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The need for measuring multidirectional responses is becoming increasingly
important in applications such as modal analysis, verification of dynamic models,
etc. Therefore, a transducer comprised of a fixture containing six linear
accelerometers has been developed and tested in order to measure six degrees of
freedom at a point. The term transducer in this context includes both the fixture
and the six accelerometers. In order to minimize the loading of the measurement
object, the weight of the transducer is kept small by using low weight
accelerometers and a hollow aluminum fixture. At the same time, the transducer is
designed sufficiently stiff in order to consider it as a rigid body for use up to
approximately 600 Hz. For the motion of the transducer, systems of equations are
derived which include the transverse sensitivities of the six accelerometers. The
influence of the transverse sensitivity is investigated in a parameter study on
a structure consisting of a three-dimensional beam structure, excited in such a way
that motion results in all directions. The transducer design leads to two important
measurement features; a centrally located hole in order to measure and excite
driving point frequency response functions and a flat surface in order to measure
close to the surface of the structure. Experimental results are compared with
theoretical ones. It was found that the major limitation of the transducer results
from the inherent transverse sensitivities of the accelerometers.

© 2000 Academic Press

1. INTRODUCTION

The measurement of the angular or rotational degrees of freedom (d.o.f.) of motion
is often necessary as a complement to the translational d.o.f.s in vibration analyses.
The rotational d.o.f.s have found use in, among others, the following applications:
modal analysis [ 1], dynamic analysis of connected structures [ 2], vibration isolation
[3], analysis and control of vibrational power transmissions to machinery supporting
structures [4, 5] in which concentrated excitation on structures is discussed.
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Various techniques have been developed to obtain the rotational response. In
reference [6] the angular motion was estimated from the linear motion of the test
structure. In references [7, 8] the angular motion for one d.o.f. was estimated using
accelerometer pairs. Special transducers for measuring the angular motion in one
direction have been developed, see for example reference [9], and non-contacting
methods using laser techniques have also been tested, and see for example reference
[10]. In reference [11] a 6-d.o.f. translational-rotational, cube-shaped sensor was
examined.

In this work, a low mass, thin, six d.o.f.s triangular-shaped transducer, comprised
of a fixture containing six ordinary accelerometers is configured and tested.
Usually, at most, three translational d.o.f.s are measured at points on structures and
the rotational d.o.f.s are neglected because they are said to be difficult to measure or
not considered important. The 6-d.o.f. transducer is therefore configured to
measure the three translational and the three rotational d.o.f.s of motion at a point
simultaneously. To reduce the effects of loading, the transducer is designed with
a low mass, approximately 6 g.

In order to measure the response as near as possible to the surface of
the measurement object, the 6-d.o.f. transducer is kept thin. The transducer
has a centrally located hole so that the structure can be excited with the
excitation and response points coinciding. Each accelerometer on the 6-d.o.f.
transducer has a mass of 0-2 g and a maximum transverse sensitivity ranging from
0-3 to 0-8%.

2. THEORY, 6 d.o.fs OF MOTION

The estimation of the translational, a, and the rotational, «, accelerations by
using two linear accelerometers located at points A and B separated by distance 2L
is depicted in Figure 1. The translational and rotational accelerations at the origin,
o, are approximated respectively as

a, = (ay + ag)/2 and o, = (ay — ag)/2L. (1,2)
Y
a, a, ap
’L ao £
0 . X
A B

Figure 1. Measurement of the rotational and translational responses at the origin, O, using two
accelerometers located points A and B, separated by distance 2L.
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Figure 2. (a) Top view of the 6-d.o.f. transducer showing the linear accelerometers marked A-F
and distances, 7, to the center, (b) side view of the 6-d.o.f. transducer.

The accelerometers can be placed directly on the structure or mounted on a fixture
which is attached to the structure; see for example reference [7].

However, this is a simplified description since it is a finite difference
approximation and motion in the other four d.o.f:s is not included as well as the
transverse sensitivities of the accelerometers. Upon assuming the 6-d.o.f. transducer
behaves as a rigid body in motion, the ordinary equations for kinematic analyses of
rigid bodies can be used. The geometry of the 6-d.o.f. transducer with the six
accelerometers A to F is shown in Figures 2(a) and 2(b). In order to achieve a stiff
and low mass design, the transducer is built as a closed triangular box with a hole in
the center. The fixture for the accelerometers is made of aircraft aluminum and has
the following material properties: Young’s modulus E = 0-72 GPa, density
p = 2700 kg/m? and a shell thickness of about 0-5 mm and was manufactured from
a solid block. The origin of the co-ordinate system is located in the center of this
hole: i.e., the point where the translational and the rotational d.o.f.s are calculated
by using combinations of the six accelerometers. The distances between the center
of the transducer and each accelerometer are marked, r, with different indices
depending on accelerometer location.
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3. RIGID-BODY DYNAMICS INCLUDING TRANSVERSE-SENSITIVITY

When using piezo-electric accelerometers there exists many factors that can lead
to measurement problems such as base bending, X-rays, y-rays, high and low
temperatures, temperature fluctuations, humidity, electromagnetic fields, high
sound levels, poor mounting and transverse vibrations; see for example reference
[13].

In the following, the errors due to transverse vibrations will be studied in more
detail because they can cause large errors depending on the motion of the structure
and the value of the transverse sensitivity of the accelerometer which is an inherent
property of all piezo-electrical accelerometers.

The accelerometers that comprise the 6-d.o.f. transducer in this work are of
ICP-type and contain piezo-crystals.

When using accelerometers containing a piezo-crystal, there exists one direction
which provides the maximum sensitivity defined by 0 and ¢, i.e., charge output/unit
acceleration which is called H,,.. The sensitivity, H, along the z-axis or in the
measurement direction is H,,, cos(d). For a perfect piezo-transducer the vertical
axis (z-axis in Figure 3) would coincide with this H,,,,-axis. Due to manufacturing
tolerances and crystal element variations, they do not coincide and the
accelerometer acquires a transverse sensitivity. The projection of the H,,,.-vector
on the x—y plane gives a new vector T, which can be divided into components, T,
in the x direction and, T, in the y direction; see Figure 3.

This means that the sensitivity of an accelerometer, using piezo-elements, can be
described as having one main direction and two transverse sensitivity directions.
For example, see Figures 4(a) and 4(b), containing the transverse sensitivities for
accelerometer positions A to F.

As seen in Figure 4(a) accelerometer A, for example, has a main sensitivity, H .,
in the Z direction and the transverse sensitivities, T, and Ty, in the X and

Figure 3. Transverse sensitivity of a piezoelectric accelerometer.
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Figure 4. Main and component sensitivities of the 6-d.o.f. transducer of (a) accelerometers A, B and

C and (b) accelerometers D, E and F.

Y directions. The measured acceleration, for example, a.,, contains the transverse
sensitivities T4, and T, expressed as

Agzm = aAzHAz + anTAx + aAy TAy-

3)
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The accelerations at the origin of the transducer can be found by using the
ordinary equations for kinematic analyses of rigid bodies. Including the transverse
sensitivity of the accelerometers in expressions similar to equation (3) gives the
6-d.o.f.s responses at a point as

Aoxm = (aEeryHEx + anrEyHDx + aOyrEy TDy + aOery TDz + aOyrDy TEy +aOzrDy TEz
2 2 . .
—rDyrEyTDyCUx +rDyrEyTEyCUx +rDyrEyTDzC()x —rDyrEyTEz(Ux ‘I‘rDyrEyTDzCOyCUZ
2 2
- rDyrEy TEza)ywz - rDyrEy TDywz + rDyrEy TEywz)/(rDy + rEy)a (4)
2 2
aoym = aFyHFy + anTFx + Aapz TFz - rFya)x - rwaza (5)
Qozm = (ap-TayHp, +ac.tayHe, + 20,415y H . +200.78, Tax +2a0,18, Tay
2
+ anrAy TBx + aOyrAy TBy + anrAy TCx + aOyrAy TCy _2rAyrBy TAywx
2 2
+ Tayl'py Tpy @5 + Taytcy Toy s + 214y Tpy Tax @, — T4y Tgy T,
2
- rAyer TBywxwy - rAer_v TCxa)xwy + rAerx TCywxwy + rAyer Tway
Texw? —2 T 4,02 Ty 2 Ty, w2 Texw?
_rAerx Cxwy - rAyrBy Aya)z +rAyer BxWz +rAyrBy Bywz _rAerx cxWz
2 . . .
+ rAery TCy(’Uz —ZVAyrBy TAxwz + rAyrBy Twaz — VAyer TBya)z
+ rAy rCy Tde)z + rAerx TCyd)z)/(z(rAy + rBy))s (6)
d)xm = (2aAzHAz - aBzHBz - aCzHCz + 2an TAx + 2aOy TAy — dox TBx - aOy TBy
2 2 2
— aoxTex — Aoy Tey — 214y, Taywx — 15y Ty — 1y Tey 5 + 214, Ty 0,0,
2
+ 1y Tpx 0y + 1y Ty 0y + Ty Texxwy — Teox Tey 0y — 1y T3
Texw: —2 2 214y Ty 2 Ty 2 Ty, 02
+ T'cx Cxwy - rAya)ywz - rBywywz - rAy Aywz — I'px 1pxW; — rBy Bywz
2 2 . . . .
+ I'cx TCxwx - rCy TCywz - 2rAyTAxa)z - rBy Twaz + I'Bx TBya)z - rCy TCxwz
— I'cx TCyd)z)/(z(rAy + rBy))a (7)
. 2
a)ym = (aBzHBz - aCzHCz + Aox TBx + aOy TBy — dox TCx - aO_v TCy + rBy TBya)x
2
— toy Teywy — 1y Ty, — Tpy Ty, 0y + Ty Tox @y — Tox Tey 0,y
Ty 2 Texw? +2 Ty 2 Ty, 0?2 Terw?
+ I'Bx way +er Cxwy + I'pxWx W, +er Bx (2 + rBy Bywz +er Ccx Wz

- rCy TCwa + rBy TBxd)z — I'px TByd)z - rCy TCxa')z — Fex TCyd)z)/(erx)a (8)
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. 2
Wzm = (anHDx + aExHEx - aOy TD_v — do; TDz + aOy TEy + Aoz TEz + rDy TD_vwx
2 . .
+ 1y Tpywy — 1py Tp. Oy — 15y T, Oy + 2rp,0,0, — 1py Tp. 0,0,
2 2
- rEy TEzwya)z + rDy TDywz + rEy TEya)z)/(zrDy)' (9)

Here the index m indicates a measured quantity, w the angular velocity response
and o the angular acceleration response.

4. THE IMPORTANCE OF TRANSVERSE SENSITIVITY

Expressions (4)-(9) are quite lengthy. The terms related to the transverse
sensitivities can be divided into first order terms, containing accelerations and
second order terms, containing angular velocities squared. The first order terms can
be divided into two parts: part 1, which consists of an acceleration multiplied by
a main sensitivity, and part 2 consisting of an acceleration multiplied by
a transverse sensitivity. The second order term is called part 3 for simplicity.

In order to compare the importance of the three different parts of expressions
(4)-(9), a special test structure was designed and analyzed both with the finite
element (FE) method and compared with measurements.

The test structure consists of three steel beams of different lengths that are rigidly
connected (welded) at the corner; see Figure 5. The test structure has the following

6-d.o.f.transducer

Figure 5. The test structure and positions of the force excitation and the 6-d.o.f. transducer.
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properties: Young’s modulus E = 210 GPa, density p = 7880 kg/m?, structural
damping 1 = 0-003 and cross-section 0-03 x 0-03 m?.

The transducer is mounted on one beam end and a dynamic force in the
x direction excites the test structure, while suspended in free conditions. Because of
the geometry of the test structure, the point on the beam where the transducer is
mounted has motion in all 6-d.o.f.s. To obtain theoretical data, the structure is also
modelled in FE. The motion at the transducer position is easily calculated for this
model. In this way, the behavior of accelerometers with different transverse
sensitivity can be simulated.

Each accelerometer is considered to have a maximum sensitivity direction as
shown in Figure 3. This maximum sensitivity vector, H,,., can, as mentioned
previously, be divided into a main sensitivity vector, H,, and transverse sensitivity
components, T, and T,, which are the projections of the maximum sensitivity
vector. In accelerometer specifications, the magnitude of the transverse sensitivity is
given as a percentage of the magnitude of the maximum sensitivity (typically 2%).
The direction of the maximum sensitivity vector is usually not given. This means
that the transverse sensitivity components are not known. In a simple test for
determining the transverse sensitivities, a laser doppler vibrometer was used to
measure the responses of accelerometers driven by a shaker. However, the
transverse sensitivity could not be determined; see Appendix A.

The direction of the maximum sensitivity vector depends on the orientation of
the piezo-crystals and tolerances. Because of the fact that only the magnitude of the
maximum sensitivity vector is known, the transverse sensitivity terms, T,, and T,,

SN

Figure 6. The nine end points of vector T.
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can have different signs depending on the direction of the vector. Therefore, when
analyzing the results of the transverse sensitivity, both negative and positive
combinations of T, and T, must be taken into account.

When performing an estimation of the rotational or translational acceleration at
the origin of the transducer, by using expressions (4)-(9), usually more than one
accelorometer is involved. Each accelerometer has a maximum sensitivity direction
that is independent of the other accelerometer’s maximum sensitivity directions.
Therefore, the directions and magnitudes of the responses from the different
accelerometers are independent events.

Because the direction of the maximum sensitivity is not known the influence of
the transverse sensitivity will give a different electrical output depending on how
the accelerometer is mounted. Only those cases where the maximum sensitivity
direction differs the most from the normal direction to the mounting surface were
considered. These cases for each accelerometer can be seen in Figure 6 where the
circles 1-9 represent the end points of the vector T. Point 4 is only significant when
studying combinations of two or more accelerometers. It is easy to realize that if, for
example, two accelerometers are used in the estimation there are 9* different
combinations. For the case of estimating the angular acceleration, @,, in the
x direction where information from three accelerometers are used there are 9°
different combinations.

In order to analyze the importance of the transverse sensitivity, responses from
FE calculations were used and “measurement” results were calculated by adding
them according to expressions (4)-(9). This was then done for all significant
combinations of transverse sensitivity as discussed before. However, a transverse
sensitivity magnitude is needed for these calculations. The transverse sensitivity
magnitude of an accelerometer is usually around 2-5% of the main sensitivity.
Magnitudes below 0-5% are very difficult to achieve. In this study the magnitudes
0, 0-1, 1 and 3% were studied. In order to reduce the number of combinations, all
accelerometers involved were assumed to have the same magnitude of transverse
sensitivity. This is of course a simplification in comparison to real measurements
when accelerometers of different transverse sensitivity magnitudes are used.
However, setting all the transverse sensitivity magnitudes in the calculation to the
same amount as the highest transverse sensitivity magnitude of the accelerometers
used in the measurement, gives the maximum error for this case. The different
transverse sensitivity magnitudes of the accelerometers can of course be included in
a numerical study but would not add any greater understanding.

The mass and rotary inertia were not included in the FE calculations. However,
FE studies show that inclusion of the mass and inertia of the transducer has a very
small effect on the structure for the frequencies studied.

5. RESULTS FROM CALCULATIONS OF TRANSVERSE SENSITIVITY
COMBINATIONS

In order to show the influence of these transverse sensitivities, the maximum and
minimum level of the calculated responses for all combinations and at each
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Figure 7. Influence of the transverse sensitivities on the accelerances : (—) 0%, (- - -) positive error
and (- - -) negative error 0-1%, 1% and 3%; (a) x direction; (b) error in x direction; (c) y direction;
(d) error in y direction; (e) z direction; (f) error in z direction; (g) &, direction; (h) error in ¢, direction;
(i) o, direction; (j) error in ¢, direction; (k) ¢, direction; (1) error in ¢, direction. Both positive
and negative errors are indicated for most sensitivities.

frequency are plotted in Figure 7. The responses are shown as accelerances for the
6-d.o.f:s. The case of there being no transverse sensitivities for all accelerometers is
also included in these plots. For each response figure the resulting error is shown.
The error is calculated as the level difference between the correct level (i.e., without
transverse sensitivity) and the resulting maximum respective minimum accelerance
level due to the different combination of transverse sensitivities.

As seen in Figure 7, the error due to the transverse sensitivity depends on the
vibration amplitudes and is largest when the acceleration in the direction of interest
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is low in comparison to the acceleration in the other directions. This problem
usually occurs when there is an antiresonance in this direction or a resonance peak
in one of the other directions. Consequently, those errors can be quite substantial as
seen in Figures 7(e) to 7(h) or very small as seen in Figures 7(a), 7(b), 7(i) and 7(j). It
is important to note that the angular and translational levels in Figure 7 are the
results of combinations where the maximum sensitivity direction differs the most
from the normal direction to the mounting surface at each frequency. This gives an
estimation of the maximum error due to transverse sensitivities that can be
expected in real measurements of this structure in this situation. It is also important
to point out that these transverse sensitivity problems appear not only for the
rotational d.o.f.s, but also for the translational d.o.fs.

6. COMPARING CALCULATIONS WITH MEASUREMENTS ON THE
TEST STRUCTURE

To check the performance of the actual prototype, the 6-d.o.f. transducer
was mounted on the test structure, which was also calculated in FE. The
measured accelerances can now be compared to the estimated (i.e., calculated)
accelerances with different magnitudes of transverse sensitivities. In Figure 8, the
measured accelerances are plotted with the estimated accelerances having 0%
transverse sensitivity. Additional accelerances are shown where the transverse
sensitivity magnitude is set to different values to give a similar fit to the
measurement results.

By comparing the calculated and measured accelerances shown in Figure 8, it is
possible to see the effects of the transverse sensitivity in many of the measured
accelerances. For instance, the measured accelerance in Figure 8(d) has an
increased magnitude in the range of 200-350 Hz, which corresponds well to an
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estimated transverse sensitivity magnitude of 1%. In Figure 8(f), the extra peaks in
the frequency range of 120-200 Hz can be seen to be caused by the transverse
sensitivities of the accelerometers as well. It is also possible to see that there are
some differences in the FE-model compared to the measured responses. For
instance, the measured level in Figure 8(f), which is somewhat higher compared to
the FE-model in the frequency range of 200-400 Hz, is probably due to the
antiresonance frequency occurring on the other side of the resonance frequency of
340 Hz. This model problem might be due to the fact that the corner is welded, and
the irregularities from the welding are not present in the FE-model.
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7. DISCUSSION OF THE THREE PARTS OF EXPRESSIONS (4)-(9)

The theoretical model of the structure allows the study of the different parts of
expressions (4)—(9).

In order to understand the relative significance of these three parts, their
contributions can be compared with each other. In Figure 9 the magnitudes of the
three parts are plotted. The third part appears in the case considered here to be less
important than the other two parts.

Removing part 3, giving simplified versions, can therefore reduce expressions
(4)-(9). Using the measured accelerations, the influence of transverse sensitivity
(part 2) can be determined. This is shown in Figure 10 where only measured data is
used and a transverse sensitivity of 1% is assumed.

As seen in Figure 10(a), the transverse sensitivity components play a small role
compared to the total measured accelerance. In another case, for example, as seen
in Figure 10(d), the transverse components can dominate the measured accelerance
at some frequencies.

8. LOW- AND HIGH-FREQUENCY LIMITS

When using two accelerometers to measure the rotation according to Figure
1 a finite difference approximation is carried out. This implies that o, = 4y/4x for
small Ax. Ax is the spatial distance between the accelerometers and Ay the
difference in acceleration between the two accelerometers.

To study the error due to this approximation, a test function y(x) = sin(k,x) with
k. = 2m/Asis used. The angle at x = 0 is calculated exactly and by a finite difference
approximation with symmetrically spaced calculation points around zero for
positive and negative values of x. The error is calculated as 10 log 1 + &(x) where
8(OC) = (|O(finite differencel - |acorrecl |)/| O(correctl- The result frorn thlS Calculation iS
shown in Figure 11, as the curve with zero-phase error.
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Many accelerometers have a specified low-frequency limit depending on the
low-frequency sensitivity. For those accelerometers used in this work, limits are
specified down to 20 Hz. The phase error for the accelerometers and the analyzer is
of the order of 0-5° or smaller in the low-frequency range depending on the
equipment used. Besides this, there is an additional factor influencing the
low-frequency limit of the 6-d.o.f. transducer itself. When measuring rotations, by
taking differences of acceleration signals, the sensitivity for phase errors arises when
the phase difference between the accelerations becomes of the same order as the
phase error in the complete measurement chain. This is a problem in the
low-frequency region when the wavelength is much longer than the distance
between the accelerometers.
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The effect of phase error is studied with the same test function as the before.
z(x) = sin(k,x) with k, = 2n/4, being the wave number in the x direction. A phase
error is easily added to the finite difference calculation function.

The errors of the rotational magnitude, «, due to a phase error of 1, 0-5,0-1 and 0°
are plotted in Figure 11.

If a rotational magnitude error of 1dB is acceptable for a rotational d.o.f.
measurement, then the quotient of the distance between the accelerometers and the
wavelength, 2./, must be in the range 0-006 < 2L/4 < 0-41 in order that the phase
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error is smaller than 0-5° in the complete measurement chain. The transducer tested
here has 2L = 0-02 m which gives measurable wavelengths between 3-:3 m and
49 mm with an error less than 1dB if a phase error smaller than 0-5° can be
assumed.

The high-frequency limits of the transducer are mainly determined by three
factors. Firstly, there is the finite difference approximation as previously discussed,
secondly, there is an upper limit defined by the mounting resonance frequency of
the accelerometer itself, in this case about 17 kHz and thirdly there is the first
fundamental resonance of the transducer depending on its weight and stiffness. For
the design used in this paper, the first eigenfrequency of the fixture is about 6 kHz;
see Figure 12. This resonance seems to limit in our case the applicability of the
transducer. In Figure 13, measurements on a simple beam are compared with
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Figure 12. First eigenmode of the 6-d.o.f. transducer at 6-:071 kHz.

analytical calculations. The magnitude error starts to grow at one-third of the
fundamental resonance frequency (about 2 kHz). The phase error is already visible
at 1/10 of the resonance frequency (about 600 Hz). However, FE-studies have
shown that it is possible to increase the transducer’s first eigenfrequency up to at
least 10 kHz by reinforcements.

9. SENSITIVITY

When performing a six-d.o.f.s measurement, it is important to have transducers
that are sufficiently sensitive regarding the vibration amplitudes of the
measurement object. Usually, the sensitivity of a piezo-crystal accelerometer
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Figure 13. Mobility magnitude and phase of a free—free beam: (—) measured and (- - -) calculated.

increases with increasing seismic mass. However, this increases the total mass and
decreases the high-frequency limit of the transducer. It is important to have a low
transducer mass to avoid mass loading. The accelerometers used for this 6-d.o.f.
transducer are of ICP-type, i.e., they have a built-in amplifier and impedance
converter. The sensitivity for a 0-2 g accelerometer of the ICP-type is typically
5 mV/g. This value can be compared with a 2-3 g shear type accelerometer which
has a sensitivity of 3 mV/g. The angular sensitivity can be calculated from the
sensitivities of each accelerometer and by the distance between them. For the
6-d.o.f. transducer this gives the value of about 0-01 mV s?/rad. There are mainly
two ways of increasing the sensitivity of the transducer, by using accelerometers
with high sensitivity or enlarging the distance between the accelerometers. The first
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way requires normally an increase of the seismic mass leading to a heavier
transducer with a lower mounting resonance frequency and a higher mass loading.
The second way of increasing the transducer sensitivity is by enlarging the distance
between the accelerometers, which also leads to a higher transducer mass and will
decrease the high-frequency limits.

10. DISCUSSION

The equations of motion were established including transverse sensitivity.
Comparisons between calculations and measurements show the importance of
transverse sensitivity terms. The influence of transverse sensitivity is large at
antiresonances or when there exists high-vibration amplitudes in other directions.

Measurements can be used to study the influence of the transverse sensitivity.

For high-precision measurements there is a need to know the transverse
sensitivity in magnitude and phase for all accelerometers used in the estimation. If
this is known one can compensate measurements, but then all 6-d.o.f.s have to be
measured.

The transducer design has to be optimized with regard to weight/stiffness ratio
such that its first structural resonance determines the upper frequency of
applicability. The version used here has a fundamental resonance of 6 kHz, which
gives a phase error of about 2° at 600 Hz. The low-frequency limit is around 4-2 m
in wavelength or at 20 Hz, if the signal-to-noise ratio is sufficiently large.

The transducer has a low mass, which is important when measuring on
lightweighting structures. The transducer is flat which makes it possible to measure
responses close to a surface and to have the possibility to place it between
a structure and isolator in some cases. The transducer has a hole in the center to
give the possibility of measuring true point mobilities by applying a force or
moment there. True in this case means that the force or moment excitation is
positioned at the same point as the response and not some small distance apart,
which is very common, unless an impedance head is used.
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APPENDIX A

Some measurements have been performed at Bosch, for the European Brite
Euram project “QUATTRO” BE 97-4184, using their laser doppler vibrometer
(LDV). These measurements were made to see if it is possible to use a laser to
determine the transverse sensitivities of transducers using a common shaker. Two

LDV 2

Figure Al. Test set-up used for measuring the transverse sensitivity.
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Figure A2. The different acceleration spectra measured on the top of the shaker with both laser and
traditional accelerometers in the main direction and in the transverse direction. The frequency
resolution was 6:25 Hz.

small (0-2 g) accelerometers, ACC1 and AAC2, were mounted on a specially made
cube which was mounted on top of a shaker according to Figure Al.

The two accelerometers had the specified transverse sensitivities of 1:6%
(respectively 1:8%) according to the manufacturer. The acceleration in direction A1
was measured with LDV1 and with accelerometer ACC1. The acceleration
perpendicular to direction Al, namely A2, was measured with LDV2 and
accelerometer ACC2. The shaker was driven with a white noise spectrum up to
5 kHz. The results from the measurements are seen in Figure A2.

Also shown in Figure A2 is a curve marked T*ACCI1 which is the transverse
sensitivity of the accelerometer (given by the manufacturer) multiplied by the
acceleration in the Al direction. As seen, the LDV and the accelerometers give
almost the same results, the difference is probably not due to the transverse
sensitivity.

As long as the two curves marked LDV2 and ACC2 have a greater magnitude
than the curve marked T*ACCI, then the set-up is not good enough to use in
order to determine the frequency-dependent transverse sensitivity of these
accelerometers.
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In other words, the shaker is not moving unidirectionally and the motions in
other directions, other than the main direction, are greater than 1-8% of the main
direction at all frequencies.

Therefore, this measurement set-up cannot be used to determine the transverse
sensitivities of accelerometers.
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