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A custom instrument designed to minimize errors of tilt detection (based on acceleration measurements)
due to misalignments of the employed microelectromechanical system sensors is presented. Owing to
special housing, the sensors can be easily aligned and calibrated, and the instrument can be pre-
cisely mounted in the end device that utilizes tilt detection. The procedure of a standard calibration
for the sensors is brie�y described, and a novel method of their alignment is discussed. Thus, a new
computation-e�cient solution for the precise determination of dual-axis tilt using low-cost accelerome-
ters is introduced. A related application of the instrument (monitoring of axial run-out) is mentioned.
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1. Introduction

When a physical vector quantity is to be mea-
sured, it is crucial to align the vector/component
vectors with the sensitive axis/axes of the measur-
ing instrument used. If this issue is neglected, not
only are the measurements less accurate, but even
the calibration of the measurement instrument may
be a�ected [1].
In the case of using low-cost instruments like

MEMS accelerometers or gyroscopes, their align-
ment is usually too complicated or too costly, thus
another solution is proposed, i.e., numerical com-
pensation for the existing misalignments. A matrix
equation for the estimated misalignments values is
typically used [2�4], both in the case of calibrating
the sensors by means of test rigs [5] or autocalibra-
tion [6]. Besides, the application of empirical for-
mulas [7] or a�ne coordinate system [8] has been
proposed.
A normalized vector of acceleration an can be

determined using the following relation [8]
an = T S (am − b) , (1)

where T is misalignment matrix; S � sensitivity
matrix; am �measured vector of acceleration; b �
o�set vector.
In general, the misalignment matrix includes 6

terms (2 component misalignments for each axis),
the scale factor matrix includes 9 terms (3 main
and 6 cross-axis sensitivities) and the o�set vector
3 terms.

On the one hand, numerical compensation con-
siderably reduces the in�uence of existing misalign-
ments. Yet, on the other hand, it complicates the re-
lated computations, which is unacceptable in some
cases (e.g., due to low computational power, limited
data storage or necessity of a quick response).
An alternative solution involves a physical align-

ment of each sensitive axis of the accelerome-
ter/accelerometers, which makes it possible to re-
alize precise and simple measurements. However,
physically aligning the accelerometer is a toilsome
work of an experimental nature. In order to make
the work easier, a special sensor and alignment pro-
cedure have been developed.
We present a novel solution for precise determi-

nation of dual-axis tilt using low-cost sensors.

2. Mechanical structure of the sensor

2.1. The housing

When aligning an integrated three-axismicroelec-
tromechanical system (MEMS) accelerometer, it is
not possible to do it precisely in the case of all three
sensitive axes, because of the existing perpendicu-
larity errors, which have their origin in an imperfect
microfabrication process. A solution to this problem
may be the application of three uniaxial accelerome-
ters with a mechanical structure that uses a method
of their mounting, which allows their sensitive axis
to be precisely aligned.
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Fig. 1. The sensor mounted on the alignment shaft
using the hole � top view.

In order to minimize the existing misalignments,
which are of a random character, we implement
some experimental procedures using dedicated test
rigs, presented, e.g., in [9], striving for each sensi-
tive axis of the tested accelerometer to be aligned
with respect to the rotation axis of the test
rig.
High accuracy of the presented sensor is achieved

owing to a patented custom housing [10] illustrated
in Figs. 1�4, containing three single-axis accelerom-
eters instead of an integrated triaxial accelerometer.
The housing (no. 1) is made of hard metal (we

suggest steel or hard aluminum alloy such as AW-
2017A). The housing is basically cubic in shape,
with a side length of 65 mm. On three (nos. 1a,
1c, 1e) adjacent walls of the cube there are located
cut-outs that allow printed circuit boards (PCBs)
with MEMS accelerometers (nos. 4a, 4b, 4c) to be
installed on special aligning units (nos. 3a, 3b, 3c),
which allow the accelerometer sensitivity axis to be
aligned with the calibration planes of the cube. A
cut-out is located on the opposite corner to ensure
weight reduction and technological access to one of
the aligning screws. Three other walls (nos. 1b, 1d,
1f) are also calibration planes.
Two perpendicular grooves there are created in

the plane (no. 1b). Perpendicularly to the plane
(no. 1a), a hole (no. 1g) with the diameter �tting
the alignment shaft (no. 5) is drilled. The hole clamp
with a screw was milled on the opposite side to se-
cure the sensor on the shaft (no. 5).
The sensor can be also secured on the shaft (no. 5)

by means of the clamp (no. 2) and the prismatic
groove (nos. 1h or 1i), each formed by a pair of
perpendicular surfaces in the sensor housing (no. 1).
The sensitivity axes of the MEMS accelerometers

are perpendicular to each other since their mount-
ing on compliant �xtures allows them to be precisely

Fig. 2. The sensor mounted on the alignment shaft
using the hole � bottom view.

Fig. 3. The sensor mounted on the alignment shaft
using the �rst groove and the clamp.

Fig. 4. The sensor mounted on the alignment shaft
using the second groove and the clamp.

631



M. Zams et al.

Fig. 5. The aligning unit.

aligned with the appropriate calibration surfaces of
the housing by means of aligning screws (nos. 6
and 7).

2.2. The aligning unit

The aligning unit presented in Fig. 5 was also
used in our other inventions, presented, e.g., in [11].
It consists of a �at compliant metal plate, secured
inside the recesses in the sensor housing by means of
two screws (see Fig. 1). Its deformations are used to
precisely align the sensitive axis of the accelerom-
eter with respect to the datum axes and calibra-
tion planes of the housing. The accelerometer PCB
(no. 4) is screwed to the rigid part of the plate
(no. 3). The deformation of the plate is obtained
by applying pressure to the surfaces of the unit us-
ing the aligning screws (nos. 6 and 7), which results
in a rotation according to arrows (nos. 6* or 7*,
respectively).
The proposed sensor consists of three aligning

units mounted inside the housing, coupled with
three corresponding pairs of the aligning screws.

3. Preparation of the sensor

3.1. Alignment

Since we aim at precise tilt measurements, we
must ensure not only a precise calibration of the sen-
sor, but most importantly, appropriate alignment of
its sensitive axes. This results from the fact that the
related complex uncertainty of the measurements is
mostly a�ected by these components of the gravi-
tational acceleration that have a small magnitude.
In such a case, they are very sensitive to any mis-
alignments.
In order to align the sensitive axis of each ac-

celerometer, the special aligning shaft (no. 5) is
used. It is to be inserted �rst into the hole (no. 1g)

(as illustrated in Fig. 2), and then into the two pris-
matic grooves (no. 1h) and (no. 1i) and �xed using
the clamp (no. 2) (as illustrated in Figs. 3 and 4).
The alignment consists in a parallelism of the

particular sensitivity axis of the MEMS accelerom-
eter with the axis of symmetry of the aligning shaft
(no. 5). The parallelism is precisely adjusted using
the alignment units (nos. 3a�3c). The alignment
shaft (no. 5) with the attached housing (no. 1) is
mounted in a special test rig, having the symmetry
axis of the shaft oriented horizontally. Then, it is
rotated around the symmetry axis.
The aligning procedure consists in minimizing, by

means of the aligning screws (nos. 6 and 7), the am-
plitude of the recorded output signal of the sensitive
axis of a respective accelerometer, generated while
rotating the aligning shaft (no. 5) and the housing
(no. 1), as expressed by the following equations

min(Ax, Ay, Az) =


Ax = Uxmax − Uxmin ,

Ay = Uymax − Uymin ,

Az = Uzmax − Uzmin . (2)

The procedure is illustrated in Fig. 6. While
the sensitive axis is misaligned, the amplitude of
the output signal is considerable. However, af-
ter few repetitions of the procedure, the desired
accuracy is achieved. The remaining variations
of the output signal represent the measurement
noise.
The alignment procedure can be performed pe-

riodically to eliminate errors that may occur over
time due to various reasons.

3.2. Calibration

In order to calibrate the accelerometer outputs, it
is necessary to use an appropriate reference source.
In our case, owing to the relatively small measure-
ment range of the applied accelerometers, the ref-
erence is the gravitational acceleration. The related
calibration procedure is illustrated in Fig. 7, accord-
ing to [12].
The sensor housing (no. 1) is placed on a �at lev-

elled surface, and the output signal of all the three
accelerometers is read while successively support-
ing the housing on each of its six calibration walls
(nos. 1a�1f).
Then two accelerometer calibration parameters

are calculated as follows

ax,y,z =
Ux,y,zmax

+ Ux,y,zmin

2
, (3)

bx,y,z =
Ux,y,zmax

− Ux,y,zmin

2
, (4)

where a is o�set of output signal; b � scale factor
of output signal; Ux,y,zmax

, Ux,y,zmin
� maximum

and minimum values of output signal assigned to
particular sensitive axis at six calibration positions.
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Fig. 6. Output signal of the sensitive axis during the alignment procedure (while misaligned and then aligned).

Fig. 7. Six-position calibration of the sensor.

Knowing the values of o�sets and scale factors,
the cartesian components gx, gy, gz of the gravita-
tional acceleration g can be determined as follows

gx,y,z = g
Ux,y,z − ax,y,z

bx,y,z
. (5)

The procedure can be performed several times in
order to average the indications and in this way ob-
tain higher accuracy.

4. Tilt measurements

While performing tilt measurements, the sensor
housing is �xed to the monitored device using the
hole (no. 1g) with compliant clamp or alternatively
one of the prismatic grooves (nos. 1h or 1i) and the
clamp (no. 2).
Owing to precise alignment of the sensitive axes

of the accelerometers, the components of a dual-
axis tilt can be determined on the basis of their
output signals according to the following simple for-
mulas [6]

α = arctan
(
gx

/√
g2y + g2z

)
, (6)

γ = arctan

(
gy
gz

)
, (7)

where α is pitch, and γ is roll.
In the case of determining single-axis tilt [13]

or axial tilt, only a simpli�ed form of (5) is used,
namely

α = arctan

(
gx
gz

)
. (8)

Application of formulas based on the arctangent
function to determine tilt (both pitch, roll and axial
tilt) ensures the lowest uncertainty of the measure-
ments [14].

5. Conclusions

A novel tilt sensor is proposed. Owing to appli-
cation of a special housing, it is possible to pre-
cisely align all three sensitive axes of the MEMS
accelerometers used. Then, it is possible to use sim-
ple formulas to determine the pitch and roll without
compromising accuracy and ensuring at the same
time computation e�ciency. Simplicity of compu-
tations is often striven for, when a quick response
of a control system is required, as, e.g., in [15] or in
the case of a limited data storage or low computa-
tional power, as, e.g., in [16].
Since various new applications of MEMS ac-

celerometers have been constantly proposed, such
as described by the authors in [17, 18], the pre-
sented instrument provides an opportunity to de-
velop existing or even creation of new devices whose
operation requires performance of precise tilt mea-
surements at low cost. The application of low-cost
MEMS accelerometers makes it possible to obtain
this goal. However, a certain challenge regarding the
cost is the fabrication of the housing. Once the hous-
ing requires machining, the related costs are high.
However, new techniques, such as additive manufac-
turing, can be applied, as in the case of other precise
mechanical members, e.g., sliding bearings [19].
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Since the sensor allows for periodical recalibra-
tion and readjustment of the accelerometers, it pro-
vides a possibility of eliminating errors resulting
from the instability of low-cost devices [20], such
as aging e�ects or long-term drifts [21].
Moreover, we succeeded in designing two similar

sensors presented in [11], which make it possible to
monitor axial run-out of a rotating element.
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