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Abstract—Effects of a fully natural aging of MEMS
accelerometers are evaluated with regard to changes in their
performance. Two models of commercial dual-axis accelerom-
eters (two pieces of ADXL 202E and 203 by Analog Devices
Inc.) with analog outputs were tested over a period of about
10 and 4 years, respectively. A custom computer controlled
test rig was used for performing relevant experimental stud-
ies, employing the gravitational acceleration as the refer-
ence source. A methodology of determining the proposed
indicators of aging phenomena is presented and discussed.
Changes of the offset voltage and the scale factor were
observed and a way of evaluating the overall error due to
combined influence of these two parameters is proposed.

Natural aging: 2003 - 2012 Natural aging: 2008 - 2012

Tested MEMS Accelerometers

ADXL 202E ADXL 203

It was found out that the changes of the output voltage generated by the tested accelerometers were considerable,
resulting in respective maximal errors of about 52 mg (2.6%) (ADXL 202E) or 20 mg (1%) (ADXL 203). Simple ways of

reducing the effects of aging are proposed.

Index Terms— Aging, lifetime stability, long-term reliability, MEMS accelerometer, accuracy, tilt.

I. INTRODUCTION

EMS accelerometers are applied more and more often
in many kinds of systems and devices, to directly
sense constant or variable acceleration (including vibration)
or tilt [1]; owing to appropriate signal processing (integration
or differentiation) they also enable determination of velocity
and position or jerk and jounce (shock). Due to their small
dimensions they are the only solution possible in the case of
devices having miniature size, like mobile microrobots [2] and
PDAs (Personal Digital Assistant) such as cell phones, tablets,
palmtops, photo cameras, smartwatches, or wearable devices
like orthotic robots [3]. Over the recent years, even some
scuba diving instruments have been equipped with MEMS
accelerometers (enabling tilt compensation for the embedded
electronic compass [4]), e.g. diving computer Vyper or Cobra
by Suunto company [5].
Besides their miniature dimensions, the most advantageous
features of MEMS accelerometers are satisfactory metrological
parameters, low power consumption, easy integration with
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electronics, high reliability, high shock-survivability and very
low cost, which is of great importance, as it opens new
prospects for their application in devices, where a significant
increase of the retail price would result in their commercial
failure.

In the case of many applications, the lifetime of the final
device is usually quite short, and the aging phenomena in the
MEMS accelerometer itself may be of marginal importance.
Howeyver, in the case of some custom devices, like innovative
miniature inspection robots, presented e.g. in [6] and [7], their
cost may be very high, and thus the time of their operation
may be expected to be possibly long. Then, aging of all its
components becomes a significant problem, including MEMS
sensors, which are usually the only alternative due to the
demand for miniature dimensions.

Despite the fact that silicon, the basic material MEMS
sensors are made of, is not as prone to aging as e.g. poly-
mers, which quickly demonstrate physical aging, as reported
e.g. in [8], [9], nevertheless operational parameters of these
low-cost sensors are usually prone to drifting because of
premature aging [10].

Thus, in order to obtain possibly high accuracy, including
compensation for the aging effects, the output signals
generated by MEMS accelerometers can be repeatedly
calibrated [11], sometimes in very sophisticated ways,
as reported e.g. in [12], [13]. However, in cases when
calibration is not repeated within a longer period of time,
it would be advantageous to regard the errors due to aging and
compensate for them by developing appropriate algorithms.

For more information, see https://creativecommons.org/licenses/by/4.0/
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As it is well known, MEMS sensors feature much worse
metrological parameters compare to their conventional coun-
terparts. Often, in view of the limited amount of the published
data, MEMS devices must be experimentally tested in order
to verify their usefulness in certain specific applications. This
applies also to the problem of aging, sometimes referred to as
lifetime stability.

Natural aging of MEMS sensors is quite an important issue,
yet very little data are provided in the related publications.
For instance, such companies as STMicroelectronics take into
account the effects of aging, designing sophisticated circuits
controlling the accelerometers in such a way that some system-
atic errors, including aging phenomena, are compensated for.

Kajaakari refers to the phenomenon as “drift over lifetime”,
and proves that some manufacturers of MEMS accelerometers
do not regard it at all, whereas others guarantee that the
data provided in respective datasheets are valid throughout the
whole lifetime of an accelerometer [14].

A survey of the relevant literature provides rather a vague
answer to the question of significance of the aging effects
in MEMS devices. It is reported that shortcomings of some
MEMS devices are related, among other things, to poor
knowledge of aging mechanisms [15]. Moreover, quantified
results related to aging of monocrystalline silicon are rarely
published [16], [17]. Some authors state that results of aging
are insignificant, e.g. in [18], [19], whereas others report
considerable errors due to aging, exceeding 5%, e.g. in [20].
As far as MEMS accelerometers are concerned, shifts of
their bias (offset) were observed in [21], whose maximum
value was in range of 0.02 — 7.68 mg in the case of the
tested accelerometers embedded into eight different Inertial
Measuring Units.

A typical approach while studying aging effects is an
accelerated testing, according to e.g. ISO/IEC 60068-2 or
60749-6 standard, where a MEMS device is subjected to high
or low temperature, thermal cycling, vibrations (i.e. mechani-
cal fatigue), moisture cycling, etc. [21], [22]. Accelerated test-
ing may be also realized e.g. by harsh electrical loading [23]
or subjecting the tested device to some mechanical overloads.

While it is well known that longer life of MEMS is corre-
lated with lower temperatures and lower humidity levels [24],
some authors question reliability of such accelerated testing
in the case of MEMS, pointing only to the fact that humidity
is a major factor accelerating most mechanical and electrical
failure modes (thus hermetic packaging is so strategic) [25].
This point of view can be supported by results of a natural
aging simulated by storing MEMS accelerometers at higher
temperatures, when only small changes in their performance
were reported in [26], [27].

Moreover, some research teams claim that it is crucial
to distinguish between short-term and long-term degradation
mechanisms in order to avoid a wrong lifetime prediction [28].

In light of the above, it may be stated that at this stage,
the most reliable method of evaluating the considered effects
is natural aging. For example, in [29] the authors tested
over a period of 18 months five different inertial measuring
units (IMU) containing MEMS accelerometers. As reported,
the observed changes were insignificant. However, many

factors were involved here, as not only the accelerometers had
been subjected to aging but the IMUs as a whole (including
the circuits processing the output signals generated by the
accelerometers). Besides, it is hard to state whether the
tested IMUs had some embedded algorithms compensating
for the aging effects of their components (including the
accelerometers).

The aging phenomena can be related to particular elements
of MEMS accelerometer:

« mechanical components (mainly the elastic suspension of
the seismic mass),

« electric components (mainly capacitive or piezoelectric
transducers converting deflection of the elastic suspension
of the seismic mass into a change of some electric
quantity),

« clectronic circuits (integrated with the mechanical struc-
ture — surface micro-machining, or a separate chip — bulk
micro-machining),

« external electronic components
parameters of the accelerometer,
constant-voltage regulator.

setting operational
especially the

From a cognitive point of view, each element could be
studied separately with regard to the effects of its aging.
Unfortunately, the results presented in this article do not make
it possible to distinguish between particular elements, and con-
cern the entire accelerometer together with the basic electronic
circuit (external capacitors and resistors, constant-voltage reg-
ulator) as a whole. Such approach has a general character,
yet is more convenient from the point of view of a practical
application. It evaluates performance of the accelerometer as
a whole, what is more interesting for a potential user of such
Sensor.

Due to a lower quality of the employed material, it can be
expected that surface micro-machined MEMS devices (based
on poly-crystalline silicon) are more prone to aging effects
than their counterparts fabricated by bulk micro-machining
(based on mono-crystalline silicon). So, it was decided to test
accelerometers manufactured by surface machining, since a
chance for observing noticeable changes seemed to be more
probable in this case.

Throughout the whole time of testing (2003-2012), the
tested accelerometers have been stored in laboratory rooms,
where the ambient temperature was in the range not exceeding
15-40°C (however during calibration the range was 20-30°C;
nevertheless, the chips themselves may have been subjected to
higher temperatures due to internal ohmic losses; their supply
voltage was 5V).

[I. EXPERIMENTAL STUDIES

One of the applications of accelerometers are tilt measure-
ments [1]. Since in this case the measurand is the gravitational
acceleration, being one of the most stable and accurate external
reference sources available [30]-[32], it is very convenient to
employ it in experimental studies, and thus it is often used
by various research teams, e.g. in [33]. In the case of low-g
accelerometers it provides satisfactory variation range of the
reference acceleration, what sometimes is a problem while
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like e.g. a nano-positioning stage used in experimental studies rotary
reported in [34], [35]. Stagef a]pha stage ga
In order to evaluate the considered effects of aging to : .
be observed 19 MEMS accelerometers, 1.t wgs decided to Fig. 3. Calibration by applying roll angle.
repeat many times (90 altogether) a calibration procedure
over a long-term period. The calibration consisted in changing
position of the tested accelerometer with respect to the gravity  can be represented by the following formulas:
vector and then recording its output signals. The position was )
changed within only one of two vertical planes at a time. Uy = 0y + sy sin(a + px) (D
As the accelerometers were arranged in such a way as to create Uy, = oy + sysin(y + py) (2)
a.ltriaxial )aC(fler?tion senso.rh(corr.esll)lon;ling to a d}lall—axili U, = 0, + 5. cos(a + pza) 3)
tilt sensor), the plane was either pitc ane or vertical ro
P P P U; = 0, +s;cos(y + sz) 4

plane (with no pitch involved — see Fig. 2, 3). Two kinds
of dual-axis MEMS accelerometers by Analog Devices Inc.
were tested: ADXL 202E (manufactured no later than 2002)
and ADXL 203 (manufactured no later than 2005). As the
manufacturer declares, ADXL 203 is an improved version
of 202E, so both accelerometers were similar. Besides, as the
manufacturer states, ADXL 203 features low noise and good
thermal stability, and thus it has been sold by the manufacturer
hitherto (i.e. for over 15 years). The accelerometers (two
pieces of each kind) are presented in Fig. 1 (axes 1 — 8 labeled
on the figure are the sensitive axes of the accelerometers,
referred to later in the text).

In the experiments, two pieces of each dual-axis accelerom-
eter were used at the same time. Thus, components of the
gravitational acceleration were measured in x, y, z axis, yet
in the case of ADXL 202E there were two x axes, whereas
two y axes for ADXL 203. Referring to the initial position
of the accelerometers while fixed in the test rig, axes I, 4, 5
correspond to x axis, axes 2, 6, § to y axis, and axes 3, 7 to
Z axis.

The calibration made it possible to determine parameters of
the analog output signals of the accelerometers. The signals

where: Uy, Uy, U, — output voltage assigned to x, y or
z axis [V]; ox, oy, 0, — offset (bias) of the output voltage
assigned to Uy, Uy or U, [V]; sy, sy, s; — scale factor
(sensitivity, gain) of the output voltage assigned to Uy, Uy
or U; [V]; px, Py, Pzas Pzy — geometrical phase shift of the
output voltage assigned to Uy, U, or U, [deg]; a — pitch
applied by means of the test rig (rotary stage alpha — see
Fig. 2) [deg]; y — roll applied by means of the test rig (rotary
stage gamma — see Fig. 3) [deg].

The calibration process was realized by means of a special
test rig, whose main elements were two rotary stages (apply-
ing pitch and roll angles respectively) controlled by a com-
puter with a data acquisition module (Advantech PCL 818L/
PCI 1716) installed for reading the analog output voltages
of the accelerometers. The mechanical part of the test rig is
presented in Fig. 2, 3. The whole test rig has been minutely
described in [36]. It is characterized by the following features:

« measurements of the analog output voltages of the tested

accelerometers realized by means of the analog/digital
module with uncertainty of 0.0016 V (at the confidence
level p = 99%),
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« application of angular position of the tested accelerometer
with precision of at least 1.2 minute arc (£0.02°) over
the full range of pitch and roll.

The test rig makes it possible to perform only static tests.
It is built of similar components like those used in the experi-
mental setup reported e.g. in [37], yet its geometrical structure
is more developed and precise. In the case when other ultimate
effects of aging, like changes of the dynamic properties of
accelerometers would be searched for, e.g. phase-shift and
scale factor attenuation (accelerometer frequency response)
while increasing the frequency, a more sophisticated test rig
must be used, e.g. similar to the one presented in [38].

Nevertheless, despite limitations of the employed test rig
pertaining to dynamic operation, it features a high kinematic
precision owing to accurate integration of the rotary stages into
one mechanical structure, in order to avoid various positioning
errors minutely discussed e.g. in [39].

I1l. RESULTS

Detailed description of the employed methodology of per-
forming the experimental studies using the test rig, including
the alignment procedure [40], has been presented in [41].
In short, the reported results were obtained as follows.

The computer activated a respective rotary stage (the rota-
tion axis of the active stage was always horizontal during the
tests), set its desired position, and then recorded series of the
corresponding output voltages of the tested accelerometers.
While recording the output signal/signals assigned to x axis,
the rotary stage alpha was powered (pitch angle) — Fig. 2,
whereas for obtaining the output signal/signals assigned to y
axis the rotary stage gamma was put in motion (roll angle) —
Fig. 3. The output signal assigned to z axis was recorded in
both cases.

Each test consisted in rotating the accelerometers over the
full range (360°) of pitch or roll, respectively. In most of the
cases, the angular positions were changed with a step of 1°
(in some cases 5° due to lack of time — see explanation in
Sec. Acknowledgements). At each angular position, when the
rotary stage had already reached the desired position and was
immobile, the output voltages were sampled 30 times and their
values recorded in the computer memory. So, each calibration
consisted of 10,800 records (or 2,160 at 5° steps).

In the case of applying the roll angle, each calibration
procedure was preceded by calibrating the accelerometers with
respect to pitch, in order to precisely find the zero-pitch angle
and only then apply pure roll angle in the next step.

In order to determine parameters oy ;, Sx.z, Px.z Of
Eq. (1)-(4), the recorded data were processed by means
of statistical software (Statgraphics), employing a nonlinear
regression model consistent with Eq. (1)-(4).

Some research teams, e.g. in [34], [35], proposed another
approach, where only extreme indications of the accelerometer
are used (when each sensitive axis is oriented upwards and
then downwards) to determine parameters oy, and sy , — i.e.
the offset (also referred to as “zero-measurand-output” [38])
and the scale factor (sometimes improperly called “sensitivity”
or “gain”). Yet, as our study reported in [40] proves,
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Fig. 5. Changes of the offset of ADXL 203 over time.

the parameters determined according to both methods reveal
no significant difference in their values. However, while
determining only extreme values of the output voltage of
particular sensitive axis, the existing misalignments cannot
be detected [41].

Graphs presented in Sec. A and B were created on the basis
of the same set of data. It was accepted that subscripts of the
offset o, , and the scale factor sy _, are consistent with the
labels of the sensitivity axes of the accelerometers introduced
in Fig. 1. Due to lack of time (see Sec. Acknowledgements),
while testing the accelerometers not all the output signals of
the accelerometers were tested in each study. The presented
data consist of 32 calibration procedures for ADXL 202E
and 58 for ADXL 203 (this can be expressed as about 96 or
174 hrs of operation, respectively). Due to considerable
differences in average values of parameters related to
particular axes, the scale on the vertical axis is different for
each graph (Fig. 4-7).

A. Offset

Changes of the offsets of the two accelerometers over the
whole time of testing are illustrated in Fig. 4 and Fig. 5.

It is interesting that within the first 6.5 years no considerable
changes of the offsets 01 — 04 were detected (the same applies
to the scale factors — Fig. 6), whereas the offsets o5 — og
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Fig. 7. Changes of the scale factor of ADXL 203 over time.

had been changing from the very beginning. It proves the
aforementioned suggestion to distinguish between short-term
and long-term degradation [28] to be right.

All the courses have a similar character. Differences in the
average level of the offsets result from individual properties
of the accelerometer.

Smaller amount of data related to o5 and ss5 (Fig. 5, 7)
results from a limited time for performing a corresponding
test (see Sec. Acknowledgements).

B. Scale Factor

Changes of the scale factor of the two accelerometers over
the whole time of testing are illustrated in Fig. 6 and Fig. 7.

The scale factor is usually expressed in volts per g [V/g],
e.g. in [29], [35]. Yet, for the sake of simplicity and clarity
of the presented formulas, it was assumed that this parameter
was expressed in Volts.

Thus, in order to determine acceleration a [m/s2] measured
by an analog MEMS accelerometer calibrated as aforemen-
tioned, the following formula must be used:

Ax.z =My 7z 8 (5)

where: g — gravitational acceleration (about 9.78 — 9.83 [m/s2];
9.81 in Warsaw, Poland); m, . — relative acceleration

in x, y, z axis (respectively) in terms of a multiple of g,
computed as (disregarding the phase shifts, which can be
physically eliminated):

Ur.; —0x.;
My .; = .

(6)

Sx..z

Courses s» and s4 corresponding to the scale factors of
ADXL 202E are almost the same (see Fig. 4). Except for
the scale factor s, the other courses have a similar character.
Yet, the existing differences prove that the observed changes
originated rather in the tested accelerometer, and not in the
other components involved (constant-voltage regulator, mea-
surement circuit, etc.).

As far as ADXL 203 is concerned, rapid changes of s7
(dated about 2008 and 2009) and a large decrease of s5 (dated
about 2009-2010) were caused most probably by a faulty
soldered joint of the accelerometer with the PCB (see the
explanation provided later in the text).

Maximal absolute and relative (with respect to the value
determined most early) changes of the offset and the scale
factor observed over the whole time of the experiments are
presented in Table I and Table II.

In Table I, the absolute changes of the offset are of 0.0073 —
0.0122 V, whereas the absolute changes related to the scale
factor vary over a smaller range of 0.0006 — 0.0031 V.
However, since the offset is of a larger value than the
scale factor, the relative changes are 0.31% — 0.49% and
0.16% — 0.97%, respectively.
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While determining the considered parameters for each
calibration procedure, values of the respective adjusted
R-squared coefficient (determination coefficient) were in the
range of 99.9982% — 99.9994% (in the case of most of the
procedures, when the angular step was of 1°), what confirms
that the obtained data are reliable.

In Table I we observe smaller variations compare
to Table I. The absolute changes of the offset are of
0.0015 — 0.0060 V (0.06% — 0.24%), whereas the absolute
changes related to the scale factor vary over a wider range
of 0.017 — 0.0094 V (0.17% — 0.92%).

In the case of determining the considered parameters for
each calibration procedure related to axes #6, #7 and #8,
values of the respective adjusted R-squared coefficient were
in the range of 99.9995% — 99.9998%. However, significantly
lower value of the adjusted R-squared coefficient (99.9850%)
was observed for axis #5. It resulted from the fact that the
electronic circuit of the sensitive axis #5 of ADXL 203 had
not operated properly. Yet for didactic purposes the failure
was not eliminated. The related output signal was very noisy
(with the noise level about 10 times higher compare to the
other sensitive axes), probably due to some defective soldered
joint. This resulted also in an untypical proportion of changes
presented in Table II.

C. Uncertainty of the Determined Acceleration

In the case of determining tilt angles m, , € (—1, 1),
whereas in the case of using the whole measurement range
of the tested accelerometers (£2g), my., € (—2, 2).

Having determined the relative acceleration Amy . by
means of Eq. (6), its absolute maximal error with respect to
the constituent variables can be computed as follows [43],

Amy ; = coAox ; + csAsy ; +cy AUy 4, @)

where ¢y, ¢5, cy are sensitivity coefficients [44], related to
the offset, the scale factor and the output voltage, respectively,
which can be evaluated as follows [44]:

0 1
¢ = ‘ R ®)
00y, ; Sx.z
‘ omy.; 1 |Ux.; — 0x.;
Cy = e S
0Sx..z Sx.z Sx.z
U. . —
_ COI Y.z — Ox.z| , 9)
Sx.z
0 1
ey = ‘& = =g, (10)
oUx ., Sx.z

As far as evaluation of the accelerometer performance over
time is concerned, the most interesting case is when Eq. (7)
takes on the maximal value. Let us disregard at this point
the influence of variations of the output voltage expressed
by Eq. (10) as not related directly to aging phenomena. So,
comparing the sensitivity coefficients ¢, see Eq. (8) - (9),
we see that in order to find relation between ¢, and cg,
the following inequalities must be analyzed:

|Ux.z — 0x. 2| < 58x.2,

Y

TABLE IlI
MAXIMAL ERRORS OF THE MEASURED
ACCELERATION (ADXL 202E, 203)

Sensor Acce- c,40; c,As; AM; OM; AA4;

leration (%) [mg]
202E m;(my)  0.0212 0.0033  0.0245 1.2 25
202E m; (my)  0.0319 0.0166  0.0485 2.4 49
202E ms(my)  0.0321 0.0195  0.0516 2.6 52
202E my(my)  0.0355 0.0148  0.0503 2.5 50
203 ms(my)  0.0015 0.0180  0.0198 1 20
203 ms (my)  0.0056 0.0033  0.0089 0.4 9
203 my(my)  0.0034 0.0085  0.0119 0.6 12
203 ms(m,)  0.0059 0.0048  0.0107 0.5 11

i=x, y, z; 1 mg =0.00978 — 0.00983 [m/s?]
or
|Ux.z — 0x.z| = 8x.z. (12)

If Eq. (11) is true, then ¢, > ¢y, and if Eq. (12) is true, then
¢s > ¢,. If the scale factor were determined as corresponding
to the full measurement range of the accelerometer, Eq. (11)
would be always true. However, in our case the scale factor
corresponds to half of the measurement range, so for acceler-
ations |ay. ;| < 1g (e.g. tilt measurements) c, > ¢y, otherwise
co < cg.

Effects of the maximal changes of the offset and the
scale factor on the relative acceleration m, , are shown in
Table III. When calculating maximal absolute acceleration
errors AM, ., and maximal relative errors oM, . (referred
to the measurement range) according to Eq. (13) and (14),
the worst case was assumed, which corresponds to the full
measurement range (when my , = +2g and ¢, < c;.), i.e.
to a situation when the maximal value of Uy . is measured,
SO:

Aoy, n 2Asy. ; ,

AM,. .. = 13)

Sx..z Sx..z

so the analyzed influence of changes of the scale factor was
twice as much as of the offset.

Combining Eq. (7)-(9) and (13), the relative maximal error
OM, , of determining the acceleration corresponding to the
full measurement range can be evaluated as [46]:

Aoy ;+2Asx ;

oM, ., 7
X..2

(14)

Besides the values of maximal errors AM; and oM; of
the relative acceleration m;, the corresponding values of the
absolute acceleration AA; are given in Table III.

Significant differences in the total error exist not only
between particular accelerometers, but between their sensitive
axes as well, what implies a random character of the observed
aging phenomena.

As the data in Table III confirm, it is the change of the offset
that influences the error of the relative acceleration m,_, the
most (see Eq. (7)), with two exceptions: ms and m7.
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IV. DISCUSSION

Since the studied aging effects involve changes related to
many different components, it is hard to explain the character
of courses presented in Fig. 4 — 7. However, individual char-
acter of courses and values related to particular axes suggest
that most of the aging effects took place in the accelerometer
itself, since long-term changes in other components of the
measurement circuit would have resulted in a similar character
of variations related to all the sensitive axes.

Looking at the presented courses, it can be clearly observed
that the changes of the offset and the scale factor are signifi-
cantly bigger over a longer period compare to small variations
within short periods of time.

The observed changes of the offset are affecting the maxi-
mal error few times more than the changes of the scale factor,
except for two cases (ms and m7 in Table III — in both cases
the blame is to be put on the defective soldered joints).

They are not of a linear or even systematic character
(differences between particular sensitive axes occurred), what
makes it difficult to create exact models of aging in order
to compensate for the relevant errors. Nonetheless, some less
accurate models of the studied phenomena can be surely
introduced.

Values of the maximal errors are slightly over-estimated in
the sense that they were computed assuming maximal changes
of both the offset and the scale factor, what must not be
necessarily the case; however courses presented in Fig. 4-7
illustrate that rather both of these parameters changed in a
similar way.

There are few other factors that most probably will con-
siderably intensify the aging effects. These are: mechanical
overloads (including high-g shocks) of the accelerometer both
while operated as well as stored (the tested accelerometers
were not overloaded within their whole life), scatter of various
operational parameters within the production batch (in the
case of the tested accelerometers it is a considerable factor,
as reported in the relevant datasheets [31], [32]), material
fatigue of mechanical members of the accelerometer. So, it
is rather certain that the values of errors related to aging
phenomena will be in many cases much bigger than the
reported.

A. Thermal Drifts

An important issue that must be taken into account are
thermal drifts of the offset and the scale factor. Even though
most of the experiments were conducted at temperatures
of 24-27°C, there were cases when the temperature was in the
range of 20-30°C. Analyzing the related thermal coefficients
specified in [31], [32], it can be stated that thermal drifts of
the scale factor can be neglected, whereas maximal values of
the thermal drifts of the offset are relatively large compare
to the observed changes (in an extreme case up to 40%).

However, the datasheets [31], [32] reveal a considerable
scatter of possible values of the thermal coefficients for a
specific piece of accelerometer. Thus, we decided to exper-
imentally determine the thermal drift of the offset voltage of

each of the eight sensitive axes within temperature range of 19-
31°C (202E) and 19-35°C (203).

Except for the offset os (associated with the defective
soldered joint), average value of the thermal drifts did not
exceed 30% of the changes attributed to aging effects evaluated
in Tab. I and II; the highest percentage value of the thermal
drift equal to 64% was observed only in the case of offset 0.

Moreover, only small variations of the offset and the scale
factor can be observed over short spans of time (when different
temperatures occurred with no coexisting aging effects). Thus,
we assume that the existing thermal drifts had even smaller
impact than it results from the determined values. The thermal
drifts are probably the main reason for small short-term
variations of the offset and the scale factor observed in Fig. 4-7
(more clearly in the case ADXL 203, since the voltage values
over the y-axis are in smaller range).

B. Increasing Accuracy of the Measurements

Analyzing Eq. (7) and (9), it can be stated that a better
accuracy of the accelerometer can be obtained when we use
values of its indications corresponding to accelerations of
small magnitude. In the case of measuring tilt it takes place
when Uy, = oy, i.e. for a = 0° or y &~ 0°. So, this idea
resolves itself into using only a fragment of the measuring
range or assigning a higher priority to this fragment. While
comparing measurements of acceleration of about Og and £2g,
in the case of ADXL 202E accelerometers the evaluated errors
due to aging would decrease then from 52 mg (2.6%) down
to 36 mg (1.8%), whereas for ADXL 203 from 20 mg (1%)
down to 6 mg (0.3%). So, a considerable increase of accuracy
can be achieved.

If acceleration with amplitude of about +1g is measured,
the sensitive axis of the accelerometer should be oriented
vertically, if possible, so that the difference between the gravity
acceleration and the measured acceleration would be small.
If the amplitude were lower than 41g, the accelerometer
should be tilted in such a way, as to obtain a low value of
the resultant acceleration. However, cross-axis sensitivity of
the accelerometer should be taken into consideration in this
case.

C. Tilt Measurements

As far as tilt measurements are concerned, where only half
of the measurement range is used (£1g), thus Eq. (14) must
be adjusted to this range, the maximal observed changes of the
measured acceleration are higher, i.e. 86 mg (4.3%) for ADXL
202E or 22 mg (1.1%) for ADXL 203, what would correspond
to angular error of about 2.5° or 0.6°, respectively.

D. Mounting of the Accelerometer

It is well known that mounting of the accelerometer-chips
should be considered an important issue, e.g. additional gluing
of the chip to the PCB (strengthening the soldered joints) may
prevent from limitation of the bandwidth in the case when the
accelerometers operate under dynamic conditions. A careful
attention must be paid to the mounting of the whole PCB
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with the accelerometer-chip, if related effects of aging are to
be limited. So, the PCB should be firmly and durably fixed
to the housing, using appropriate materials — some materials,
like rubber (see Fig. 1) or polymers, may considerably change
their properties and dimensions over time.

E. Accuracy of the A/D Modules

Error of measuring the analog output voltages of the tested
accelerometer realized by means of the applied analog/digital
modules was no higher than 0.0016 V [36]. Then its influence
on the determined acceleration can be evaluated using Eq. (10).
So, in this case it would be of about 0.005 V for ADXL
202E and 0.0016 V for ADXL 203, i.e. 0.5% and 0.16%,
respectively. Comparing it to the component errors due to
aging, it can be stated that this influence has an acceptable
magnitude in this analysis.

If the AXDL 203 accelerometers were as old as
ADXL 202E, the maximum relative change (multiplied by
about 2.7 — assuming a linear character of aging effects) would
be approximately the same, i.e. 2.7%.

Within the testing period, in 2009, a PCL 818L 12-bit
analog/digital acquisition module was replaced with a
PCI 1716 16-bit module, which features a bit better accuracy.
No significant difference in the obtained results was observed,
what results also from the fact that both modules featured
similar accuracy according to the relevant datasheets. Besides,
it proves that aging effects associated with the modules were
also insignificant.

As can be observed, the tested pieces of the accelerometers
reveal rather no individual character of the observed changes
(except for changes of scale factor s; in Fig. 6 and s7 in
Fig. 7, the later resulting from a faulty operation of the
accelerometer).

The graphs illustrated in Fig. 4 — 7 indicate a trend sug-
gesting further, even more intensive, changes over the time.
In order to verify this presumption, it is planned to repeat the
reported studies in few years time.

The range of the ambient temperature of (15-40°C), under
which the accelerometers were stored, was quite narrow, what
may not be the case in many applications, where the main
device operates or is stored under more severe conditions.
Especially higher temperatures may be critical, as they speed
up the process of aging of MEMS devices [26], [27]. So,
generally, the evaluated values of errors due to aging will be
rather of higher values.

V. CONCLUSION

The presented study was not an attempt to carefully inves-
tigate particular aging mechanisms but rather to evaluate the
overall effects of aging, providing practical information, useful
both for the scientific community as well as engineers.

A considerable decrease of accuracy due to natural aging
phenomena was determined in terms of changes of the offset
and the scale factor. Additionally, it was discovered that the
mounting technique is also important (attaching the MEMS

accelerometer to the PCB and fixing the PCB to the housing -
see Fig. 1).

The evaluated maximal errors due to aging of the tested
accelerometers, the electronic components on the accelerom-
eter PCBs (especially the constant-voltage regulators) are
considerable, thus cannot be overlooked in the case of apply-
ing MEMS accelerometers where accuracy of about 1% is
expected to last over a longer period of time (few years or
more).

An example of such critical application may be mod-
ern enhanced motorcycle ABS systems employing relatively
precise tilt measurements by means of MEMS inertial sen-
sors [45], where human life and safety is at stake, and the
vehicle may be in use for decades.

Concluding, even though the observed effects are quite con-
siderable, in the case of using similar MEMS accelerometers
under more harsh conditions (frequent operation — resulting in
material fatigue, mechanical overloads/shocks, wide range of
changes of the ambient temperature) even bigger changes of
their operational parameters should be taken into account.

On the other hand, if MEMS accelerometers have been
used under conditions similar to the reported (storing period
of 10/4 years, total operation time of about 100/200 hrs,
ambient temperature in the range 15 — 40°C) the presented
numerical values are fully relevant.

The maximal values of errors obtained for both types
of accelerometers are much lower than the maximal value
of 5% [20] found in the relevant publications. However,
compare to the aging effects related to similar, yet triaxial,
accelerometers (ADXL 330, ADXL 327), which we have
reported recently, error values listed in Table III (1.2 — 2.6%
for ADXL 202E; 0.4 — 1% for ADXL 203) are similar to their
triaxial counterparts (0.4 — 0.8%) [46], especially with regard
to ADXL 203.

A proposal of reduction of the considered errors (based on
setting an appropriate orientation of the accelerometer) from
52 mg (2.6%) to 36 mg (1.8%) or 20 mg (1%) to 6 mg
(0.3%), for ADXL 202E and 203 respectively, was suggested
in Sub-section IV.B.

Another way of reducing the errors due to aging is
to apply systems that can be calibrated while operated
(including corrections for the misalignment angles), like e.g.
3DM-GX3-25 by MicroStrain Inc. Then, the related errors
can be compensated for to some extent, and thus the described
effects reported in the article considerably minimized.

However, assuming such repeatable calibration, it must not
be forgotten that alignment precision, being a crucial issue
pertaining to application of MEMS accelerometers, especially
with respect to their calibration accuracy [47], may be also a
subject to aging processes. Alignment precision is a matter of
great importance in the case of determining tilt angles [48],
especially while striving for high accuracy of the measure-
ments [49], as proved e.g. by result of experimental studies
reported in [50].

As the magnitudes of the reported aging effects were
surprisingly large, it is foreseen to continue similar studies of
other MEMS accelerometers being operated in the laboratory.
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