datasheet. Due to sparse data, we exclude these
principles from discussion.

1000

Resonance frequency increase with increasing measurement range

200+
100 A

Resonance frequency (kHz)

0'1 T T T T T T T
30 40 50 60 70

T T T T
80 90 100 110 120

Accelerometer-ID

piezoelectric voltage output 1-Axis
piezoelectric voltage output 3-Axis
resistive 1-Axis

resistive 3-Axis

) optical 1-Axis

optical 3-Axis

thermal 3-Axis

A piezoresitive 1-Axis
A piezoresitive 3-Axis
capacitive 1-Axis
capacitive 3-Axis
piezoelectric charge output 1-Axis
piezoelectric charge output 3-Axis

| Jof Yo

Figure 6. Resonance frequency of 78 accelerometers classifigd
transduction principle, number of measurement ai® sorted by
measurement range in ascending order.

Tendentially, for uniaxial piezoelectric accelerders
with voltage output, the resonance frequency cateslwith
increasing measurement range and is limited tongera
between 10 kHz up to 200 kHz. For triaxial piezotie
accelerometers with voltage output, the maximuromasce
frequency is significantly lower and limited to BBz.

G. Frequency response of accelerometers

Figure 7 presents the range of the frequency respon
plotted against the ID. Notice that the axis of ioate
combines a logarithmic and linear scale. A comparisf
the frequency responses of accelerometers is ayggilple
to a limited degree because a uniform specificatbthe
tolerance of the output signal on datasheets isings For
only 54 of 118 accelerometers, the frequency respas
specified for a tolerance of the output signal with3 dB.
For 56 accelerometers, the tolerance for the outigal is

100

0,1

0,01

1E-3

1E-4

Frequency response (kHz)

1E-5

JUI

.

i

T T
0 10 20 30

piezoresistive 1-Axis
- piezoresistive 3-Axis

capacitive 1-Axis

capacitive 3-Axis

T T T T
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Accelerometer-ID

D piezoelectric voltage output 1-Axis

piezoelectric voltage output 3-Axis
resistive 1-Axis
resistive 3-Axis

optical 1-Axis

piezoelectric charge output 1-Axis [ | optical 3-Axis
piezoelectric charge output 3-Axis thermal 3-Axis

Figure 7. Range of frequency response of 110 acceleromelassified
by transduction principle, number of measuremens and sorted by
measurement range in ascending order.

are limited to 17 Hz and by frequency extensiorcuits,
this limit can be pushed to 100 Hz [10].

H. Operating temperature of accelerometers

Figure 8 presents the operating temperature agtiest
ID. For piezoelectric accelerometers with charggpot) the
standard operating temperature is in the rang&4f€ to
150 °C. But they are capable to work up to 250 éCdoise

250

200 4

150

100 -t

Operating temperature (°C)

T T T 1
90 100 110 120

Accelerometer-ID

D piezoelectric voltage output 1-Axis

piezoresistive 1-Axis
- piezoresistive 3-Axis

capacitive 1-Axis

capacitive 3-Axis

piezoelectric voltage output 3-Axis
resistive 1-Axis

-resistive 3-Axis

optical 1-Axis

specified non-uniformly, e.g., for -18 %, +15 %, 0%,
+7 %, 5%, +10dB, +2dB or not specified. For
accelerometers, the specification is completelysmngs Figure 8. Range of operating temperature of 118 accelerometassified

With few exceptions, piezoresistive and resistivepy transduction principle, number of measuremeris aad sorted by
accelerometers are limited to 5 kHz and capacitive kHz. ~ measurement range in ascending order.

[ Joptical 3-Axis

thermal 3-Axis

piezoelectric charge output 1-Axis
piezoelectric charge output 3-Axis

8
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the electronics as limiting factor is excluded. dontrast,
uniaxial piezoelectric accelerometers with voltaggput

are limited to a standard temperature of 120 °Cr Fo

capacitive accelerometers, the standard temperiastimehe
range of -40°C up to 85°C.
accelerometers, the standard temperature is otheinange
of -20 °C up to 85 °C. By tendency, the positiveerghing
temperature for the most uniaxial
piezoelectric accelerometers is higher than for ttiexial
ones.

I.  Performance of accelerometers by country of origin

For the last figure of this paper, we chose anottesign
to illustrate two interesting facts. Therefore, iatidction
between uniaxial and triaxial accelerometers hasbeen
made. Figure 9 presents the overload shock linotteuxdl
against the measurement range.

First, accelerometers from manufacturers of theogean
Union are limited to an overload shock limit of 100 g
and to a measurement range of 80 Xd.0

Second, there is a strict threshold for accelererset
based on a proof mass. Within a measurement rangeto
2 x 1G g, they are strictly limited to overload shock ilign

of 10 x 16 g. Remember that the thermal principle Worksm

without a proof mass, so it is less fragile to ¢o&d shocks.

200000 %
100000 if‘(CT_“
. OO A
o Y eH K
€ 10000 q < dRARIANEEY, o O\
> A X g] S N
o
8 < b
5 Q474
< 10004 ey
3 o
0>-7 A\ piezoresistive
o <] capacitive
100 o] Y piezoelectric charge output
(© piezoelectric voltage output
[ resistive
8 optical
thermal
10

T T T T T
1 10 100 1000 10000 100000

Measurement range (g)

Figure 9. Overload shock limit versus measurement range o8 11

accelerometers. The transduction principles arbligigted by the shape of
the symbols. Accelerometers from the EU are higitdid in orange and the
non-EU ones are highlighted in black.

Beside accelerometers capable of measuring mone tha

10x 1G g, it is very difficult to find such with overload
shock limits beyond the 10 x 16 limitation.

V. CONCLUSION

A variety of commercial accelerometers have been9]

analyzed. Performance and limits of accelerometezge
presented and can be used as a reference workdosiag
the right technology.

The paper shows that accelerometers from manuéastur 10

of the European Union are nearly state of the #&h wegard
to measurement range and overload shock limitak feund
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capacitive an

a strict overload shock limit of 10 x4 for accelerometers

with proof mass and a measurement range of upxtbd@® g.
We ascertain that the performance of uniaxial aiadial

accelerometers is slightly different. Especially iaxial

For piezoresistivePiezoelectric accelerometers show a better perfocenavith

regard to measurement range, overload shock, mesena
frequency, frequency response and operating tertypera

0Ihan the triaxial ones.

A general comparison of accelerometer parameterstis
always easy due to a lack of uniform or missinggation
in datasheets. In this context, important parametich as
overload shock limit, frequency response and resoma
frequency are affected.

In summary, piezoelectric accelerometers show the
highest measurement range, shock limits and opgrati
temperature, capacitive accelerometers the lowestep
consumption and volume, and piezoresistive acoeleters
the widest frequency response.
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