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Research on Propulsion Prediction Method of Robotic Fish Based on Composite Sensor
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Abstract The complex and variable underwater environment can greatly interfere with the normal movement
and perception of underwater information of bionic robotic fish, and the deformation of fins plays a key role in
generating propulsive force. However, little research has been conducted on how fins use their sensory information to
identify and predict propulsive force. In order to solve this problem, a flexible fish fin-like composite sensor based on
piezoelectric/piezoresistive dual sensing mode is developed by integrating a piezoelectric and piezoresistive layer on a
flexible sensor. A method is proposed to predict the propulsive force generated by the composite sensor. A propulsive
force prediction model is established and trained, which is based on BP artificial neural network. The prediction
accuracy of the model is improved by screening and optimizing the input layer date through Pearson correlation
analysis. The experimental results demonstrate that the propulsive force prediction which is based on combination of
multiple sensing layers of BP neural network and Pearson correlation analysis is effective and feasible, and also
provides a new way to improve the underwater sensing capability of the robotic fish.
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Fig. 1 Bionic principle diagram of fish fin-like
composite sensor
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Fig. 3 Scheme schematic of composite sensor layout
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Fig. 2 Dynamic stimulus detection with
composite sensors
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Table 1 Performance parameters of fishtail-like
composite sensor
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Fig. 4 Structural framework of propulsion prediction model

BP 1 22 50 £ HE 55 7 O HETE (9 3 0 SR
Sigmoid PREL, EMEEFRIEAN
v )= —— (1)
l+e

BP 28 24 15 31 B0 10 e R 95 8

T o S AR, T F B I i e P
5 ST 6 th i T 2 ) 15 25 5 2 B
B T LR A J2 BP MRS , SO et

it POAAE HR IS T e T
K, HWIE ZEBRZEBHN E, WAL E X

E:%G—PY (2)
Hop, RS ER B RisA0y
netj=zn:vjxl. (3)
i=1

y; = f(oet;)(j=12,..,m) (4)



- 482 - HEEEE KT A

% 6 A

T A R 4 B PR Rk
P:f(zijj) (5)
=

B A RO, TRAE T B FI 1R 22

JI LA AT Ao e B A R AR X iR 25 E AT
EIE. HARRY, 8 TR 22 s Ao 25 )2 AUER I
ERYECEI RS E U SUa W
OE

Awy, = _’767

J

(6)

OF OE oOnet;
Av, =—n—=-1
vy onet; v,

i
A DA AR 0T DA, A O T AR AR 1 2
AR, S ZBUER R RN Y ETE R0
MG VI E S LA Z IR 215 5 DL R
SR/
2.2 E-F BP #IZ W 45 M ) AR B A i)l 2k
T 2 BP PR (0 28 AR T AR A RE T T
O FHER , BT B BP Al 28 9 45 T AR R0 o 1) 2
BORWTIEAT IR AL, LAAS 7 2 THA5E 20 1 5 0 1
TR TP o B 45 1 AR A5 51 i A 2B 2047 19
QRN ELS , BEALRI - I ZREE | 50 A A
JUANE R F4E SR 5 RHEE 7 S0 AR A v i) 45 J2 AL
HS5 S H T A PR . 2l VI SR8 M IE S A AR
W F AR A A T ASE TR g S5, (AR AR T T A
U ()P BE AT L 2 e X A 1 AT R O T 43 A
e BRI R S 2= 2 R 1) Mg
BRI ZE R R 2 280 i d s 2) YIZRBEAE AR, AR
BIYINZ; 3) BRI KGR ] 4) & 24
BT ; 5) 3 H R A (E .
3 E-T BP AN KR HEH TN LIE
3.1 E#HAFNULE R SH
FEHEDE Sy BN S g AR v, B W E A A B
AR R 58 I 2R B« TR A 0TI 4 ) 25T
SR T BT YN R AT AR B, ERf S T BT Y
SikZ s, TR S BT AR, R 50 R R
I e A

(7)

Hi TRl b T 3 N E ARG, —3t
6 T AT R, BT TN R A A Z Y R
BN 6. MTREZM AR, RINEE ALK
i, W HRHE RS 2 R B A

[=2a (8)
[=log,a (9)
I1=+Jab (10)

I=Na+b+c (11)

P 1 HREBEENTAEG o HEAZERT R
B b A ZEET G o 1~ 10 Z[H B IEEEEL .
H TR & B2 S S A 2Ry
SUBCA O, 38 5 TR T R A S B I DL RS BRI AL
4 1R X DL B A B a0 0 R 1 2 TR g et BT LA
R AR SR DA T, BIe iRk — R
7 TN 3 (B A v . G R UK AE N el i
N T 20 ) 245 2 )2 5 4 R R DG AF 5 2, et
T[] AH X ] B RE A, SR R4S 6 iR &k
o8 TR X JR] P AT 95 28 %0 L 0y O 2Ok B 2 B &
JEWIEERE 8 48 b 2 1 1 07 i B R bR 2 1E
MR 25, DhZR 2 s/ D AR HE E B & R 45 .
", HTRMARY AN 6, RIEALIHEE
IS RS 2 S BN 12, B Z B S
3~ 130 B RIS 2 AR I 45 9 P 28 5T A B
FEN 12, BRI E £ 2 R & R & ou s . %
W) A0 88 B A2 B0 0 R AT I 2R DL E T2
B, R EEINAL KGR I ER2E (Root
Mean Square Error, RMSE ) #47X} H, 24 RMSE
/NI, IR R RO D Z M 2 Y R AR R
T S YO R 2 0 A
RMSE = \/%i(/)"(z) - D(1))*

t=1

L n AEARFEAR S & ¢ A RFERZ]; D@)
NAE ¢ W2 B REAR LG 5 D"(0) 9 AE ¢ I 20 15
L

TEYEFF AL AZ AR, BEE AR RS
2 B R T T i) 31K 2l g A 18] 7 B T BE AT
XF oA, BUEERANZ 2 B, aTRAE Y, XF
R SR B J1 ok, MBS 240N 2 i, RMSE fie/)y,

(12)



% 4 HEEF, F:

B BS A9 ALES & AR Bt ) TN 5 ik AR - 483 -

PSR ey, W RS REOEE 3 R)R
RMSE 7&K, HPRS TR A . SR B & 20
BN 2 )R, A SRS g ST f o BEAR M At
JERPAR L

Fz2 TEARAEHEMTNER
Table 2 Prediction results for different numbers of
hidden layers

mim s e
RMSE RMSE

0.216 67 0.147 66

8 W12 H2FE P32 H4)E

1 12 - - -

2 12 12 - - 0.170 09 0.138 56
3 12 24 12 - 0.220 91 0.153 78
4 12 24 24 12 0.248 24 0.187 93

FF LS, S % R 1 B sh 1 R i) 7
THMAR Y SR 75 o o, SR PR sigmoid
SR VI PR B R trainlm BRER; SEARWEGR N
1000; 23 n %0 0.01; RZFEBN 10°, K
FTRERER2Z, AEMETEHYN 12, 4% 6
HIL 15 000 MFEA K X TN AR Y AT 25
K151 70% 05 N 2RAE , SRFEBEHL 20% ik
£, a 10% M5 N RIESE . A ZE N 6 ALk
FTRORAE MBS, 24 A HEE A 7,
ICHEST R 6-12-12-1 Y BP 1 28 [ 4 S0 A 0 45 46y
XF 2 AL 5125 10 000 W, HEIATTRY
BEEER, K 5 iR

A S S0 25 SRS A, A 1) 7 0 T sk SR A
EL 15 1) 9K 59 3 A F0I0 55 SR A0 o B AR X i 1) 3K
) 3 A ] 3 (A T AR A B T — g RRCR , HR
MM R A S — 204 T A 28 18] o 3222 R A A2
T AEMERE, TR AJZH 6 4L BRI TR
AR A KRR S, B A A BB X HE E g 5
MR /N, I A SE SO I 48 T 22 Sk
FIZ I8 ZR MR ST, SO B S A2 505 A e
B AR - b S WLy 8 A HE I ) R LA SRR X
T 1520 3% 8 7 R ) 7 T 0 ) 5 o A 8t AN ] 3K S
Hy T AH R 1% 8% 25 5 55 1 1) 3K 3l g Al 1 g 45 &,
(A SRR B A AR K22 31, T A4S A %2 61 ]
9K Bl 3 AN 1) S T % R AR AT 22 5

RMSE=0.375 64

I
—~TRE |

100 200 300 400 500

REAR/A
() BT Bl g P £ 21
RMSE=0.215 97
A
18 Loy ., DO

i

100 200 300 400 500
FEAE /A

(b) i J BT SR
BEs5 FNgsRE

Fig. 5 Prediction results

3.2 EHANERMRLSH

IR SE R T ) A T A, (ELR S50 AR
FELA TRt — LR T TR, T2 A R
for B 2R ST ST L fek P s A e 1) £ P St
BRI R B G, (E I e 5 IR 1 R A N T 22 1 2% 13
AT Fr A 2SR UE o Hh AR )4 S8 2 060 i 1) BK 5l
3 fis) 3 B ) 0 R AN [R) , DRLM R 0 ) %)
T 16 9K 8 3 0 1) g B 5000 AT 0BT, O A
ANTRIE B A A Z AL A PERE , M 40) 26 72 BE
TR ASE T FE 9 2 o e 1) e A A SR A 1) 22 2 A

B,
1) ZAAE AN A7 e 1 52 1 SR s 0 T 44
REXT L

QO ) 4K 5l 7 IR RE

e, BT A RTINS a,
ME oAl e b, MMALE o B9 G 1L AR/
i BHLZ AR 5001 5 A BRI 1) 5K 30 77 IS A (g A



- 484 - HFEFH KT LG % 6 %

JEAT AN 2) haEA T ) K Sl ) WO s g, Hofh =
BAORFEAL , X AT EAE 3 DI S 2 5 2 R
FRRT 1) 38 3l S TP BE, BUMZS SR AN 6 P o

RMSE=0.432 36

A
Bl
b4

a
5 $ o @
bt ! i 3
] 4 k
1
4
1 1 4
¥
; g 3 ¢

100 200 300 400 500

et TN

FEA R
(a) AL
) RMSE=0.464 61
o
o TR E

100 200 300 400 500
FEAK A
(b) B A RO

RMSE=0.572 08
O
o THN L

100 200 300 400 500
FEAHAL/A
(o) A R TIIIRCR:

BEl6 &AESESEESAETEIESF N aE X bt E
Fig. 6 Comparison of the forward drive prediction
performance of composite sensor by position
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