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Inertial Measurement Unit Combined with Machine Learning to Predict Lower Limb

Joint Moments During Vertical Jumping

LI Bo, MAO Lizhi, KE Yu, GAO Jingyu, RUAN Mianfang
(Wenzhou University, School of Physical Education & Health, Wenzhou Zhejiang, 32500)
Abstract: Objective This study aims to utilize an inertial measurement unit (IMU) in conjunction with machine learning (ML) to pre-
dict lower limb joint moments during vertical jumps. Methods Data collection was performed synchronously using an optical infrared
motion capture system, a three—dimensional force plate, and an inertial sensor. Subsequently, the data were modeled in Visual3D soft-
ware, and the joint moments of the lower limb were calculated employing inverse dynamics algorithms. A machine learning model was
established in MATLAB, using the four elements, acceleration, and angular information obtained from the IMU as feature vectors,
while the lower limb joint moment data served as target output values for training and prediction. Results The prediction results for the
counter-movement jump lower limb sagittal plane joint moments were as follows: hip joint (CCF=0.960 4, RMSE=0.270 6, R*=0.920 4),
knee joint (CCF=0.992 5, RMSE=0.181 7, R’=0.979 4), ankle joint (CCF=0.965 3, RMSE=0.151 0, R’=0.910 9). For the squat jump
lower limb sagittal plane joint moment predictions, the results were: hip joint (CCF=0.921 7, RMSE=0.310 9, R’=0.825 1), knee joint
(CCF=0.984 6, RMSE=0.232 4, R*=0.966 0), ankle joint (CCF=0.919 3, RMSE=0.211 2, R’*=0.825 7). Conclusion The method of
combining a single IMU with machine learning can accurately predict the sagittal plane joint moments of both counter-movement jumps
and squat jumps. This approach provides new methods and ideas for monitoring sports training, optimizing technical movements, and
preventing sports injuries.

Keywords: interial measurement unit; machine learning; vertical jump; kinetic; joint moment

B GABREE ) TR T s PR AT, 7512 SiRbRmpsEh, B R S AEH J) (Ground Reaction
Force , GRF) FEAE B IR Az 3l 53 19 F i & 1, HoK-F 1
e X LT H (32 S STA B2 LR TR R, ke
AR HEEREER =B S, 7R U REROR T 00 H v, Ak

7 F #:2024-10-15 TEEZRZ R, RIRIABIE R, FRNUA S 51
HEETE RN KA AR 4 % Bl (3162024003024 ) 5Z5R TAEZRBIHWARRAE , 1995 4F, Bosco S5 %)

E—1EE®N .2 1(1997~), B  BerEv e A AR W51 18 Bk (Squat S BBk (Counter—M .t CM
B J1%%  E—mail ; 1845801737@qq.com, Bk quat Jump, 1) F BBk (Counter-Movemen Jump, CMJ)

.54 .



% 44 % )

E| N

7oA " % 2 M

LRIk (Continues Jump, CJ)iX 3 Fhoh Bk IE 2 i1 Hh T S A
P T BN, SR T A RS sh 5 T
VLTI FIER & 3 BRI ik, SR, LTS VE L ) L RBZR A B
BB T LA T R R T, TCEEE R T A T L
TR IR R R O

MBS A 12 = B, N AR IR 32 )y 2252 61T
JULIA F3% (Joint Moment , JM) 421 ik — S A RIS FAIE A fA
B IUARERIA DG B2, fTEAME s Rt LA
AT WE A T X e AR T T, AR T OG5 )
i, G JIHRTT AR T 13z sl Jy 1) AN, R/ NI T
AR & KEMMEEFERER, B8, Bty %
D5 BAR B T WL D1 2 E SIS RSO E R — e 3 )
TERMG I, BB —E B LR T AR FILA B
HREZ I AT, R, TRz SRR S0 S LA A
B P ERAE ST AR T B shiE R A =A% R — MR
HHESZN AW 128, TR s s ik sz
NG R

et £ IUH 4R B AW 1 2= O T S b
T AEERAE B LD R T BR SR IE T2 B EROLhRE
FRIYIZSIEE  NITTARHER JF SRS  HACR b $idi %
SEXE T H BEFSHIAE 2 mm 25451 A0 A BhAE e e 4 )
SARUERL, AT R R (AR N A AR T s — 2k
o 58, BRI R AR A B 5, 75 TR RE (12 M) R4
VBB AR A o I Ah , B3 A 3 75 A 2 S i ] B
HEENR  EFE SRR RGN 6L RO SN
SRR T R BB AE 3 P SE I 3 BB T A BRI T
Nz X TR SRR 2 IMEE AR P AMEE),
S BRI R GO AL RE M AN S B My T AT B LA

BEAE R RERECAY R I, B TR RE S5 — U
BEAN B ST I T BRI, X558 ARG H
J1f5 B EBENE CMT 5 ST (¥ GRF BdR1EAA, Wim 3
SRS R OGS T A A R i, A A T “5-10-37
ERLA PN LAY kS e Iy R )y e (M B S e WA ]
WAEAIXHRZE LN T 6%, 5520 AIAR Rk 0.95 LU
b BoR T S B AT SR, SR, 4R SR
TR b Bt AR B L B RO SIS PR VG BRI TR
PR £ ATz N AT R . 48 TR LT M S PR 2
RENEZ RG], ATEE AT 005 22 3 DG T (5 AT T 2 st v
M et TE s, B BT (Inertial Measurement
Unit, IMU)Z—FPZ3% (EHE 0 IR0, N 1] FEIR
ACRRE T2, RERE AR B4 Ty Be it Pk iz 3 Fn =4k
D7 EHE S, MHI RS R F I E I R S, IMU B &5t
SCE ETHE, B2 THAE, IMU W UERT e E 29355
HP R HAE B AR R IE B, RBUITTR 1912 B A 5 o,
Setuain 28 ARG IMU i & FIEERALE, H IMU ZREA KR 1)1
NESHOT NRBIABE GRE BEATAG T, T4 500 0 s
HEATXE E, TR S5 R R , IMU T RAE 1 7 ih 2=l
I A i g b 2 BA e i — Bk R IMU A
B T B8 J1 5074

HL#82% 3] (Machine Learning, ML) J23 1o #4) St B2 4 R ok
BRI E R, ST SO B RN PSR, B ARG

(Random Forest, RF) & Bagging £ Rl J5 1= Al AR Z M09 —
Fft, ¥ Bagging 5 aF > B S RELF 25 8] )5 i35 14
G E R PR 2 B Jiang 55 DRI HIBLAR 2
JEPEEE MU A EATERTEC DI 2R AL IMU Bl e 7E
AR W/ N ARV O 00 ) B b % S A T LA S
ZRARAEFR ) () IMU BE A Ry BEHLAR AR A | 32 Sl
PRGN BV S E IR A R P RE, DF5T
SR TR R R M R Bk 0.98, TN W4 1)
A 5 LS DRAE M 220653 30 0.01 wikg F10.14 wikg,
Sk HUH I Sl S IR OGR4 T ) 34 . Mundt
5 NISHENT AR A2 324 5 3h 1 2R TR R 2E LT A
SE RGN = 4B ) G 1E s sh Bl 4, i ARk
A E R IMU RS 6 RGERIRE W1 IMU
KRG A SR A2 W 2 P AT UM 04, 4B R
35 A T4 A S 2R B 0.85, 75 J1%E  0.95, it Iy vk
AR T SR

K IMU ] m 5k 0 bR O A4S Sh B A 4
HATE Z 2ok 22 H e, Wil MU B ss 41131
ML A, {5 0] S A4z Sh kA T8 BE 43 M AT, AT
18 S RE AL AL S B TR R S M Ao 58, e, A
WFFTHE LT IMU 5 ML 254 LAIREUABERS T &1 SR
BB, SZE I 2 HOIMU 205 8T 4 (5 A 1 22 18D)
FU/INGE BB AL ), IMU 808 R /R B g A HL /S | H51E
i ML 4 AR i, BEHLARARE AL AE Matlab 2% @K
s S B ARIE R BERER 3 6T 1 SR i, DA
WL IR I AR R G & =40 T & R U
BARAE RS (E, SRR 25 S TR 8 PR B AP R
FFitb— 2543 Hr A ) IMU J5CE 07 50 T 0 45 SR e g Ay S i
A B AT, ARSI BT T RIS SR SR K
W, i Sl Zrat-J) ik il i FnSe i i SR U 5 vk

1 HARAE

1.1 HARNH

AW 16 ZAMRF R4, Tl 23.4£2.01
% B8N 176.343.43 em (REEh 764447 kg, SZIEHASTHE
DAFH 20~30 2 2) BAMEERRE  TC0 M A RGEB , SHARPLRRIR
ARG, HIEHAENIC T Bas st ; 3) A KMz shilghea
B MR, PR AT B AR R DG A
R, I B A2 A RSB A R BB S i SE i
1.2 HIEXRE

ZARE R BN I E T, o MH SR AR , P e SR AR
% B REGIEARSH WG L AL A B R S min,
LA BRSPS T2 R A T RN T R~
AR AR SV ER,

SEEIFRTT, RN R RIS, ZIRE T L AR
BT B5EESYE, &5 L TVHEE 43 MOERRId S S R
7, 2 M IMU(WT9011DCL,200 Hz) , =4 )1 Gk & Tt
e (Kistler, 1 200 Hz) , i A 15 553509 NOKOV S =4izhiE
THPE R GE (Mars 4H,240 Hz) 58 AR RAE T A,

FESEIFF IR AT, B A2 IR E B Rl AR ) 5 0 e

« 55 .



% 44 % &

E| N

7oA " % 2 M

PENGHEB A “TFAE™ 1 1 4 A TP IR R 0ok, 32 T 4
H SRR BER TR iR, A SR S8 Bk ah 1 | i R v S 4 T k)
B, B RERIEZ B TEWE Y 2 s FE 1k, IR0 45 1R
e, B0 321 T 76 AL ST A CMT 4% 3 IR, R Bk
Z A 20 s BIREFE.

THa R, A2 IEE WM B RALE | SOFRIC S IMU
Py SR O, DO 7 B2 1k o TRl s RS i ik, 32
TR AL BRI M AT PR ER AN 1 & b, AT AR — R e
I T & 3 FE BN TEAL
1.3 HiEAE

HEARBGR Y, LN IMERIE RG-S =40 5%
ERBAE T Visual 3D P4 THEE A% AREIETT
BIBRRE , B —AREBIRY T = Aemy R s ) 3l 2R 8
2, TR RO (R B B M 00, D6 ISR R AR
fhfE T A

IMU RAE A A5 DUTTE =St DL R =Sl Al £y
B S SEBRALE S I 285 WT9011DCL IMU AN 8 1 JR
SRR AP A R T AL RS AR s AR | AT
fefrfy B B IS AR, RIS, AR R Y — 3 A
Matlab 2022a 4 i I FH B SR ARG S sl R G AR LY 3l
F1FRE 240 Hz [5Z 200 Hz, DIDUHED IMU B B SRAESR
I, Rt (A B 2 S B A BRSP4, MR BE I 4R 2 74 4
HIE AR 1 s, B AR AR I R 20 344 s,

B2 IMU BRI PUSTEL s B AR} | 21 B
1o WREAE MR RL i A S8, 23 1) 3 124 B AR BU Sok
T T RS TR Rkt AR AERL T 12 B A RRAIE ] 5
3 4 B ERE BB SO, e B SO 2 800 A
Az, ST B SCUE Y2 700 BHADAE RS A ML AR R 2%
M, L U R TEIR 6:2:2 FEAT RIS, IR
FR S R I A, DL 10 S I sl RO, X i B 4
HEAT - AL B | E— 25 0 D M 7 X 5 B 5
1.4 HZREH AR MIREY

BEHLARARBLES % > BERIZE Matlab 2022a TSy, BEALAR
ARGEVE BT A S FEALAL” , RIE RS d - HE F s A 1
£ B IABERLE , Bl LA BERLIE 2 iE 1 A B2 (bootstrap)
AR SRR B AR PR AR SRR . el T IX Rl
R REACTT DU A2 L B, PR g AR AR A T e 2 IR ik
R S e R T

Bootstrap KA W IABIEAE D, A5 NAEA,
Bootstrap SREEFSF | IREAR T4 D, R

D={(xay yn) (X2, ¥2) 5+ 5 (Xiny Yin) } (1)

DR AR A RERLE Rt i BRI PR R R S B
B, X078 RO BERIL T2 )7 i BEALARAR A YI 2t
PRI I RO, B3I B B 14 e A T B B 1 A2
15 LRI A o X e (AR AR I R W R fR

N T BRI B 2 BERLAL , BERLARMSESIA T —
FREAFIRHERERE Y v, HEAACD BRANE

D) BENLEEFAL & n DREARRIREAR T4

2) FEALEEREAL S kAR YARRE T4 P kI2/N T m
(m ﬂ;éf%ﬁﬁ‘%ﬂfﬁrﬁ ARFIE D) 5

3) 7 I SE 2 11 B AR FRVRAAE g i — R SRAN , 7E B9 a5
AR — AR T2, DU R AR5 B3 25 ol B
SEHEAT , RN A S — R SEE BN 1A

BEALFRMERERE . MWRIREIRAE R m AFRIE B LIE RS K
ANHE , JEINAHE T4 £, Hob | k<<

F={Fy, by, F (2)

PSR RE— PR 2 H G PR3, HBEF If-Then-
Else BN T4 WB 22> AF A AR BB ZE =X (E 1),

[ B4R LR 104 ]
[

!
AR ik AR
#axagit A
J ]

[
’ RS ] { 4B BRF

itF—k F H A KR

1 REWTEE

BEDLRRARI i85 5 J 2 BRAR T S Y DRSS, Al —A>
S TS , Anla] 2 A 3 ZEAR BRIl SAT: 55 i, LA bR
(R RPN S XA AREAS B HEA T, A2 A% A
AR, e, BERLERMOKS BT AT R A Y T 45 R 2 A TP, 15
FUZRE BTN R, 301 IR T7 20, BEHLARAA SR T R B
SRR AT RES™ A B L (R, 8 (3 BT TR I AL P RE

(MR e S PN U

g=p T h(x) 3)

[ R ]
R ALECAR A

FALB AR R A AL A A
[ RUECE S ] [ RUE: =S ‘\fi—’f:M]

) G C
ik, S s
] G G )

A4
I S ¢ S .
V4

-

N

[ R 25 R ] [ R 45 K2 ] [ CROR ﬁi”‘u,&;&m]
[ me s

—
—
i

[ e ] L o F J { e | { R ]

B3 RN TEE




% 44 % #db

3

H % 28

TEARFFE A, BEALARAAAY Y 2 058 e 4 s T 1
REJT T 45 1 OCBEAE T, BRI BEE 1 200 BRRSRRY , X —%
R AT IR S IR N AR A, B TEA ROH P
TR AR, RIS P TR . 5 TR SRR A B A DG AY
73— S HUE RN TR HBOE N 5, 3K BRE R Y
MY R BT 5 REA AITTHG SR AL 172 1L Re ), i
SRAEYIZREE By A .

TEBIII R B, JB ] T 440 9500 (Out-Of-Bag Predic-
tion) DIRE , B TER HIARBCRAE IR PEA AL URCR . X —15
DAL TR AL i B2, 30 5 2L W 4RIt T &AM Y
{58 X TR EE A I A 75 vk e T 2Rk [l | LATE I
AWFTE e Sk AR R RRE . X S SR B E RIE TR
RITENERPE AR P = R B, Sy RS B (4 il 5
OIPTFTR T RS A
1.5 REMREIEfhiEHR

ABIFFER HIZE SR G PR BT IR ZE TR SE R
ML P REPFALHE 5

A8 X AH 3% PR EY (Cross—Correlation Function, CCF)J&—Ff
FHTFVEAR 2 S50 ) P ) sl (55 Z [RAR UL SE it J5 vk, Bl
TE T 2 LG AR A [R] IR TR] 9 I A9 AR DGR A 1 & AT B AR
IR . Y CCF<0.25 I 3on R AL, 0.25 < CCF<
0.50 Bf R/ AIAE L ,0.50<CCF<0.75 B Fom i AH BLEE
CCF>0.75 W 7R @ ARRLEE . BRI, ARBIFSE IR COF VR PEA
T A A th £k 5 ECST A it 2k 2 (W] A AR LR FR AR AR
W
fere ElxOF ()5
' VE[xOXPE [y 2

Y77 # 1% 22 (Root Mean Square Error, RMSE ) J&—Fl % FH
PPN TR RE A ST R bR B B 0 AT O
SRR LA 2 (B) 1 22 5, BT — X 1R 22 1 SE HEVEA
RMSE {8V R Y IR . H AT .

(4)

RMSE=

ICEE (5)

HeiE 2250 (Coefficient of Determination )il % fH R K FER,
B PR A AR G B RS, B R AR P fi B 1Y
PRI 8 5 2 14 U], RIVRSERY BE RS A RS 72 S M i R, 7E K
Frmi e, R T DAl DAL LA R B sl EE AN [F)
REARYY R (R, P LA B s MRS A0 S S A R . 2 Re=
1A, RN AT L S¢S e R AR B 078 5 B i WL 5
BERTTE 5 A —3 . 2 R?=0 B, SRR To ik i dee [N A2
FRAEART 722 S, RV 78 T £ 55 7 PR A2 e ) P 249, 24 O<RP<1
I, SRS BRAK AR5 43 PR A B 708 S (D BRI 1, A
fA TR TR

HAKT

Rzzl_ 2():‘_ ?’_)2
z (}’FY)Z

2 #ER5THe
CMJ] TR =X A EmmsER

(6)

2.1

— i MU

—— BEINUECHE
oy S

100 200 100 600
B 1] £ 4 200Hz2/s W) £ 46 200Hz/s

B4 CM)BXTRKENERNULER

—— BLIMUS B

— B &N
— A% e

— A%

N/kg
N/kg

100 60 200 100 600
B A4 200Hz/s B 17 £ 4% 200Hz/s

B 5 CM]BEXTRREAETRNER

N/kg

Nm/kg

— R IR — &MU
S LR

;;;;;

100 0 100 600
Bl A4 200Hz/s Bf ] & 4 200Hz/s

E6 CM]BEXTFRREAETNER

®1 CMI THRRREXT NERNERS ELERRTE
Xtk
AL AAMARA
e AT
EIMU A &ZIMU

CCF 0.958 5 0.960 4

RS RMSE 02753 02706
R 09176 0.9204

CCF 0.9925 0.9910

Bk ¥ RMSE 0.1817 0.2354
R? 0.979 4 0.965 4

CCF 0.965 3 0.9251

REF RMSE 0.1510 0.2690
R 09109 0.7172

FIRER R T BENLARMEL AT CMT 5 AR R
PRI AR A TS5 5, % L T /MR IMU A 4L IMU #2454
KT TRIRCER

M CM) S TIME RS ST ok, B4 IMU 9 CCF
(0.960 4)F1 R*(0.920 4)F4 5 F /i IMU 9 CCF(0.958 5)F1
R (0917 6), RMSE J51, B7E IMU 1) 0.270 6 BEAIL T/IVGR
IMU £ 0.275 1, 2B 2 IMU X ks 57 77745 ) )
SREHE

« 57 -«



% 44 % )

E| N

7oA " % 2 M

TFE CMJ RS SRR S5 Xt s I 1Y CCF AR R
IR TARES BY7K . /NBE IMU 19 CCF(0.992 5), R*(0.979 7)
FIE 4 IMU B CCF(0.991 0), R2(0.965 4) ,{H7E RMSE J7 1,
/NBR IMU (9 0.181 7 25 K T 45 IMU A9 0.235 4, R/
J5i IMU % ZABK A J G0 3 4 A TR Fe i A

e Ji, & CMJ BRICY J7 56 (W T80 45 5 XT b, AR TR IMU i
A BN E R ZmA T BEMZER, DR IMU B CCF
(0.965 3) . RMSE(0.151 0) 1 R2(0.910 9) & ZF L T & % IMU
B CCF(0.925 1) .RMSE(0.269 0)F1 R2(0.717 2), W/
IMU X ABk At BROG 7066 04 T B Ak e

2.2 S] TE=(XTHEMNER

2

No/kg
Nov/kg

o JoBE IMU £ 48
— Agih

— & IMU AR
— %M

xxxxxx

200 100 200 100
&1 4 200Hz/s & i 54 200Hz/s

7SI BETRAKE S FET 45 R

= o ELIMUSC R
AFA

— B &MU
— AR

Nev/kg
Nm/kg.

200 0 0 0 a0 60

100 200 100
i1 44 200Hz/s it 18] £ 4¢ 200Hz/s

8 SJBEETRAKE S FET L5 R

Nu/kg
Na/kg.

e AR
—— BLINUSAE

““ LalE =3 200‘::/5
9 SIRXPRIKEAETNLER

®2 S| TEKRKEXT NERNERSESEIERTMHGIIEL

RUAL A AL
S EL] Hh
NREIMU F RIMU

CCF 09162 0.9217

AT RMSE 03165 0.3109
R 0.8200 0.825 1

CCF 0.980 8 0.984 6

My RMSE 0.2557 0.2324
R 0.958 8 0.966 0

CCF 0.904 1 0.9193

By RMSE 0.233 4 0.2112
R 0.787 1 0.8257

. 58 -

F2RIRT ST FBC= 2071 SRR ) SE TR 45 3L 5 FL5E
TH X LT, T4, A8 ST IR S5 3 54 IMU 119
CCF(0.921 7)1 R*(0.825 1), X EL{HBE LT/ IMU 9 CCF
(0.916 2) 1 R2(0.820 0), 7E RMSE J5 i , B %% IMU HI{E K
0.310 9, f I TN IMU B9 0.316 5, Kk, 78 ST & S48
F 25 5% e, B A IMU AR SR B 5, CCF o 0.984 6,
RMSE 73 0.232 4, R> J3 0.966 0, #3:2F , /M IMU B9 CCF
47 0.980 8, RMSE } 0.255 7, R 7 0.958 8, HARPIE Z [0 AY
ZWIFARE ALEE AR, B4 IMU (9 583 e,
e ST BRI TR MAE NS L, [RIRE 7 ) S G AR (LY
B EA IMU /9 3 TPPAGFE AR T/ IR IMU , 3 F B 7E SJ
I S AR B R IMU L R R A
2.3 1Hig

B FRTTEE AT LA ), AR CM F1 ST R
Jie =567 AR TN AR F BEAR , O AR i ZE A
AIPTERESE A 5L RRE BT B4 B Bt T R 45 S LR 5
JENUEFRPER . B 4 ZE 9 IR IR T LA, EHLERAR
TR TN () 5 7 g R i 42 5 S0 08 =2 T B AT A i — 3
P, ZH IR IE A FARAE A B ML AR 83, [RIR, 100
TR B E TSI £, X RIS S AR AE iy
LG T MERABERNAES), HE—SIE T N T A& M4 7E
A RN TR P SRR R BEAh 3R 1R 2 R
& XAHT PR (CCF) #0373k — 2530  HHOC T s
A T 7 0 SSME-S TR0 EL =2 8] B A OC R B R T 0.90,
FU B 2 R S P B A G

IR FT BRI, IMU 454 ML B iR 7E T8 ik
RIS B o RS T 3 s 2 R TS Bl
MR B K A2 2% B o v A KBRS A, AE DG ST P kit i
I XIS E UCK IMU 5 ML ABSS G T CM) A ST 9T
RSCTS J1HE A A, IFaE— PR TR R IMU J350 857 B X T
S5 TR R

TETRIEE S M, CMT 5 ST #5261 S S R TR 25
5B IMU SRR ARG, XA REIA P T 0G5 AR kR 3h
Ve R ZAZ O AT, T B 7 IMU 2 T B A ol | BEAS T 3] 2
1RIZ B0 NS W T J A T0M A MR 1 . ESGTs J16
PR B AL TR 4% %t B T 23067, CMI SR /N TMU %0408 1 280 5%
T, AT RER g CMY SR A LA 15 & ) Al BBk BK AR
J1, /NG IMU 008 76 3 B2 B R AR sh 2828 1 T SR AT g
AR, ST R E 4 IMU B s8R e, s R ST B ETE
HEA AR AN TR0, 2 5 2 T BBk, 18 25 IMU 48446 T
KT R EM AR S S S RN E B, BT S
TEEF BT 5 M 1R [FRE Y IMU 7 & 437, CMI {8
/N IMU FH e R B8 4, STl A 28 IMU Bl iR s Ak
J VA PRt R B[R] ik

BE 2 MOk RN =, CM 388t S) BA SR Ay shiEAR
fEAE 24k, CM) G T ik W2 FnsH, i S 2
PEAASEE B B AR B R R, B, P AR TR
T IMU $50CH0E A AR B A T AN ], B e S [ SR £ i XoF
HERTE A R2MR , SCRE % BRI T e Al 1Y TMU B30 e LA
Al T I OETT SAE T () B, i sh B4Rt T
I IEE T,



% 44 % )

E| N

7oA " % 2 M

AR ZAE R T AR, BARRA R
(i gl HIFAES S 5 B AR L lkiz 3l , 61
GEER HEERRIBEIE . It A BRRE I T VRN T Kz
B R AU R SR TS, AT 2 — P TRABIE TR 5 8
i, AN AERHERE AR M TGRS 7 S Bk R
SRR AT REH 45 B IR IKRE I MZ AL RE ), IX SR T
Bl ] I RS BEAN -5 00k SCRE A7 SR R RE Y 1 BR, 21
S A ] STNRE S, DAL, FEARR A SRR T
KB i ROT S PR I ARG &, AT REDN R AR I8 314
RIS AR B TR

3 Hit

WAL ABIGY , 45 A BRI B B T S HLAR S T BT I
T EEBRRT R v R B M B R ST AR TN RE T, R
PR 5 22 M8 s | FAR SRR L Kz SlifiAi T
BER it T A S S Bk E , IE— B B0 T A AR SCR AR
HizH IMU 5 ML 85 & 3Rz sh R i )

WFoE s B8R TR IMU JSCE A7 B XIS 50 W e
PR B E R, AT B3 IMU BETESEESY 1A B
e B AE , A B SE1 JAE FNER ST 1 FE A 0 = , M
F/NGE IMU Hiodf 38 BAT %50, T SJ i I LA 75 IMU 3l
P, XS SRR R CRAEEE MRRE R BIARSE . BRI, #E
SRS S, NARIEA R SIERRE TR, EEEEIEN
IMU B B, DA TINS5 5 ) s o s sh b i A
bk

25 BT, AR T IMU 5 ML 454 16z 3hRlEar
FHRNEER S, FE T st Sisipis e
fifh, ARAIFI v IR AR Rz 3 = B kAl Z i E A4
MRRHE S AL TRAR A A 6 G5 J AR TR0 A 52, DRI HE B3
— S Y & I B FL I FHTE L

SE Lk :

[1] BOSCO C, BELLI A, ASTRUA M, et al. A dynamometer for evalua-
tion of dynamic muscle work[J]. European Journal of Applied Phys-
iology and Occupational Physiology, 1995, 70(5): 379-386.

[2] ZERNICKE R F, SCHNEIDER K. Biomechanics and developmental
neuromotor control[ J . Child development, 1993, 64(4): 982-1004.

[3] BRUGGEMANN G P. Chapter 26: Sport—Related Spinal Injuries and
Their Prevention[ M ]//ZATSIORSKY V M. Biomechanics in Sport:
Performance Enhancement and Injury Prevention. NY: Wiley, 2000:
550-576.

(4] 1, MEE, FikEZH AN FEEIRBEIIK])] A Fit
J&,2023,53(1):198-238

[5] ENGELL M T, HERNLUND E, BYSTROM A, et al. Head, trunk
and pelvic kinematics in the frontal plane in un—mounted horseback
riders rocking a balance chair from side—to—side[ J ]. Comparative Ex-

ercise Physiology, 2018, 14(4): 249-259.

[6] FEZ BZFALFIIERT Z Ak ZH R 2 L6 3 RKk
(1.3 3b 4k B #1445 ,2023,42(8) : 744-747+752.

(7] X F, s ¥R, APEME A2 AT AHH FTHEXT AN
#B[J] AR FHEF,2008(7) :45-50+65.

[8] MADGWICK S O H, HARRISON A J L, VAIDYANATHAN R. Es-
timation of IMU and MARG orientation using a gradient descent al-
gorithm [ C]//2011 IEEE international conference on rehabilitation
robotics. IEEE, 2011: 1-7. DOIL:10.1109/icorr.2011.5975346

[9] BURNS A, GREENE B R, MCGRATH M ], et al. SHIMMER™-A
wireless sensor platform for noninvasive hiomedical research [J].
IEEE Sensors Journal , 2010, 10(9): 1527-1534.

[10] MCGRATH D, GREENE B R, 0’DONOVAN K J, et al. Gyro-
scope—based assessment of temporal gait parameters during treadmill
walking and running[ J]. Sports Engineering, 2012, 15: 207-213.

[11] SETUAIN I, MARTINIKORENA J, GONZALEZIZAL M, et al.
Vertical jumping biomechanical evaluation through the use of an iner-
tial sensor—based technology[ J]. Journal of sports sciences, 2016, 34
(9):843-851.

[12] KWOK S W, CARTER C. Multiple decision trees[ M |//Machine in-
telligence and pattern recognition. North-Holland, 1990, 9:327-335.

[13] HO T K. The random subspace method for constructing decision
forests[ J]. IEEE transactions on pattern analysis and machine intel-
ligence, 1998, 20(8): 832-844.

[14] JIANG X, GHOLAMI M, KHOSHNAM M, et al. Estimation of an-
kle joint power during walking using two inertial sensors[J]. Sensors,
2019, 19(12):2796.

[15] MUNDT M, KOEPPE A, DAVID S, et al. Estimation of gait me-
chanics based on simulated and measured IMU data using an artifi-
cial neural network[J]. Frontiers in bioengineering and biotechnolo-
gy, 2020, 8:41.

[16] DERRICK T, THOMAS J. Time series analysis: the cross—correla-
tion function[J ]. 2004.

[17] ZHANG Q, LIZ, YU L, et al. A Quantitative SNR Analysis for the
Adjacent Cross Correlation Function[J]. IEEE Signal Processing Let-
ters, 2023.

[18] RICHARDSON R S, NOYSZEWSKI E A, KENDRICK K F, et al.
Myoglobin 02 desaturation during exercise. Evidence of limited 02
transport[ J]. The Journal of clinical investigation, 1995, 96(4): 1916~
1926.

[19] STETTER B J, KRAFFT F C, RINGHOF S, et al. A machine
learning and wearable sensor based approach to estimate external
knee flexion and adduction moments during various locomotion tasks
[J]. Frontiers in bioengineering and biotechnology, 2020, 8: 9.

[20] ALTAI Z,BOUKHENNOUFA 1,ZHAI X, et al.Performance of mul-
tiple neural networks in predicting lower limb joint moments using
wearable sensors[ J]. Frontiers in Bioengineering and Biotechnology,
2023, 11: 1215770. DOI:10.3389/fbioe.2023.1215770.

[21] MUNDT M, JOHNSON W R, POTTHAST W, et al. A comparison
of three neural network approaches for estimating joint angles and mo-

mentsfrominertial measurementunits[J |.Sensors, 2021, 21(13):4535.





