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F1FIR.

x1 HMRBEME
Table 1 Material attribute
Material Density /(kgem *) Elastic modulus/MPa Poisson's ratio Yield strength/MPa
Pine 550 4211 0.42 41
PLA 1240 3 000 0.35 60
Crl3 7 850 20 000 0.3 345
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(A TR P B A RS W), LG20) , I8 FH A 45 il BOG IR B 78 AR SR FHESE Eim T 244X 1 LIG i
BHo 91 5 BFE SR T LA T 4 mmo SR AEOGE S A BN EE T2 S80% 30Tk 2 W, iTH
HEEE R 100 mmes ' FTAR U ECH 10 K, oG Bk sp 3 3k 20 kHZ™ . LIG il £ 56 W05 |, 18 F 8 S0 5 vl i
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2 Bit5HE
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FEBH 2L AR A 1 2 SR 25 0 0 2 SR B AR TR IMU 14 87 FH R A A4 9 2 S5, 25 #9103 n & 1(a) i
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(c) The structure of balanced and unbalanced oscillator units

H1 IMU %43 it
Fig.1 The structure design of IMU

Fx2 IMUMISGHRT
Table 2 The structural dimensions of IMU

Parameter Value/mm lustrate
[ 100
h 5 The thickness of the frame
A 30
b 3
h, 1 The thickness of the beam
o} 20
h, 1 Thickness of Inertial Body Connection Platform
D, 400

o, E SRS AR (4% FO AR i

1 2 (1)~ (3) 3 #r al 0, IMU 3% X 2 %l Ay Jonn sl B S 161 R 210 g, Y Y Sl s B3 [y — g~ +-3 g,
238 Xhl A Z 5l B A 0 BE S R =8 rad/s”, £ Y Bl (%) £ 05 EE 9 LR 23 rad /57,

WOETE S AR5 s B A B K 29 89 100 Q, % R, (R, R, R EE N — A BT E g #F 0% R, R, R, .
R 3% B2 S A U@ AF o Ry Ry Ry Ry, 7 42 AR — AN B8 B AT, X PR AR IR AR A — A T e
WE 1(h) fiR, Hd BB E R Uy=2 V,U,(i=1,2,3) J B 87 095 e R . 55— 07 30 e 45 0 5 o8 ol
U, 5 A~ LIG HUBH R A8 56 2220k

Ulz%K(eRl—eRQ—O—sRS—st) (4)
5 S B F R A D R UL 5 DU LIG R BEL Y AR DG R A
UZZ%K(5R5—5R5+5R7—5R8> (5)

S = B I F B A PR R UL P LIG R B A R AR 5 &R
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(a) Unbalanced oscillator unit (b) Balance oscillator unit

B2 IMU#HS R %X 2
Fig. 2 IMU modeling and meshing
X P A TR E AT IO 23 M7, 0 Jo A SR T 11 78 249 9, %o A RS Y b 07 1) it o — 4 g o 40 1R
SRR 23 I XY B Z FRl O S A A
W 3Ca) Brs , Y4 Ar 4R 1 R oC S Y il LA 23 rad/s" S IR BE 38 S L R, , Ry (RM R, KA (W A8 e K

Lower 0.025 0.075 Upper )7

. |

(a) Strain diagram of the unbalanced oscillator unit rotates around the Y-axis (=23 rad/s?)

Lower 0025 0075 P Y

(b) Strain diagram of the balanced oscillator unit moving in a straight line along the Y-axis (¢=28 m/s?)

B3 IMUJE %@ %H
Fig. 3 Strain simulation diagram of IMU
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Fig. 4 Experimental platform
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Fig. 5 Unbalanced oscillator and commercial units rotate around Z-axis to collect acceleration signals
3.2 IMU'MHEES#T
X 57 4 5 A0 AR 4 IR 5 B T AT A 0 R R A TR AR, AT A 0.98~9.8 rad /s il PN 4T U
B, RO B A A % A R Bk 2 ) PRt R I e X R Z g B AT A SO R A Z . 5] 6 R AR AR T
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Az I, C ¥ 73 2 I B 32 Bl 4 1k R S5 M AR T HE IR S o

120
- C
Il
[ |
2 100 |- UUWWVW
Eo 9 |- ' ] u
e AL L
~ 80 !
' I
o i —— 1500 Hz
70 : ! @ Fitting line
- ! I
I I DR R AP B
a= 2 3 4 5 6 7

Time/s

B6 PR T8 ueE Xt (a=29%rad/s") W H W E 5

Fig. 6 The unbalance oscillator unit rotates around the X-axis(a=2.94 rad/s”) output voltage signal
RARARF Mk 7 OB S F S, WA 7(a) BroR S8 Y i 19 85 0 0.305 mV/(rad/s*) s 4 1 7(b)
Fros , 58 Z e % 9 R O 0.765 mV/(rad/s”) 5 76 2 & M [A) 92 56 2% 10 8, %8 X Bl Jie % i R B2
0.285 mV/(rad/s*) , M #EATHY X 5 ZRhoin o BE mf, RSB AEAR, Jo i 0 Tl ad, Fovh iy Y il B 40 3h i) R BU%
N 1110 mV /g, WK 7() Bn o R T BT TE UK F% iz s, Jofs 5284, i B iz st anfa] 7(d) s,

k3 | @ Voltage experiment & - 12 ® Voltage experiment
X = Fitting line i - — Fitting line ® 38
L U=0.30478%a-5.52325 0 U=0.76532%a+3.51782
E 2.5~ < Voltage simulation —-14 E E 10~ 4 Voltage simulation T E
= - — — -Fitting line = 2 | — - -Fitting line 4 6=
2 3.0 1=0.33038xa-17.80067 1 = g U=0.73737%a-0.87919 PR 3 g
2 s H-15 2 gl =4 1 z
5| i @) 5\ i -4 o
O 40 - [ [ [
2T o 2 b { %
g s “ 46 2| iy
sof 2 ; e
or 4/ 5 4= 4. o
55 | I I ST T S 17 | N | 1 | N | N 0
2 4 6 8 10 12 2 4 6 8 10
Angular acceleration/(rad-s 2) Angular acceleration/(rad-s 2)
(a) The unbalanced oscillator unit rotates around the Y-axis (b) The unbalanced oscillator unit rotates around the Z-axis
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Acceleration/(m-s ?)

Acceleration/(m-s?)
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(c) The unbalanced oscillator unit accelerates along the Y-axis (d) The balance oscillator unit accelerates along the Z-axis

W7 MG HEERMI
Fig.7 Comparison of test and simulation results
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(c) The unbalanced oscillator unit moves in a

straight line along the Y-axis

8

straight line along the Y-axis

IMU 7 J& 31 1% 5 8 T o 48 45 R

Fig.8 Test results of IMU under periodic load
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SRR VS YR 5.9 m/s"hER AR Ak, 3 S0 B 40 UK, SR AR A 5 B IR B iR BE S A ], W& 8(e) ((d) o AN
SCHR 25 R n] LU R A AL s B — R I E A PR AR E

AR IR 20 Z TR 5T, LIG S B 2> 32 30 3 5 3 A S IR, B0 T LIG i o d R R A IR
for o A8 LA 5 AR AP AP 4R 1 B OCAE b BEAT IR R A R R R X IMU A B A 0 R 22

AR TAERY IMU 517 37 b ARORT B2 59 IMU AR L, 00 3 B2 0 S5 B S ), ELAE Z B R vy . i T3
PRV 2R AT e fige (9 AR 0 PLA, i LIGZ BT SE RO, X BR85S AC A, JF HLIX AT BH B W AR AR (1, Pt
BAWANE . PRAPERERS LN 22 3 s .

*3 BRMEBERNIMUSATR M IMUB X

Table 3 Performance comparison between commercial low precision IMUs and proposed IMU

Angular acceleration Sensitivity/ Acceleration  Sensitivity/ )
Model ., o B Price Degradable Ref.
range/(rad+s *) (mVes’srad™") range(g) (mVeg™")
. . Lo X:0.113
Piezoresistive triaxial
+38 +3 Y:0.108 — No [8]
accelerometer
Z:1.010
MEMS-Based Piezoresistive
Accelerometer for Head —— +500 0.22 — No [11]
Injuries Monitoring
S X:2.17
Monolithic triaxial
. . Y:2.25
piezoresistive shock — 50 000~100 000 — No [12]
7:2.64
accelerometer .
(X107
Bulk SiC MEMS
— +1 0.21 — No [13]
accelerometer
QMI8658 0.028 0.312 +16 $2.57 No [30]
QMAG6100P — +2 62.4 $1.71 No [31]
LSM6DSOTR +4.36 0.76 +2 0.061 $7.47 No [32]
X:0.006
X:0.285 )
X,Z:£8 X, Z:£10 Y:8.695 This
Our IMU Y:0.305 <$4.5 Yes
Y.+23 Y:—1~3 xX10* work
7:0.765
Z:0.200
4 ZHig

AR SCVE Y 3 F OGS S A B I R IMU , SR B R B =A% 885 25 4, R 1 4k 7 AR 7 A Bk 2
JG [7] B 0 4, o LIG B AR AE AR b il £ 1 S0 e B, O 32 i 22 307 0t P A9 3 o i o 0 FLAR 5 A8 Mk, SE B B)
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R 0.200 mV/go B ik 1 BT 58 X b e 5% 19 R SR 0.285 mV/ (rad/s*) , 58 Y Bl fié 5% i) R 0%
0.305 mV/(rad/s*) , 58 Z e e i) R 0%y 0.765 mV /(rad/s*) , Y il i B 9 RALE S 1.110 mV /g, HEE ML
kR iz A R N M. 2% IMU BAT — 5 0% Bk g, R T T A IMU S ingg e R 0], JF HoOE
s B AN BE A RO T A 5, v TR E AR 4R TR R I e R 2 0 A ) A A A
5% Lk
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Wood Inertial Measurement Unit Based on Laser—-induced Graphene

LI Chen"*?, LI Hao', YANG Yanwei'
(1 College of Mechanical and Electrical Engineering , Shaanxi University of Science & Technology, Xi'an 710021, China)
(2 College of Mechanical Engineering , Xi'an Jiaotong University, Xi'an 710049, China)
(3 State Key Laboratory for Manufacturing System Engineering, Xi'an Jiaotong University, Xi'an 710054, China)

Abstract: Inertial Measurement Unit (IMU) mainly measures and reports the specific force and angular
velocity of an object. It usually consists of a three—axis accelerometer and a three—axis gyroscope.
Traditional IMU have complex manufacturing processes and high costs. It is not easy to recycle, pollute
the environment and cannot be biodegradable after being discarded. In this study, a kind of wood inertial
measurement unit based on Laser-induced Graphene (LLIG) is proposed.Camphor pine wood was selected
as the sensor frame. The pine is placed in the vacuum chamber and adjust the vacuum degree in the vacuum
chamber. Fiber laser and laser vibrators software was used to process LIG resistors at the pine frame
resistor locations by adjusting laser frequency, laser power, scan speed, off-focus distance and other
parameters, with a resistance value of about 100 Q, and to connect these resistors into multiple Wheatstone
bridges. Due to the sensor’s design being symmetrical along the X- and Z-axes, only the Wheatstone
bridge on the beam in the X- or Z-axis direction needs to be measured. Different inertial bodies are divided
into balanced oscillator unit and unbalanced oscillator unit. The inertial body of the balanced oscillator unit
is a spherical inertial body (Cr13), mainly measuring acceleration; The inertial body of the unbalanced dipole
element is the inertial wheel (PLA), which mainly measures the angular acceleration. The theoretical formula
shows that the acceleration range of IMU along X axis and Z axis is== 10 g, the acceleration range along Y axis
is — g~ +3 g, the angular acceleration range around X axis and Z axis is+8 rad/s’, and the angular
acceleration range around Y axis is== 23 rad/s".

The product of this study is placed on a sports platform and uses a dynamic signal acquisition system to
collect the output voltage of a Wheatstone bridge in the IMU. Through the joint test and comparison of the
commercial acceleration sensor and unbalanced oscillator unit, it can be concluded that the designed sensor
has the same change as the commercial sensor and has the ability to measure the angular rate. The results of
this measurement of the Wheatstone bridge on the Z-axis beam are as follows: The sensitivity of the X-
axis acceleration of the balanced oscillator unit is 0, and the sensitivity of the Y—-axis acceleration is 8.695X
107" mV/g, the Z-axis acceleration sensitivity is 0.200 mV/g, and the sensitivity to angular acceleration is
0. The sensitivity of Y-axis acceleration of the unbalanced oscillator unit is 1.110 mV /g, the sensitivity of
the X-axis and Z-axis acceleration is 0, the sensitivity of the angular acceleration around the X-axis is
0.285 mV/(rad/s’) , the sensitivity of the angular acceleration around the Y-axis is 0.305 mV/(rad/s”),
and the sensitivity of the angular acceleration around the Z-axis is 0.765 mV/(rad/s*). By comparing the
voltage output of Wheatstone in all directions of IMU under cyclic load, it is concluded that IMU of this
design still has the ability to measure the angular rate and other parameters under multiple cyclic loads, so
this design has a certain stability.

We propose a wooden inertial measurement unit based on laser—induced graphene, which is made of
biodegradable materials and has good sensitivity and certain stability. Compared to the IMU on the market,
it 1s more environmentally friendly, cheaper, and more convenient to manufacture, with environmental
advantages and market prospects. It can be used in the fields of wooden ships, vehicle engineering, or
wooden buildings that require vibration measurement. In future research, the size of this wooden IMU can
be further optimized, and element doping can be applied to LIG varistors to improve their conductivity and
sensitivity.
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