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In order to improve the precision of the spaceborne Inertial Measurement Unit (IMU), this paper proposes an adhesive joint
assembly of the MEMS-redundant IMU.*at is the application of special redundant installation of multiple MEMS gyroscopes in
the IMU, which can improve the reliability of the MEMS-redundant IMU on the basis of reducing the weight of IMU. However,
with the change of working environment, the traditional mechanical assembly of MEMS-redundant IMU will produce the large
packaging stress and cause the deformation ofMEMS gyroscope.*is change will lead to changes in installation errors, scale factor
errors, and bias errors of the MEMS gyroscope, resulting in a significant reduction in measurement precision of the MEMS-
redundant IMU. *erefore, this paper selects the adhesive material that matches the thermal physical parameters of the material
with the circuit board by analyzing the requirements of MEMS gyroscope on working environment at first. *en, by optimizing
the bonding process, the installation error of each axis of MEMS-redundant IMU under different temperatures is better than the
traditional mechanical connection mode. *e experiment results of thermal vacuum show that the new assembly method can
reduce the influence of temperature on the bias. Compared with the traditional method, the new assembly which is based on
adhesive joint assembly can improve the measurement precision of MEMS-redundant IMU by an order of magnitude.

1. Introduction

In modern applications, with the growing demand of
nanosatellites, the inertial navigation systems are devel-
oping towards the direction of low cost, miniaturization,
and low power consumption [1, 2]. Micro electro me-
chanical system (MEMS) gyroscope is made of silicon
semiconductor materials by advanced micro/nano tech-
nology and ASIC manufacturing technology. It has been
widely used with advantages of small size, low cost, and low
power, etc. [3, 4].

As the core measurement component of microinertial
navigation systems, gyroscopes and accelerometers of the
IMU are susceptible to factors such as component aging,
improper operation, and interference of harsh working

conditions. As a result, the measurement precision of gy-
roscope and accelerometer declines or even fails to work
normally [5, 6].

Redundancy technology is an effective method to im-
prove the reliability of system, and widely used in aviation
and aerospace fields [7, 8]. *e reliability of strap-down
inertial navigation system can be improved without im-
proving the performance of a single inertial device. Re-
dundancy technology is divided into two levels, including
the system redundancy technology and device redundancy
technology. Compared with the system redundancy tech-
nology, the device redundancy technology constitutes a
MEMS-redundant IMU by increasing the number of inertial
devices, which has more advantages in reducing system
volume and engineering costs [9, 10].
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In MEMS-redundant IMU, the ubiquitous installation
errors, scale factor errors, bias, and noises of MEMS gy-
roscope have a certain impact on the precision of gyroscope
output and then affect the navigation precision [11]. *e
error processing technology of MEMS-redundant IMU is
developed to improve the measurement and navigation
precision of system [12, 13].

To reduce the error of measurement and improve the
precision of inertial navigation system, the traditional
method estimates and compensates the alignment error,
scale factor error, and bias of gyroscope in MEMS-redun-
dant IMU by calibration compensation technique [14]. *e
calibration compensation technology uses turntable or other
high-precision auxiliary devices to provide reference value
and processes the error of MEMS redundant IMU by
mathematical modeling method, which is suitable for de-
terministic error compensation [15, 16]. However, in the
actual working environment, MEMS gyroscope is easily
disturbed by temperature, vibration, and other operating
conditions. *e resulting uncertain variations of installation
error, scale factor error, and bias greatly affect the output
precision of MEMS gyroscope, so that the navigation ac-
curacy is reduced.

*e precision of MEMS-redundant IMU cannot be as-
sured only by calibration compensation scheme, and the
assembly technique of MEMS redundant IMU should be
designed to reduce the effect of working environment on the
error of MEMS gyroscope [17, 18]. *e MEMS gyroscope is
fixed on the sensitive axis by specific packaging technologies
to decline the change of IMU error. *erefore, the error of
system measurement is minimized to ensure the high
navigation precision. Traditional assembly technology of
mechanical assembly is mainly used screw, and this way
requires circuit board to leave enough space for threaded
connection, enlarging the volume of structure. Furthermore,
when the temperature changed in the working environment
of MEMS redundant IMU, MEMS gyroscope influenced by
processing manufacturing and environmental conditions
will produce deformation. So, it changes the error of in-
stallation and bias and reduces the precision of MEMS
redundant IMU [19, 20].

In order to decline the influence of working environment
on gyroscope and improve the precision of MEMS redundant
IMU, an optimization method on the precision of MEMS-
redundant IMU based on adhesive joint assembly is proposed
in this paper. *is method abandons the traditional way of
mechanically installing gyroscopes and circuit boards.

2. The Error of MEMS Redundant IMU

2.1. &e Measurement Model of MEMS Redundant IMU.
As shown in Figure 1, oxb, oyb, and ozb are three axes of the
carrier coordinate system. *e gyroscope i is installed
obliquely in the redundant system. *e angle between the
measurement axis and the ozb axis is αi, and the angle
between the projection of gyroscope i on the xboyb plane and
the direction of oxb axis is βi.

In the redundant system, the output of gyroscope i is

ωi � h
i
1 αi, βi( ωx + h

i
2 αi, βi( ωy + h

i
3 αi, βi( ωz

� sin αi cos βiωx + sin αi sin βiωy + cos αiωz,
(1)

where ωx, ωy, ωz are the angular rates of gyroscope i along the
axes of oxb, oyb, and ozb; hi

1, hi
2, and hi

3 are the projections of
gyroscope i in three axes of the body frame, respectively, which
are related to the included angles αi and βi.

*us, the output of n gyroscopes in the redundant
system can be expressed as
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(2)

where Z is the measurement matrix of gyroscope output of
redundant system, and ε1, ε2, ..., εn are gyroscope measure-
ment noise.
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Equation (2) becomes as follows:

Z � HX + ε, (3)

where H ∈ Rn×3 is the redundant system configuration
matrix;X ∈ R3×1 is the body system triaxial measured values;
and ε ∈ Rn×1 is the measurement noise matrix of redundant
system, which is generally assumed to be Gaussian white
noise with zero mean. It is subject to

E(ε) � 0,

E εεΤ  � R � σ2In,
(4)
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Figure 1: Projection of the gyroscope in MEMS-redundant IMU
system on the carrier coordinate system.
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where R is the (n × n) variance matrix and In is the (n × n)

unit matrix.

2.2.&eMeasurementErrorModel ofMEMSRedundant IMU.
*ere are several errors such as the error of misalignment,
scale factor, and bias of the MEMS-redundant IMU. *us,
the measurement output of the MEMS redundant IMU is
considered as follows:

Zactual � I + Hse(  H + Hme( X + b + ε, (5)

whereHse ∈ Rn×n is the scale factor error matrix;Hme ∈ Rm×n

is the misalignment error matrix; b is the bias vector; and ε is
the noise. *e scale factor error matrix can be expressed as
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And ki is the scale factor error of each gyroscope.
*e assemble error matrix is expressed as follows:
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where Δα and Δβ are the misalignment angles of each gyro.
*e bias vector becomes

b � b1 b2 ... bn 
T
. (8)

2.3. &e Analysis of the Error of MEMS Redundant IMU.

In the actual working environment, the error of gyroscope
changes because the gyroscope is susceptible to temperature
and other factors. *e scale factor error matrix, assemble
error matrix and bias matrix can be written as
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where k and b are the scale factor and bias of each gy-
roscope; α and β are the misalignment angle of each
gyroscope; δk and δb are the error of scale factor and bias

of each gyroscope; and δα and δβ are the error of mis-
alignment angle of each gyroscope.

In this case, the measurement output of redundant IMU
can be calculated by
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Z � I + Hse + δHse(  H + Hme + δHme( X + b + δb + ε, (12)
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Generally, the gyroscope error can be calibrated by
turntable, which has little influence on the output of
MEMS-redundant IMU. However, the variation of re-
dundant gyroscope error affected by working environ-
ment such as temperature is hard to predict and
significantly degrade the MEMS redundant IMU perfor-
mance and navigation precision.

*e simulation is performed to verify the precision of the
MEMS redundant IMU affected by the influence of varia-
tions of installation error, scale factor error, and bias.

Suppose that the true value of tri-orthogonal axial of the
body system is 50o/h, the noise of each gyroscope is Gaussian
white noise, and the standard deviation is 0.1∘/h. *e bias of
each gyroscope is 0.2∘/h, the misalignment angle is 20″, and
the scale factor error is 500 ppm. *e specific results are as
follows.

From Tables 1–3 and Figures 2–4, the error of gyro-
scope enlarges gradually with the increase of misalign-
ment error, scale-factor error, and bias, and the precision
of gyroscope becomes worse. Compared with the
descending percentage of gyroscope 1 in Tables 1–3, the
change of installation error and scale factor error has
relatively minimal impact on the measurement precision
among the three errors, and the change of bias has sig-
nificant influences on the measurement precision.
*erefore, the bias which varies with the working envi-
ronment is the most important factor affecting the
measurement precision. By studying the gyroscope ad-
hesive assembly process under thermal vacuum condi-
tions, the change of the gyroscope bias can be reduced,
and the measured precision and navigation precision of
MEMS redundant IMU can be comprehensively
improved.

3. The Assembly and Manufacturing Process of
MEMS Redundant IMU

*e traditional MEMS-IMU assembly structure is illustrated
in the Figure 5.*e PCB of theMEMS gyroscope assembly is
press-mounted on the metal frame by screws, and the upper
structure is fixed by the pretightening force between the
threads. *e pretightening force will be introduced into the
MEMS gyroscope because this installation method will lead
to irregular warping deformation of PCB board due to the
different installation pretightening force of each mounting
screw at different temperatures. Even though the constant
torque wrench is installed, the warpage and deformation
caused by press-mounting is irregular due to the asymmetric
arrangement of copper-clad circuit in PCB. When MEMS-
IMU is subjected to acutely variable temperature, the output
of MEMS gyroscope caused by this irregularity is essentially
nonlinear, which directly leads to the nonlinear distortion of
navigation accuracy. Moreover, after violent vibration, the
slight displacement between the PCB and metal frame is
irrecoverable, which will cause mismatch between the initial
compensation algorithms with the actual position. In order
to control the volume and mass of MEMS-IMU, the general
screw press-mounting PCB board will be equipped with
multiple MEMS gyroscopes, and the error caused by me-
chanical connection will affect the precision of whole re-
dundancy system.

Aiming at the drawbacks of traditional mechanical as-
sembly, an assembly method of MEMS-redundant IMU
based on adhesive joint assembly is proposed in this paper.
*e schematic diagram of MEMS-redundant IMU assembly
structure is as shown in Figure 6. Each MEMS gyroscope is
arranged on an isolated PCB board to avoid the error of
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Table 1: *e precision of gyroscope in different misalignment angle.

Misalignment angle (arc-seconds) Measurement error (deg/hr) Descending percentage of measurement precision (deg/hr)
0 0.139232 0.28
1 0.21568 0.43
5 0.198812 0.40
10 0.28549 0.57
15 0.283656 0.57
20 0.304006 0.61
30 0.387839 0.78
40 0.500454 1.00
50 0.754438 1.51
100 1.515499 3.03

Table 2: *e precision of gyroscope in different scale factor error.

Scale factor error (ppm) Measurement error (deg/hr) Descending percentage of measurement precision (deg/hr)
0 0.15338 0.31
100 0.25276 0.51
500 0.257578 0.52
1000 0.1847 0.37
2000 0.276227 0.55
3000 0.285564 0.57
5000 0.346393 0.69
10000 0.60342 1.21
15000 0.81882 1.64
20000 1.117052 2.23

Table 3: *e precision of gyroscope in different bias.

Bias (deg/hr) Measurement error (deg/hr) Descending percentage of measurement precision (deg/hr) (%)
0 0.021749 0.04
1 1.16887 2.34
2 2.09351 4.19
3 3.146141 6.29
4 4.126136 8.25
5 4.966945 9.93
6 5.991852 11.98
7 6.870689 13.74
8 7.919157 15.84
9 8.835051 17.67
10 9.920551 19.84
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Figure 2: *e precision of gyroscope in different misalignment
angle.
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Figure 3: *e precision of gyroscope in different scale-factor
error.
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cointerference and achieve redundancy. Compared with
traditional mechanical assembly method, the overall
structure volume is further reduced.

*e adhesive joint assembly structure of the single-axis
MEMS gyroscope is shown in the Figure 7. *e PCB plate is
fixed on the metal frame by the adhesive layer.*ematerial of
the adhesive layer is a high-temperature curing glue with a
thermal expansion coefficient of α� 40130×10–6 K-1, which
perfectly matches the PCB board with thermal expansion
coefficient of about 82×10− 6 K-1. *e difference is that in
traditional mechanical assembly process, the deformation at
the mechanical interface between PCB plate and mounting
screw is small with the constraints of the hold-down screw. At
the center of PCB equipped with MEMS gyroscope, the
warpage deformation is large and enlarged gradually from
outside to inside. However, in the adhesive joint assembly
process, the stiffness of PCB plate in the warping and de-
formable area around the MEMS gyroscope is enhanced by
controlling the structure of the adhesive layer underneath the
PCB.While the peripheral area is designed as the free end, the
deformation of PCB plate center is much smaller than that of
free end and the deformation expands from inside to outside.
It further improves the precision of the MEMS gyroscope
under drastically changing temperature.

4. Experiments

In order to reduce the influence of temperature on instal-
lation error and improve the measurement precision of the
MEMS-redundant IMU, a novel method of redundant
MEMS-IMU based on adhesive process is designed instead
of the traditional mechanical assembly technique. *e
thermal vacuum experiments are performed to compare the
influence of temperature on the installation error under the
traditional and the new assembly method to verify the
improvement of performance by the new assembly method.

4.1. &e &ermal Vacuum Experiment of Traditional
Mechanical. *e angular velocity of the MEMS gyroscope
varies with the residual thermal stress produced by the
thermal vacuum experiment or the strain resulting from
temperature changes. *e paper analyzes the influence of
thermal vacuum experiment on the bias of MEMS gyroscope
under traditional mechanical installation.

*e thermal vacuum experiment condition is that the
vacuum degree is not less than 6.65×10− 3 Pa, and the
temperature range is − 25°C to 50°C. In the experiment, the
temperature was raised from room temperature to 50°C and
kept for 6 hours. *en, the temperature was reduced to
− 25°C at a temperature rate of not less than 1°C/min and
kept at − 25°C for 6 hours. Finally, it returned to room
temperature as an experimental cycle. *e X axis of MEMS
redundant IMU was placed on the platform, and the static
drift of the gyroscope was measured for 1 hour before and
after the experiment. Before the experiment, the measure-
ment results were measured on the marble platform at
normal temperature and pressure. After the experiment, the
second measurement results were obtained on the marble
platform under the same conditions after the MEMS re-
dundant IMUwas placed for one night. It is same way for the
Y axis and Z axis. *e bias of the gyroscope is calculated by
the following formula:

b �
1000P

KT
∗ 3600 − 7.7376 , (14)
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Figure 4: *e precision of gyroscope in different bias.
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Figure 6: MEMS redundant IMU assembly structure based on
adhesive joint assembly.
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where b is the bias of the gyroscope in deg/hr, P is the output
of angular increment of the MEMS redundant IMU, T is the
integration time and it is ms, and K is the scale factor.

*e bias measured before and after the experiment is
shown in the following table.

As shown in Table 4, the bias of six gyroscopes in the
MEMS redundant IMU changes greatly before and after
thermal vacuum experiment, and the maximum change
is 6.9°/h after 100 s smoothing. *e mechanically in-
stalled MEMS gyroscope has a large deformation and
residual thermal stress in the thermal vacuum experi-
ment. *erefore, the thermal vacuum experiment has a
great influence on the bias of MEMS gyroscope installed
mechanically.

In the thermal vacuum experiment, the MEMS re-
dundant IMU is placed statically, and each axial gyroscope
can only be sensitive to the rotation of the Earth. *e
measurement error of the MEMS redundant IMU in the
mechanical assembly method can be calculated from
equation (13) and Table 3. *e results are shown in
Table 5.

It can be seen from Table 5 when mechanical assembly
method is adopted, the maximum measurement error of
MEMS redundant IMU can reach 6.9083°/h.

4.2. &e &ermal Vacuum Experiment of Adhesive Joint
Assembly. *e influence of thermal vacuum experiment
on the bias of MEMS gyroscope with adhesive mounting
mode is analyzed below. *e bias measured before and
after the experiment is shown in the Table 6.

*e bias of the six MEMS gyroscopes in the MEMS
redundant IMU have slight changes before and after the
thermal vacuum experiment, and the changes are all less
than 0.21°/h from Table 6. *erefore, the thermal vacuum
experiment has little effect on the bias of MEMS gyroscope
installed with adhesive.

In the calculation of mechanical assembly method, the
measurement error of MEMS redundant IMU is shown in
Table 7.

As shown in Table 7, when the assembly bonding
method is used the measurement error of MEMS redundant
IMU does not exceed 0.2079°/h.

*e measurement errors of MEMS redundant IMU
between traditional assembly and adhesive joint assembly
shown in Table 5 and Table 7 were compared, and calculated
the error each other. *e specific results are shown in
Figure 8 and Table 8.

Table 4: Bias comparison of gyroscope combinations (°/h).

Gyro no. Preexperiment Postexperiment Bias
X1 10.9 8.9 2
Y2 − 18.2 − 17.4 − 0.8
Z3 − 1.0 − 7.9 6.9
X4 − 1.2 1.4 − 2.6
Y5 − 4.3 − 4.0 − 0.3
Z6 − 13.5 − 7.3 − 6.2

Table 6: Comparison of bias of gyroscope combination before and
after experiment (°/h).

Gyro no. Preexperiment Postexperiment Bias
X1 6.5175 6.6565 0.139
Y2 2.5871 2.4241 − 0.163
Z3 12.8579 12.7967 − 0.0612
X4 10.5128 10.6237 − 0.1109
Y5 10.0643 9.9409 − 0.1234
Z6 9.7359 9.9413 0.2054

Table 5: Measurement error of mechanical assembly (°/h).

Gyro no. Measurement error
X1 2.0166
Y2 − 0.8184
Z3 6.9083
X4 − 2.6950
Y5 − 0.3574
Z6 − 6.2711

MEMS

PCB

Bond line

Metal substrate

Figure 7: Single-axle adhesive joint assembly structure.

Table 7: Measurement error of adhesive assembly (°/h).

Gyro no. Measurement error
X1 0.154
Y2 − 0.181
Z3 − 0.1442
X4 − 0.2059
Y5 − 0.1808
Z6 0.2079
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Figure 8: Comparison of measurement precision between tradi-
tional method and adhesive joint assembly (°/h).
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From Table 8, the measurement error between tradi-
tional method and adhesive joint assembly can be up to
7.0525°/h, and the measurement precision can be increased
by 47 times at most. *erefore, compared with the tradi-
tional assembly method, the adhesive joint assembly can
improve the measurement precision of MEMS redundant
IMU by an order of magnitude.

5. Conclusion

In this paper, an optimization method of MEMS redundant
IMU based on adhesive joint assembly is proposed to im-
prove the precision of MEMS redundant IMU. *e paper
analyzed the actual application environment of the MEMS
gyroscope and selected the adhesive materials matching the
material thermo physical parameters with the circuit board.
By optimizing the bonding process and designing a rea-
sonable bonding layer structure, the installation errors of
each axes of MEMS redundant IMU under different tem-
perature are better than those of the traditional mechanical
connection. *e experimental results confirm that the bias
affected by temperature is not more than 0.21°/h with the
new assembly method. Compared with the traditional
method, the precision of MEMS redundant IMU in the new
assembly method is improved by an order of magnitude.
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