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Abstract
The MEMS inclinometer integrates a tri-axis accelerometer and a tri-axis gyroscope to solve the perceived
dynamic inclinations through a complex data fusion algorithm, which has been widely used in the �elds
of industrial, aerospace, and monitoring. In order to ensure the validity of the measurement results of
MEMS inclinometers, it is necessary to determine their dynamic performance parameters. This study
proposes a conical motion-based MEMS inclinometer dynamic testing method, and the motion includes
the classical conical motion, the attitude conical motion, and the dual-frequency conical motion. Both
the frequency response and drift angle of MEMS inclinometers can be determined. Experimental results
show that the conical motions can accelerate the angle drift of MEMS inclinometers, which makes them
suitable for dynamic testing ofMEMS inclinometers. Additionally, the tilt sensitivity deviation of theMEMS
inclinometer by the proposedmethod and the turntable-basedmethod is less than 0.26 dB.We further provide
the research for angle drift and provide discussion.
Keywords: MEMS inclinometer, sensitivity, dynamic testing, conical motion, angle drift.
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1. Introduction

Because MEMS inclinometers have the advantages of small size, low cost, and high perfor-
mance, they are widely used in structural health monitoring, ground motion detection, aerospace,
industrial control, and other application �elds [1�4]. The MEMS inclinometer is composed of
a tri-axis gyroscope and a tri-axis accelerometer. The gyroscope can measure the angular velocity
of a dynamic object and calculate dynamic angles through integration of the measured angular ve-
locity with high accuracy in a short time [5,6]. At the same time the accelerometer can obtain the
high-precision tilt angle of a static object [7�9] from the acceleration measurement with reference
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to gravity. Depending on the complementarity of the internal gyroscope and accelerometer, the
MEMS inclinometer system obtains the inclination measurement through a complex data fusion
algorithm. The measurement results of MEMS inclinometers require thorough dynamic testing.

Most existing testingmethods use the static positionmethod and dynamic ratemethod [10�12]
to calibrate the error model of theMEMS accelerometer and theMEMS gyroscope inside [13,14].
Xu et al. [15] speci�cally studied the scale factor of the MEMS accelerometer and obtained
the scale factor testing results for three positions by gravity or single acceleration. Särkkä et
al. [16, 17] established mathematical models for sensor parameters such as zero bias, scale
factor, and cross coupling error, and then carried out static tests on sensors in multiple positions
through the improved multi-position testing method. These static testing methods do not to
some extent rely on precision turntables but require a highly accurate mounting frame so that
the position of the sensitive axis of the accelerometer coincides with the reference frame as
closely as possible. The dynamic rate testing method usually requires a precision rate turntable
or angular shaking table to rotate or vibrate at a given rate. Then the output of the gyroscope
is compared with that of the platform to evaluate the performance of the gyroscope. Shang et
al. [18, 19] used the cosine signal of a single-axis turntable as a continuous excitation signal to
obtain those parameters in the mathematical model of the gyroscope by comparing the input and
output of the gyroscope. Although the testing method is simple, it still requires high precision
from the turntable and a high precision installation rack. Some scholars proposed mounting the
gyroscope on the rotary table with a square frame. Adopting the static north �nding method [20]
and performing alignment operations in four positions, its posture information can be used for
horizontal posture initialization. This method can achieve long-term attitude holding. However,
it requires building a complex parameter model. Also, it is not convenient for attitude tracking.
Other researchers used multi-axis turntables or centrifuge equipment, but these testing methods
were much more dependent on the accuracy of the equipment [21�24]. Cheng et al. [25] proposed
establishing a gyroscope calibration model according to the relationship between the output of the
accelerometer and the output of the gyroscope. This method does not require additional reference,
but the accuracy of calibration is a�ected by the accuracy of the accelerometer.

Dynamic testing of the data fusion algorithm remains to be studied. The conical motion can
provide two axial inclination changes, which has an advantage in tilt testing [26]. For inertial
tilt measurement, conical motion is a poor working condition, which will not only introduce
non-commutative error in�uence but also more easily induce the angle drift of algorithm calcu-
lations [27, 28].

In this study, dynamic tilt testing of MEMS inclinometers based on conical motion is inves-
tigated, which is organized as follows: Section 2 introduces three kinds of mathematical models
of the conical motion; Section 3 elaborates on the synthesis method of the conical motion on the
6-DOF Stewart platform; in Section 4, the internal algorithm of MEMS inclinometers is tested by
the generated conical motion. The frequency response and the angle drift of MEMS inclinometers
are analyzed; the last section gives the conclusions.

2. Mathematical principles of the conical motion

Classical conical motion is a common method for dynamic testing of MEMS inclinometers.
In fact, it is an ideal mode of the conical motion. It assumes that the body coordinate system
coincides with the reference coordinate system completely and that there exist angular oscillations
of the same frequency on the two orthogonal axes. Due to the in�uence of the changing external
environment and control errors introduced by the driver [29], attitude conical motion or dual-
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frequency conical motion may also occur [30]. The attitude conical motion is generated when the
two reference frames do not coincide completely because of the installation error. The attitude
conical motion takes the de�ection of the coordinate system into account and simulates a more
practical working state of the environment. The dual-frequency conical motion is considered
under more extreme conditions induced by the driver’s control error. It is generated when the
angular vibration frequencies of two orthogonal axes are di�erent, which contains more pose
information and is more conducive to dynamic tilt testing of MEMS inclinometers. Mathematical
models of these three conical motions will be established in the following subsections.

2.1. Classical conical motion

As shown in Fig. 1, the classical conical motion around the Z-axis is described by the X- and
Y- axes vibrating at the same frequency but with di�erent phase angles, and the Z-axis moves
conically around its equilibrium position in space. It is assumed that the Oz axis overlaps the
conical surface with half conical angle U, and the Ox axis and Oy axis swing slightly around the
equilibrium positions Ox and Oy, respectively. OL is a ray in the XOY plane.

Fig. 1. Classical conical motion around the Z-axis.

Referring to Euler’s rotation theorem, theO-XYZ coordinate system (’-system) is transformed
to the O-xyz coordinate system (�-system), which is equivalent to the ’ system rotating U angle
around the OL axis. Assume that the unit vector in the OL direction is

D! „C” =
�
coslC sinlC 0

� 0 � (1)

The coordinate transformation matrix from the ’-system to the �-system is

��’ = � ‚ 2’ sin
U
2

cos
U
2
‚ „1 � cosU”’ � ’� (2)

’ =
266664

0 0 sinlC
0 0 � coslC

�B8=lC coslC 0

377775
� (3)
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where � stands for the identity matrix, and the conical motion quaternion @„C” rotating about the
/-axis is constructed.

@„C” =
�
@0 @1 @2 @3

� 0 =
h
cos

U
2

sin
U
2

coslC sin
U
2

sinlC 0
i 0
� (4)

According to (2), (3) and (4), the coordinate transformation matrix can be expressed in terms
of the quaternion as

��’ =

2666664
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3777775

� (5)

2.2. Attitude conical motion

The body coordinate system ()-system) and the reference coordinate system (’-system)
cannot completely coincide in actual installation, as shown in Fig. 2. When )-system $ � GC HC IC
has small attitude angles i, \ and W relative to ’-system $ � GA HA IA , angular vibration exists in
all three axes of )-system. Nevertheless, it can still be regarded as classical conical motion in the
’-system. Therefore, the attitude conical motion is also called the classical conical motion along
the reference coordinate system.

Fig. 2. Attitude conical motion around the Z-axis.

In the )-system, the in�uence of attitude angle de�ection should be considered. The rotation
matrix of the attitude angle is given by (6), where 2 = cos, B = sin.

’@ =
266664

2\2W BiB\2W � 2iBW BiBW ‚ 2iB\2W
2\ BWBiB\BW ‚ 2i2W 2iB\BW � Bi2W
�B\ Bi2\ 2i2\

377775
� (6)

In the ’-system, the quaternion @„C” and its corresponding rotation matrix are the same as
in (4) and (5), and the resultant rotation matrix obtained in the )-system is shown in (7).

�) = ’@ � ��’ � (7)
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2.3. Dual-frequency conical motion

The dual-frequency conical motion vibrates with di�erent frequencies in two orthogonal axes,
as shown in Fig. 3. The motion generated in space with an angular vibration frequency l1 of the
--axis and l2 of the . -axis not a simple conical motion but a relatively complex space periodic
motion.

Fig. 3. Dual-frequency conical motion around the / -axis.

The rotation vector in the body coordinate system is given by

Q =
�
QG QH QI

� 0 =
�
U cosl1C U sinl2C 0

�
� (8)

The corresponding conical quaternion expression is constructed as (9). By substituting the
quaternion of (9) into the coordinate transformation matrix of (5), the coordinate transformation
matrix expression of the dual-frequency conical motion is modelled. This type of conical motion
degrades to the classical conical motion as the two vibration frequencies l1 and l2 are equal.

@„C” =
�r

1 �
�
sin

U
2

�2
�
�
„cosl1C”2 ‚ „cosl2C”

�
sin

U
2

cosl1C sin
U
2

sinl2C 0
�
� (9)

3. Synthesis of the conical motion

The 6-DOF Stewart platform is used to generate the conical motion because of the following
advantages it has. Firstly, it can get arbitrary pose motion in the workspace, and it has the bene�t
of generating the conical motion which provides angle variation of two degrees of freedom.
Secondly, compared with the trajectory generated by the multi-axis turntable, the tip of the
conical motion formed by the Stewart platform is not �xed. The position of the tip can be changed
by parameter setting, providing higher �exibility for the testing of MEMS inclinometers.

Kinematics is used for controlling and measuring the Stewart platform, as shown in Fig. 4.
We make „t� q” stand for the position and orientation of the Stewart platform. Inverse kinematics
is implemented for calculating the length value of legs L of the Stewart platform. And the actual
values L0, generated after adjusting by the servo motor, are used to get more accurate motion of
the position and orientation by utilizing the forward kinematics program. The actual motion from
the moving platform of the Stewart platform can be used for further testing [26].
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Fig. 4. Controlling and measuring of the position and orientation of the Stewart platform.

The control system for the conical motion from the 6-DOF Stewart platform is shown in Fig. 5.
The motion program determines the dynamic conical quaternion and calls the inverse kinematics
program, which calculates the command length values of the branch chain for the Stewart platform
after each call. The host computer obtains the actual length values of the branch chain by reading
the value of the inner encoder. The servo motor is operated independently through a three closed-
loop control. Adjusting by PID from position-loop, speed-loop, and current-loop, the servo motor
feeds the command back to the controller.

Fig. 5. Control system of the Stewart platform.

The �ow chart of the synthesis of the conical motion is shown in Fig. 6. It is necessary to
select the motion plane used to generate the spatial cone and set the conical parameters such
as motion frequency, amplitude, and conical point coordinates into the motion program. Then
the conical quaternion with attitude information is programmed in the motion program, and the
cyclic controlled dynamic conical quaternion @„C” is formed through time accumulation. We
set the coordinate system in the segmentation mode and the trajectory is created by computing
intermediate segment points with a coarse interpolation algorithm in milliseconds. Then, we put
the motion program in the uniform cubic spline mode so as to execute a �ne interpolation using
a cubic spline algorithm every servo cycle. The motion program communicates with the inverse
kinematic program in real time, converts the quaternion to the coordinate transformation matrix,
and calculates the expansion and contraction of the branch chain of the 6-DOF Stewart platform
under di�erent conical poses.

The quaternion representation method is more advantageous in the motion program. Com-
pared with the Euler angle representation method, it neglects to consider the e�ect of rotation
order during coordinate transformation, which improves the transformation e�ciency of the ro-
tation matrix. In addition, in order to obtain a more accurate expansion and contraction amount
of the branch chain, we add rough interpolation and �ne interpolation into the motion program
and inverse kinematic program severally.
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Fig. 6. Flow chart of the synthesis of the conical motion.

4. Experimental research

The dynamic testing system composed of the Stewart platform is shown in Fig. 7. The MEMS
inclinometer under test is installed on the moving platform so that the horizontal roll-axis and
vertical pitch-axis are parallel to the --and . -axes of the 6-DOF Stewart platform.

Fig. 7. Testing system for MEMS inclinometers.

The 6-DOF Stewart platform is controlled to generate the speci�c conical motion. The sensed
tilt of the MEMS inclinometer is recorded. Meanwhile, the leg lengths of the 6-DOF Stewart
platform are uploaded to the host computer. The six branch chains are collected by the host
computer, and the 6-DOF Stewart platform pose is solved by forward kinematics. Due to the
in�uence of closed-loop frequency response characteristics, amplitude attenuation and phase
delay in the servo control system, there result errors between the actual and the command
leg lengths. Therefore, the actual pose of the 6-DOF Stewart platform is obtained by solving

37

https://doi.org/10.24425/mms.2023.144398


Qihang Yang et al.: DYNAMIC TILT TESTING OF MEMS INCLINOMETERS BASED ON CONICAL MOTIONS

the forward kinematics from the measured leg lengths. The sensitivity of tilt amplitude and
the in�uence of data drift can be determined by comparing the inclination data of the MEMS
inclinometer with that of the Stewart platform.

A BW-VG500 was used in the experiment whose parameters are shown in Table 1.

Table 1. Performance parameters of the tested MEMS inclinometer.

Model BW-VG500

Attitude parameter Dynamic precision: 0.1�

Nonlinear compensation

Compensation characteristics Quadrature compensation

Gyro drift compensation

Internal algorithm Kalman �lter algorithm

4.1. Testing results for the classical conical motion

The 6-DOF Stewart platform generates the classical conical motion by rotating around the
/-axis. Testing points are selected ranging from 0.1 Hz to 4 Hz. Two frequencies, 0.1 Hz and
4 Hz, were selected for repeatability tests using the Bessel formula and we list the solved stan-
dard deviation values in Table 2. Experiments show that the repeatability of both the MEMS
inclinometer and the 6-DOF Stewart platform performs well. However, the used 6-DOF Stewart
platform does not meet the requirements when frequency exceeds 4 Hz, so we. Thus, we only ver-
ify experimental data within 4 Hz as the highest frequency of rotation. The data in the following
experiments is averaged over �ve replicates.

Table 2. Calculated standard deviation values for the MEMS inclinometer and the 6-DOF Stewart platform.

Frequency (Hz)
MEMS inclinometer 6-DOF Stewart platform

Roll Pitch X Y

0.1 9.02E�04 5.00 E�04 1.39E�05 1.95E�05

4 2.45 E�04 3.24 E�04 9.90E�05 8.87E�05

Within the capabilities of platform performance, the conical angle is set to 10� at low frequen-
cies and gradually decreases with the increase of frequency. The tilt sensitivity de�ned in (10)
was used to re�ect the performance characteristic of the MEMS inclinometer.

( = 20 � lg
�1

�
� (10)

where �1 is stands for the collected tilt angle of the MEMS inclinometer and � is the actual
motion inclination angle of the conical motion generated by the 6-DOF Stewart platform.

Figure 8 shows the performance characteristic curve of the MEMS inclinometer under the
classical conical motion. When the motion frequency is within the limits of 0.1 Hz to 0.6 Hz, the
axial output inclination of the MEMS inclinometer is basically consistent with the actual motion
angle of the platform, and the dynamic performance of the MEMS inclinometer is relatively
stable. The tilt sensitivity of the MEMS inclinometer fades as the frequency exceeds 0.6 Hz,
and the attenuation rate increases gradually. At 3.4 Hz, the tilt sensitivity attenuation of the
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MEMS inclinometer exceeds 4 dB, and the sensitivity of tilt degree is less than 63%, indicating
poor dynamic tracking performance of the sensor. When the motion frequency reaches 4 Hz,
the amplitude sensitivity of the MEMS inclinometer falls to 6 dB, and the perception degree of
inclination is only 50%, which makes it di�cult to meet the needs of most dynamic measurement
applications.

Fig. 8. Performance characteristic curve of the MEMS inclinometer in classical conical motion test.

The e�ectiveness of the testingmethod based on conicalmotions is veri�ed by the comparative
experiment of the turntable. We installed theMEMS inclinometer on the table of the turntable and
adjusted the sensitive axis of the sensor to be parallel to themovement direction of the turntable, as
shown in Fig. 9. In order to reduce the error of repeated installation, the sensitive axis for another
group of experiments can be adjusted to be parallel to the outer axis of the turntable by rotating
the inner axis of the two-axis turntable. The outputs of the MEMS inclinometer under di�erent
amplitude-frequency conditions are tested by using the one-dimensional sinusoidal swing motion
generated by the two-axis precision turntable so as to obtain the tilt sensitivity of the MEMS
inclinometer.

Fig. 9. Installation for the two-axis turntable test.
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From the conical motion results and the turntable angle data, we obtain the di�erence in testing
values of the MEMS inclinometer sensitivity. As shown in Fig. 10 and Table 3, the maximum
deviation is less than 0.26 dB. The angle output results from the classical conicalmotion generated
by the 6-DOF Stewart platform match well with those of the precision turntable.

Fig. 10. Tilt sensitivity deviation of the MEMS inclinometer in the two-platform test.

Table 3. Partial data for tilt sensitivity deviation.

Frequency (Hz)

0.1 0.6 1 1.6 2 2.6 3 3.6 4

Roll-axis �0.0130 0.0154 0.0231 0.0321 0.0750 0.0782 0.1277 0.1733 0.2596

Pitch-axis 0.0002 0.0029 �0.0055 �0.010 �0.0080 0.0585 0.0229 0.0375 0.0670

The internal gyroscope of the MEMS inclinometer can obtain inclination data indirectly by
integrating angular velocity, and the integral operation will inevitably lead to data drift. The
conical motion test measurement data were analysed, and the relative drift rate +? of the MEMS
inclinometer was calculated using (11).

+? =
+1

�
� (11)

where +1 is the inclination drift rate output of the MEMS inclinometer, and the de�nition of � is
the same as that in (10).

Figure 11 describes the relationship between frequency l and relative drift rate +? of the
MEMS inclinometer under the turntable test and the conical motion test. It can be seen that the
+? of the MEMS inclinometer in the turntable test is small, and the regularity of+? changes with
frequency are small. However, in the test of the conical motion, the+? of the MEMS inclinometer
in two axial directions shows an overall upward tendency according to the increasing frequency.
Compared with the turntable testing method, the conical motion testing method can induce drift
problems in the MEMS inclinometer and is more suitable for the dynamic performance test of
MEMS inclinometers.
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Fig. 11. Drift trend diagram of the MEMS inclinometer in the two-platform test.

4.2. Testing results for the attitude conical motion

The conical motion with 0.1� and 1� attitude de�ection in the X-axis was selected to test
the dynamic performance of the MEMS inclinometer. A comparison between the experimental
results and the classical conical motion without attitude de�ection is shown in Fig. 12. In these
three groups of conical motion testing results under di�erent conditions, the tilt sensitivities
obtained by the MEMS inclinometer have the same trend. The di�erences between the two
groups of attitude conical motion testing results and classical conical motion testing results are no
more than 0.1 dB. Therefore, it is thought that the orthogonal compensation and gyroscopic drift

a) b)

Fig. 12. Comparison of tilt amplitude sensitivities between the attitude conical motion test and the classical conical motion
test: a) tilt sensitivities of the roll axis; b) tilt sensitivities of the pitch axis.
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compensation inside the MEMS inclinometer optimize the inclination angle output and weaken
the in�uence of initial attitude de�ection on the dynamic performance of the sensor.

Equation (10) was used to calculate the relative drift rate +? of the MEMS inclinometer
in two groups of attitude conical motion tests. The results of the attitude conical motion and
the classical conical motion were plotted together in Fig. 13. It can be seen that the +? of the
MEMS inclinometer of the attitude conical motion with the de�ection of coordinate axis 0.1�
is really close to that for the classical conical motion. The trend of the output inclination angle
from the MEMS inclinometer in the roll-axis direction is obvious as the de�ection increases to
1�. However, the +? of the pitch-axis is small and stable. It is shown that the attitude conical
motion with axial de�ection has the advantage over the classical conical motion in exposing the
mathematical drift of MEMS inclinometers in the corresponding axial direction.

Fig. 13. Comparison of relative drift rates of the MEMS inclinometer in the attitude conical motion test
and the classical conical motion test.

4.3. Testing results at the dual-frequency conical motion

To collect the inclination angle output of the roll-axis of theMEMS inclinometer, �xed angular
vibration frequencies of 0.1 Hz, 0.5 Hz, 1 Hz, 1.5 Hz, and 2 Hz were successively set in the Y-
axis, and changing angular vibration frequencies were selected upward in the X-axis. In Fig. 14,
�ve groups of experimental data were drawn. It can be clearly seen that the curve tendency for each
group of experimental results is synchronization, and the dynamic performance of the MEMS
inclinometer decreases as the motion frequency increases. In the frequency range from 0.1 Hz to
0.4 Hz, the amplitude attenuation of the output inclination angle from the MEMS inclinometer
is less than 0.1 dB. It can be considered that the MEMS inclinometer has a strong processing
ability for its internal algorithm and outstanding visual appearance for its dynamic performance.
When the motion frequency exceeds 0.4 Hz, the amplitude attenuation of theMEMS inclinometer
increases. When the motion frequency reaches 4 Hz, the attenuation value exceeds 6 dB, and it
is di�cult to maintain stability of the dynamic performance.

The angular vibration frequency of the . -axis was set at 1 Hz, and the angular vibration
frequency of the --axis was increased continuously. The relative drift rate +? of the inclination
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Fig. 14. Performance characteristic curve of the MEMS inclinometer in dual-frequency conical motion test.

angle output from the MEMS inclinometer under di�erent dual-frequency conical motion con-
ditions was calculated, and the results were compared with the results of the classical conical
motion. As shown in Fig. 15, it is obvious that the increase in the+? of the roll-axis by the MEMS
inclinometer under the dual-frequency conical motion test is greater than that under the classical

Fig. 15. Comparison of relative drift rates of the MEMS inclinometer in dual-frequency
and classical conical motion tests.
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conical motion test. Although the motion frequency of the pitch-axis stays constant, the +? of the
pitch-axis of the MEMS inclinometer is a�ected by the change of the roll-axis motion frequency
at low frequencies. The +? of the pitch-axis tends to be stable as the roll-axis motion frequency
increases over 3 Hz. It is shown that the dual-frequency conical motion not only has the advantage
over the classical conical motion in exposing the mathematical drift of MEMS inclinometers in
the corresponding axial direction but at low frequencies it also generates an in�uence on other
moving axes.

5. Conclusions

Compared with uniaxial angular motions, the conical motion can provide inclination angle
variation with two degrees of freedom with which it is easy to induce the exposure of drift and
non-exchangeability ofMEMS inclinometers. In addition to the classical conical motion, the other
two conical motions take the in�uence of the initial attitude de�ection and non-same frequency
vibration factors into account, which makes the faulty working of the MEMS inclinometer
embedded algorithm appear more often.

The conical motion has the ability to amplify the inclination drift tendency, and di�erent
conical motions cause di�erent in�uences on the drift of MEMS inclinometers. The classical
conical motion considers only the in�uence of motion frequency on MEMS inclinometers, and
the experiment shows that the drift trend increases with the increase of motion frequency. When
the frequency reaches 4 Hz, the relative drift rate is close to 0.1 %/s. The attitude conical
motion takes the initial attitude angle de�ection of the coordinate axis into consideration. When
the attitude angle de�ection gets to 1� and the frequency reaches 4 Hz, the relative drift rate
approximates 0.2%/s. When the attitude de�ection increases to a certain value, the drift will
obviously increase. The in�uence caused by di�erent axial frequency changes on the drift is
tested in the dual-frequency conical motion. When the motion frequency for the --axis attains
4 Hz, the relative drift rate of the MEMS inclinometer roll-axis is close to 0.16%/s, while the
relative drift rate of the pitch-axis is reduced to 0.02%/s. It can be found that when the motion
frequency of an axial direction changes, both the inclination drift of its sensitive axial direction
and the output of its orthogonal axial direction are in�uenced.

The dynamic tracking performance of the MEMS inclinometer is stable in the range of 0.1 Hz
to 0.5 Hz, and the perception ability of the inclination angle is more than 98%. The perception
ability of inclination angle continuously decreases as the motion frequency increases. When the
motion frequency achieves 4 Hz, only a 50% inclination change can be detected. In the low
frequency range, the optimization algorithm gives some compensation for the small change in
initial attitude angle, and the deviation of output inclination angle data is less than 0.1 dB even
if there is a 1� attitude angle de�ection. Finally, the tested tilt sensitivity deviation of the MEMS
inclinometer is less than 0.26 dB between the turntable and the conical motion, which veri�es
the validity of the proposed method.
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