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Axiomatic design for purely hydraulic drive in-pipe robot

FANG Delei'* | SHANG Jianzhong' , LUO Zirong' , YANG Junhong', WU Wei'
(1. College of Intelligence Science and Technology, National University of Defense Technology, Changsha 410073, China;

2. College of Mechanical Engineering, Tianjin University of Science and Technology, Tianjin 300222, China)

Abstract: As the applications and the demands of in-pipe robot are increasing, the problems in robot such as the coupling of output functions,

the low positioning accuracy and the low reliability in complex environment, are becoming more and more serious. The axiomatic design theory was

applied to the design of in-pipe robot, and a purely hydraulic drive in-pipe robot based on the flexible support structure was presented, which can

meet the special needs in the horizontal well. The principle and process of axiomatic design were summarized, and the robot concept design was

carried out to complete the design coupling analysis. The concrete composition of mechanical system and hydraulic system of robot were designed

and its working mechanism was analyzed. Based on AMESim, the motion principle of the robot was simulated and analyzed, and the results show

that the robot can achieve automatic reciprocating motion, the traction force can reach 30 kN, and the motion speed can reach 0. 12 m/s.

Moreover, the traction capacity and the motion speed of the robot can be adjusted separately, which means the decoupling design is realized.

Keywords: axiomatic design; hydraulic drive; in-pipe robot; automatic reciprocating; horizontal well

BB LA ST —Fh ] DU 1E AR 3l 5
i Z PR A 9 A R A T AR S A AR A AL EE
—IERG Y AR, BB LI AR K
R TN AR RSNz, JEHAE A
KB N Ok B 22 . AR, 5 — B E
FHLE, 7K ¥ A8 T8 A AR 058 BN 2 2% < (6 T 3~
1000 mEL B, K- H AR Rk 150 °C 3 F
JiF775 3% 60 MPa, BRI 4 451X T AL A AL
GEFAHAR L T IR

SEEBA A B L g AR, BAR
WL T AR BARAAAEIRZ AL . HAT, K
ZROKFHAE B WL E AR AT LIRS €47 48 07
2 MEAT 4815 A8 PN BERE Ak i AR/ o Bl H 42 5|

«  UeFs HHEE:2018 —08 - 17

EEWE : }E A AR RGBT (51675522, 51675527)

IR e T TENTRR S AT PR g
NS BE 532 SRR E 5 [RI, JX R OK Sl | i
REM A, R A2 5| 01 5 ICA T B AR EL R 2, AGE
M HLA NG AE ST, I KRR I FEE . o7 —
WK HAE B LA AR IR 3h U7 =X, U
Bl ] GRS 3 A 51 7, (H /N2 (R L AL
SRR R 45 5 TERE S HCER i, R
LTI R A BT, B R AL s A
TLAEM TS G4 o Bk, il K
FIHXE BN AN RAT] T S0 B s ATl 5
PEIEER AT — R 2 R K S B S 5
IKCFHAE R A

B BN NI S R AR EE TR BE

EE B Fr % (1988—) , Y3 b 2 5 A, PRI, f81- , E-mail : fangdelei365@ 126. com



64 e AN o 4

41

200, DO ISR RIS PR 22
LA ABFTE B R B T IR
JiRAE BT A7 Be 1) SUH $2 H 23 FRAK B3 ( Axiomatic
Design, AD) it H H bp il it Z 78 B g o
fift X 7 AT AR LA R ARAR B A HE
B EISZ 7 i B R AR RS T, TR I LA
AT BT AR R 6 Qiao %5 )3
AP  Ae AU E AL NS AU
PLas NBEAT BT IEHT, LASH— 5 B 6, 58 8 B
FEHURE AL AW S BT SRS P, W)
7% 5| 3 ] LA A R 45 BRI P 1 LR
FET A PALBET B, Li S 32 H e 0K 5l 457 3 AL
f NIRRT 7 0k, T8 5 >R I e 56 651 A mT 428 1)
B, LA ATEPEREZY T B S5 Y PR
IR A B AR RERE AL

AR SCE SR 28 BRAL BT S B A f] A
W FET A PABOT AR — i B, X K B A I
#L%% A ( Purely Hydraulic Drive In-pipe Robot,
PHDIRobot ) #F 17 #E A& 3% 11 LA AR A PE 4 Br .
LB E DL AMUR S8 LSO R Ge BAR S H4 5
Tel, SE O HLA NS AR AL Bt Sl .
F AMESim 4, %48 8 BLas A4 0T 598 3l i
FEATOF FL AT B e 75 38 Al AT e S IR AR E , TR
N Sy i 5 S 3 Bk 5 IS B A

1 s ARzt

1.1 RBEEIHHEEE

AD S R IR T BT B AR T A
B AL R T T R SAESE W MBS
POWNIRZL g K @ B i AV N1 5 e N K T
MR ITEs R . H E B O ES A RE R T et
SUN Y Er a7 /A LIE

FEEEA TR, AD B AL & PO,
Sy R R P R LA R sk AR, an A 1
Fr ke P AN 3R 43 ) 38 3 A P FF 2K ( Customer
Attributes, CAs) B fE77 2K ( Function Requirements,
FRs) %3125 ( Design Parameters, DPs) L) } i3 &
A5 H (Process Variants, PVs) 315, MG i3 72
RV Z WO R W27 T o i, 15 38— A58
AT LI i DPs Yy S IR R . M4BT
S ) Bt SR = A P ol A (] 2 % D) W S DL B AN [
JEG RIS, A3 ] T iR SR R s . AR
Taf )i Sy, SUH £ th PR 45 152 112 38l 57 20 34
SEEAH, Mar APEZIR FRs ST, B 3R7R
SRV TR B ME G B AR SR
T A e /M S A R0, Bl e S 8 B Y )

i, A5 B M B R BT s A e

wEE AR

T

BT B K a7

Fig.1 Four design domains and mapping process

FET A BRI, 77 S ) 3220 B
wmr:

1) BAHf A P /oK e A s e e, |
SetE P s iR it B s, B P REK

2) Wy e oK AR P 75 SR R A e i
THE S5 H i D RE 5 2K, 33X 2 B A 7 T
s

3) B T R O S D) B AR oK, W
B R, Horh, 3ol 2 () Ay e S 00 250 Rk S
BRI FR (ARG A FRs 197284k

4) REZ BRI - a0 R DPs AN JE— A2
YRR AR R LB AT Z FIR 43R, 48 DPs 43
%3] —JZ FRs, SR 5 BRI A0BR 3 $04 T, 240 2 1k
SENBEE  BIE

23t FIRBT P IR, o i e 2R S A g
P 2 R P S BT T AR R
1.2 @it 59Hh

FET AD BUSA CHEN, BB P ok, &
TSR B8 TE BLAF AN T K BRI &
U, I AN 215.9 mm HAZ5E ZR T 52, I
IRONKEIN A B A7 R T 215.9 mm,, [a] i, HHHR
EIEAEARER , IS LS B G i, SRR
SIEER RAF4E . HA 2 PERE a4 T
FEiAF] 0.8 ~0. 12 m/s, 45| 7 10 ~30 kN, 43
XoF P 55 SR8 SO Al I i 326 0ot 5 i 48 46
457 B R IIRERR K FR B o BRIR 4
LR e ST B U a2 R o | §A L LTI K= S1=R)| 0 DN
M EART R, & DP, WL, FEWLES N5 — 2
B FR fil DP AR 40T -

1) FR AR N 2z 3,

2)DP . W IR S A B LA A o

T EAR, FEgs AR =Mt
Ajge: —EHARKEN T, RN AR E



56 1]

P 08, 55 - WUR IS I s N BT - 65

TR B A 5B B, =g s shf it T
SLHLA =R IR, g N B eR — 2 DP %
AL Bl 7 A B0 S BE SCEE R LA K RES
SERUNGE 5 BB ST ENU . Pl NIt
— 2B TR MM AR A 2 R

MIE 2 ATLAE #5862 R R A B e R
TRAL , H 4RS00 i D RESEAN ) B . e D) RE 2>
fiftrb, 2 Gcka sl il ZRA S TR, R R HLE
Nz glkiid , A8 0 3 S Pl s A n] Do AES B
TEMSEE R IIRE L E B NE R A& 4
SCEERUA BB BER , SR AL LG IR IR T, PR RS
BESE SR T 31 5 L NATER, SC YU
Wi U R, DRI S fu 8 B , 5 Rl N AT ERE T
Tk 3z 77 T, AL A8 o e 4 S BEATL
R 5l , [A] i B 52 poet R TR DA KRR S 4
ALS5 . L, PHDIRobot B¢3H I EREE =)= 2>
fifg, A&l 3 R

F T =2 D RES A, Bt X I 4y LIk
N AR By RGO S B A R 3R Sl AL
o NAE B i e At 38, 2l 0 50 St i e 2 TR 2R,
B A S A i 16 B s BT, g
JR et e BTG AT d o A RE SCHE A,

VTR Sheth o M 25 4 0 854, A LRERS K
A T AR L v R 45 T, A0 R G S B 114 15
REST s Tl N3l i 52 0 S i A T, PR 5
SCENUMSKIT —E f B, R LA d . Mlde
UNEINTEE 22 PE T BUREPIER( QA iR = S (P SO B8
[RJERE, DAy 6 2 97 B oK, Bk T A 2R 8 R, FRIIE
A 7E o 25 b, e FHlas N5 = =1 Bl
(73 AN TEL 4 PR

Bt 2 5 = 2 D AR SRS Wy B0 M A E
Plas NCGIASE S B2 3, KA 3l ) 50 i)
Pl e Bt — 0. IR RER R, Plds
B I3 ) B G 5 BB R i ik T s T
I I, i Heg e B IR e R 4, HE AN TR e
BLIAT S AT EAL 55 o 5 HABHLAR AR,
T BN LS AR EL ] LASE B A s R iz gl
e EA, 3 5 R 48, AT LLSE Bl 1 156,
B BESEBLIR He7] . PHDIRobot 25 DU JZ 2 g4k
SR i AN EL S BTR

HI AL 5 AT LAFE Y, e He Bl T L ad i
BB AT LIRS A 5, S8 i a o T 5% IR AL
s NAsJe Ja 45, it aod T 1) 18 20 5 hl i IR s A Jo 45
I ik , S8 R GL A shit =z 8l

FR DpP
TRERIE ——p| SR
fi#kizz) /,//////// AN
| /’/ ~ ///
e -
- AT 7
_ — . - -~ - |
= - i - ‘/
FR, bF%ﬂ FR, DP, DP, DP,
iz Hi Hthiszh EYIL S AT 78T
— =¥ e 4 —
Trieis Yol
K2 H—JZEH )R 2B
Fig.2 The first layer to the second layer in Z maps

. /T /T T/ |
| FR, jJFiRa‘zrﬂ FR, :
[ o : e
| Mz o Hithizzh :
|
| | '
| |
' |
: FRII FRIZ FRZI FRZZ FRJI FRJZ I
I B 2y 3 ¥ Bk RE B R findgiazh SiEEL R EST :

B3 DR =R A

Fig.3 The third layer decompositions in function domain



- 66 -

e AN o 4

41

S e e B e S S e B B B e S S e e e B i A ey

|
I DP, DP, DP, :
{ EVL b SEHEAE 17 3G |
|
|
| | :
' |
' |
'l Dpp, DP,, DP,, DP,, DP, DP, |l
: R ER EetiL T etk S ML A 4 BlEsk S :
- - - - _ - - - _ - _ - - - _~——_—_—
K4 WyBisss == sl
Fig.4 The third layer decompositions in physical domain
FR,, DP,,
2yl = ;/’/‘ gL
SR | e
- - -~ - st
FRIZI FRIZZ FR123 DPIZI DPIZZ DP123
FET3 4R IR R R = FFF R 7 1f R 4L
| —» e e

IS et S S e v 2 4 ik 1]

Fig.5 The fourth layer decompositions in functional domain and physical domain

2 ITHRAES

ARG BEAY R, 7 fh B FE DI B b
HATMSLE, RV ERE— D) REAE AL A 2 51k oAb 2
REMAEAL . O T SR BT M HAT M 1, 51 A
BT S . EARTRZ 2 L, it B AR B
AT RERT 5K 5 BT 2 B 18] Y By 56 & T AR

NN
FRI All A12 Ali DPI
FRZ _ AZI AZZ AZL’ DP2 ( 1 )
FR ) . 4, 4, A ) \pp

U Jixj JJjx1

o, (FR) ., Mo RedR ikt (DP),,, H it
SHI A, 7 SR
D) FRAEF @i . %A, =0, B
DP, Xt FR, WeATSH ;X5 A, = X, BLW) DP, %t FR,
O, KRR BRI R R, B i R T 4
Ty SR A R B B AR
ok £ LA I T SR, B Ay =
SRR BB A B, VS I L2
it

&1 RITERERE
Tab.1 Types of design matrix
Wikt s it
(An 0) (An 0) (An Alz)
0 AZZ AZI A22 A2l A22

X} PHDIRobot ¥ 11, M1 — 2 R
5 OCE, FIrL FR 2] DP pg i) 8 TR R
SEBETT. B )2 T RE BB W B Sk B o6 R

K (2) FR.
FR, X 0 0\ DP,
FR, —[O X 0| DP, (2)
FR, 0 0 X)\DP,

P, S S — AR MU BT AR . ]
VAT ), B FEAE TR AR R L, BT L
ABRMAL BT, RIS 2 DR S Yy i
8] BEA T HATAE

[l H, AR 202 = BB O B S BT HERE , 4h

TR
FR,\ /X 0\ /DP,
(FRIZ):(O X)(DP,Z) (3)
FR,, X 0\/DP,
(FR22):(0 X)(DPzz) (4)
FR,\ /X 0\ DP,
(FR32):(X X)(DP32) (5)

1ER(3) M (4) o AT LR AR T EXT L,
IR SC I D RE T K 5 BT S 80— — X 1L, Bl
SEBEE MRS B R T = AR,
— BB PO AL AR AR 1) H AR B oK
FRy, S84 RS SLA A D g o SR 1M, Bl A D22
D%t 5 P RS AT IR , BV L4 1 4 3l £
Wit B 70, (B g G B ) B PR AR Bk )



56 1]

P 08, 55 - WUR IS I s N BT - 67

PN
e, X R B A TR S PR AT, B
e (6) B«

FRy,, X 0 0\ DPy
FRIZZ =0 X O DP122 (6>
FR123 0 0 X DP123

ATLLE Y, T4 DU 2 D g el 5 Wy BR800 11
T deit. B, Z5A(2) ~ (6) 13l 45k
PHDIRobot F#EAL X 18 T fil it , A1t
TR S AN AR R AENLIT & S W BRI 4R T o

3 HB|ARGZRT

3.1 MRS

X} PHDIRobot MLk 4544 47 HAR BT, &1k
RN 6 BN, FEAEE = HA)  B S TE
JC IR ESE T T A MG AT E BT, PLERA
2K 3.4 m, HERATHITIME 135 mm, 3 3X)
I Beth S P BR T A B R A TSP i 4 , AT DA S
PR 5| 28 A ) B IE 2l IRl BLAS AGE R 4542
k145 ~218 mm, HLgs A A PRH A
AT DA B Sk m A T AEME T H . L8 A
R SLMAE ik S R, LR AR
A S1TEs .

JE T o0 Hi (T B0

WO et
(a) PHDIRobot — 4EA5i %I
(a) Three-dimensional model of PHDIRobot

Ja X TERIG ‘ ﬁﬁi?%ﬁiﬁ#ﬁ:
uﬁ%uql

iR eylL o

\

(b) PHDIRobot 524y
(b) Physical model of PHDIRobot

() B STHRATIE SOl i

(¢) Section of a unilateral support unit

] 6 PHDIRobot £EHLELH
Fig.6  Prototype of PHDIRobot

SCHEATE oS T an1El 6 () B, £
SIS L S JE AT ERUEEL
FETHIE P08 A BBV SCHR AL Bebh s

PR HEFT LA 5 B e R tR AL & 1 7 2K, A
AT APRUESR R S 7, 3035 98 1 X H-BE ) PR 47
HENAETT

SEATE T RALE B S LRI . 2
FEBOE ST AT RLHE Sh B S48 T B BE , fRIIEX
PR LA B I RE , [RIIE, A7 78 W R S B & A0
H—iR X R B S AL BRI
REMAR ], 22 5 | HLae A Hh S 308k
3.2 HERGZRT

L 8 A9 T, L AR AR G id )
TR R G 8 BT BT R L SR O o i
S BRI g O, A RIE RS,
Z e o FC A AN TR L, 25980 1 3 [ 3k ) 1 4
PLER NS FHAR A BER I I

VRO A7 ) BT AL A TSGR L 320 1w 1 L 4
TR A B A ) R SRR, 1A T s . 07
[6] 1] g L WL AT T A Y 1, — I HR S SR
BLAIATAE G S Bl s 1 42, T3 b — At 5 5 —
S 5 7 BT P [ 7 FEE AR o A A 1) 1 e L £ 11
945 FE T 1] R o g 1R, 515 ST 1) )

CECCEEL

1T
I rrrrre
7 ; w/.\_

R O T

CELLLLLLLL

[l 7 PHDIRobot & JE &4t
Fig.7 Hydraulic system of PHDIRobot

3.3 EHEFERESHF

PHDIRobot 5fj 77 t &5 J- i 2 it , >4 45 i ik
ASCHE W T, 9K B B Ve S P A T B,
M PPl S s o e R R ATk
WEGL A, HESh 6 2E A e P I ai# sl 24
R B AT W R BT AT I, MR AR A e A
Bl AR G TR 3. I, PHDIRobot i i3
HiJa S T BT E s gk L8R 3, K18
WMlas Nz s, & 8 HeRAS— AL AWILRIRES

e 8 HOR A ZFTR Wi SRR LA =
FEAY 5T, Bifi 2 11 S A AL IR R S i T T
FEGL B 22 A o Fe A 5, 4 2 16 2E DA e 48
TS, 5utlEl, 5 S AR E A R EUS



68 e AN o 4

41

€18 PHDIRobot iz 3 5L H
Fig.8 Diagram of PHDIRobot movement principle

SCHETURAR | J5 A7 WL A A7 I A = A
PR S AT E BT AR P T AT RS Bl . 24T
177 1 2% B B de A it , = TR IR kSTt = o
1 ) A TR, 4] ) W A, kS 3 5 1)
48 e, 3 B0 % A R

WE 8 HURZAS =R, 107 16 1 3/ 51 i
O[O SRR R TR R A S, e S
H B FEIR N BE o 51T AT 22 B TR 8 T
I I HESh TS ZE LA R R O R RTRS Bl . S LRI
FOA T A YRR 3T A 1 1 A8 A I, i S 44T A B
T F B RTS8, il S PR BT P AR
FEA 5, 8RS AL T RS . M5 AT
AT FE R 2h BB T F5e A ity , 1 FEAY IR ) 46 452
Frer e M SR BN BRAA, el Jr 1 @ sh A, i —
YR AR Y % T Te] o A Y B S A AR LA B T
HHEIZ 3], 5238 PHDIRobot [n] {ij 4 2285 3/
4 (FESHERIE

N AMESim XHL#S Nz gt b1 705 5
Mro D5 EEERN T KA 40 5K sl B n] 471
DL BAH G o TAERe M . fE L e plas
NIR T J7 A 30 kN, HoAth £ B2 505 & a0
2 PR,

x2 EENBRANEHHESH

Tab.2 Robot motion simulation parameters

240 &
Y%t TAEH S 6.5 MPa
FIF R TF I RS 4 MPa
e 15 TP TT )3 B 12 MPa
HEER 120 mm
TG M HAR 90 mm
TG TR 150 mm

TR, e RIS ABLRIZ S0,
9 iz, Al LA Y, Alds AN nl DASE i 2288 50
PP R 4 7R Al IR i 50 L/min I (2 5%
A, SER AR B B 80 L/min i #5712
1k, M2 BB L NS S . Ml
50 L/min 5}, Hl45 A8 & A 0. 08 m/s; 24 i &
80 L/min I}, Hlas AN 0. 12 m/s, PR
S50, P I B S 4 T ML B Bl R
AEFERRT K o Rl 2RO L B b i el i
BB R/ U RE RS AL a8 N p9AT 2R EE | T
HALAS A AT i) DU AN S, 33 e e 154 ]
Blds N T 32 5 2 5] J ) th 2 — ik

Bt

1.4 ;
----- 50 L/min
12|
80 L/min
1 /,
g 08 - e
£ / >
0.6 -
& / ’,—”
0.4 Pt
! P
//,’ 1
7
0.2 S
’f
0
0 2 4 6 8 10
B /s

K9 HLas Nisshfifs Lk
Fig.9 Robot movement displacements

TR B LA AATE R, 2B
PIATHE G AN Az SR AL , An1&l 10 frzk. AL
A, HLas AN PIAT A W 1L T35 ZE AR XL B8 FEA
RelF AR BB rm, m] L A2 22 51 HLas A AT E )
Hiil A ShA S i 2K, B ARG 2818 sh AT fe
0. 15 m, iz AR ZIN 2.4 s, Z5G 830 A
R, PAT YR T F) s 2l A LA T Rl 2 A
T A I AR, e A S B LS AR 1) T RS 3l



56 1 P flagE 5 R IR SN T LA N A PRI - 69 -
02— P T ey Wi, X ENLA N R G450 5 E R 8 7 it
s TR SHRIE. B THe S 2R
OJ/\ /\ /\ /\ SCREIHL A AL ok 7 51
ARV, LI AT BT , e AR L T R 54546
R e S s 1) 35 A BT B 5 B A AR
N N i W i e 'y B E AT T RER BT I8 T RO TG
-0.1 “ /,’ S ,"l 5 l," PEFIE 5937 o
08 o Moo Ml M 2) ST AR LI AU R S5 BT )
02— LI R T 245 0116 780 1) % S5 EIRE HLBTF
s

K10 F7EWUR IS ZE A AR 2R

Fig. 10  Displacements of walking hydraulic pistons

XPBUE R GEREAT e 1) MEREDF 9T, 15 2 05 FL45
K 11 R,
X107 ' ‘
ETAR = £ ELIF I
P e e 77 IR JER IR
2
i
£ ! f, i i 8
’% o — j :I ! ; 1 L
2
-4
0 2 4 6 8 10
W/ s
1L g iR 2H RSB Shith 26
Fig. 11 Movements of reversing valve spools

HI P 11 a] LAAR 3 067 3 7 1 488 i 1 26 119 32 3
FFAE - 07 1 R LA AS AE -4 mm 3] 4 mm 2 6]
DI, S 5 iz 2l I HJS I ) 517 E )
FEATIE ZE R — 80 [T LAA B, 305 0l i
L% 14 Bt AR it 3 45 ) 5K W 118 sl A iz, XA
SEATEWRGELSE B H ShE s s A

AT DL A5 B A ] LA XAl K
R T TEALAS N R IR I 755K, AR SCHR HE 119
RIS BN NATE TR N T #E
HLas N TE milid g SR T 38 sh iy 51, lds AR
Ealr sl Iy BT, M e He Bl B S AL AR TS
SHEATE R OCI SN [N, X T4l A4
G177 AR A5 8 8 B2 ) it A5 2 980 - 3 i PR
o i B Bl o 4 L 0 mT LA AN R 2 51 5 ()
i L P SR Sl R , T DL SE B LA
AARIB 3L

5 #it

BERT AT H R PR IR BT 2K, W 2 BiLAL

3) oA T HILAR N A i SR B S it o A A
PG A Sh AR iz s HLEL, 45 AR SCou
AR

4) BT AT B, M HLas NSt s Ty S8t
F7 7Bk, S5 R R W] Bl ds A 42 5] 01 al DLk 3
30 kN, iz gl al PLA R 0. 12 m/s, JFH., 5B
T A5 T1 5 Bl i B A R Y R AR BT
ER

2 3Rk ( References)

[1]  Shao L, Wang Y, Guo B Z, et al. A review over state of the
art of in-pipe robot[ C]// IEEE International Conference on
Mechatronics and Automation, 2015; 2180 —2185.

[2]  Ismail I N, Anuar A, Sahari K S M, et al. Development of
in-pipe inspection robot: a review[ C]//IEEE Conference on
Sustainable Utilization and Development in Engineering and
Technology (STUDENT) , 2012 310 -315.

[3] sk, B, BAPRR, 5. —Fhekre AL E IR e
Blas L] B TR 4R, 2017, 53(3): 9 - 16.

ZHANG Yongshun, CHI Minglu, CHENG Cunxin, et al.
Petal -shaped capsule robot with high performance[ J]. Journal
of Mechanical Engineering, 2017, 53(3): 9 —16. (in Chinese)

(4]  SBEGAS, 288, LA, 45 —FMEENLS AR T
PRI ], BUbiRET, 2012, 29(11) : 26 -30.

GUO Ruijie, LI Jie, WANG Zhong, et al. Mechanism design
of pipeline crawled robots[ J]. Journal of Machine Design,
2012, 29(11): 26 —30. (in Chinese)

[5] Ma Y H, Hong D F, Chen Z B, et al. A multibody dynamic
model of the drilling system with drilling fluid[ J]. Advances
in Mechanical Engineering, 2016, 8(7): 1 - 16.

[6] Billingham M, El-Toukhy A M, Hashem M K, et al.
Conveyance—down and out in the oil field [ J]. Oilfield
Review, 2011, 23 18 -31.

[7]  Al-Buali M H, Al-Mulhim A A, Sethi N, et al. Successful
utilization of E-line tractor in horizontal, high pressure and
high temperature gas wells[ C]// SPE Kuwait Oil and Gas
Show and Conference, 2015.

(8]  Hhikwy, Mgl k45, WIS I THLE MR

HEGH[I]. #RIZ, 2017, 40(1) = 77 - 80.
MA Renqi, CHEN Jianbing, ZHANG Xiliang. Development
of hydraulically driven downhole robots [ J ]. Drilling &
Production Technology, 2017, 40 (1). 77 - 80. (in
Chinese)

(TF4% 99 W)



56 1]

IG5 MEAETE BRI A5 U AL A X s ek 3

<99 .

(8]

[10]

101 - 104. (in Chinese)
T U R PR 2 M P BE T P R LT ) Wl MR A% Bl S
2008(3) . 32 -34.

XIE Rufeng. The development of hydraulic pump noises
research [ J |]. Fluid Power Transmission and Control,
2008(3): 32 —34. (in Chinese)

XIfE I GRBE, YREE. 4300 Halbach 7K i 15 2k [F] 45 B ML
myAE G| A ) 4 Ar L], B R R 2= 4, 2012,
34(3).94-97.

LIU Hengkun, ZHANG Xiao, MI Zhu.

computation of normal and

Analytical
tangential forces in linear
synchronous motor with air-core and Halbach permanent
magnets [ J |]. Journal of National University of Defense
Technology, 2012, 34(3) . 94 -97. (in Chinese)

XA, B, e B RO Rl s A o 4R
WT] R HLEA, 2007, 49(5) « 321 -325.

LIU Zhansheng, ZHAO Guang, LONG Xin. Survey of the
research on  coupling with  misalignment of rotary
machinery[ J]. Turbine Technology, 2007, 49 (5). 321 -
325. (in Chinese)

HEIK, BR . B IR AN T ) SRR N K S
Hrid]. MBS AT, 2002, 18(5) : 44 - 45.

TONG Jianfei, FAN Qitai. Dynamic modeling and analysis of

a membrane coupling subject to misalignment [ J]. Machine

[10]

[11]

[12]

[14]

(E4% 69 W)
Briner A, Nadezhdin S, Tessari S, et al. Successful logging

on tractor in a high-temperature openhole horizontal well in a
tight gas field [ C ]. SPE/IADC Middle East Drilling
Technology Conference and Exhibition, UAE, 2016.
SR, XRIH, XI5, 45 e UK 25 PLaE
ANBGH 55T I]. AL, 2016, 44(11) : 63 -67.
WU Chaoqun, LIU Chenyang, LIU Mingyao, et al. Design of
spiral wheel horizontal well traction robot [ J ]. China
Petroleum Machine, 2016, 44(11) : 63 —67. (in Chinese)
LiYJ, LuQY, Chen Y H, et al. Design and analysis of an
active helical drive downhole tractor[ J].
Mechanical Engineering, 2017, 30(2) : 428 —437.

Ren T, Chen Y H, Liu Q Y. A helical drive in-pipe robot
Advanced

Chinese Journal of

based on compound planetary gearing [ J ].
Robotics, 2014, 28(17) . 1165 —1175.
ERHE, KB, RS, ERTHERE NETRRM AR
eBe it vk [T]. HLAR TR 2 4, 2018, 54 (7).
184 - 198.

WANG Haoqi, ZHANG Xu, TANG Chengtong. Model-based
design  approach  for  complex

axiomatic engineering

systems[ J]. Journal of Mechanical 2018,
54(7): 184 —198. (in Chinese)

FEMERH, S5030, s, AFLRIE T AR A3 AT
s R )], =T A3k, 2011, 30(5):
49 -52.

CUI Xiaoyang, CAI Yuanwen, SHI Jianwei. Application of

Engineering,

axiomatization design in general design for on-orbit assembled

spacecraft [ J]. Ordnance Industry Automation, 2011,

30(5): 49 —52. (in Chinese)

[12]

[13]

[14]

[15]

[15]

[16]

[17]

[18]

[19]

Design and Research, 2002, 18(5) : 44 —45. (in Chinese)
W, B R LA RS A (D] RS K8,
2010(8): 74 -75.

PAN Wei, LI Hui. The vibration analysis of hydraulic pump
unit[ J ]. Chinese Hydraulics and Pneumatics, 2010 (8) .
74 -75. (in Chinese)

Je g 5 I s A X T Sl E AR LT TE [ D L IR
M IRIE T K2, 2006.

LONG Xin. Analysis of dynamic characteristics of gear
coupling with misalignment[ D]. Harbin; Harbin Institute of
Technology, 2006. (in Chinese)

W, TRECE , XVZLHE. SFAT AT T AL S 3l 3% 0 27
RBOPFELT]. HUBRAL S), 2014, 38(7) . 10 - 11.

YANG Chao, ZHANG Jingcai, LIU Hongqi. Research of
mechanical state of the parallel misalignment plum-shaped
flexible coupling[ J]. Journal of Mechanical Transmission,
2014, 38(7): 10 = 11. (in Chinese)

ZEE0 . T3 1] 56l Al AR L T SR R — A T
ELI] RIEHUAABEA R, 1994(1) @ 86 -89.

LI Jianfei. A deriving method for equation of angular velocity
ratio of two shafts jointed to a universal joint[ J]. Journal of
Taiyuan Institute of Mechanical, 1994 (1): 86 - 89. (in
Chinese)

el . ST AR Rl A C - F -
D-P Bt BELT]. &ML BB A4, 2013, 44 (2):
218 -223.

CHENG Youming, MA Lugiang. C — F — D — P mapping
process of reconfigurable product systems based on axiomatic
design [ J ]. the Chinese
Agricultural Machinery, 2013, 44 (2). 218 - 223. (in
Chinese)

SREH, BRI, EIFHXR, . BRGS0 R
WA F AN A WAL B Or i [T ] DU TR 23R,
2015, 51(5) : 47 -55.

ZHANG Guoyuan, ZHAO Weigang, YAN Xiutian, et al.

Axiomatic design method for the rotor dynamics of the multi-

Transactions  of Society for

source information coupled high-speed turbo pump [ J].
Journal of Mechanical Engineering, 2015, 51(5); 47 - 55.
(in Chinese)

FWR, ZoEBE RGP R AR A AT ik
BB, 2011, 39(6) : 38 —42.

WANG Feng, PENG Xueyuan. Axiomatic design of the reed
valve components of compressor[ J]. Fluid Machinery, 2011,
39(6): 38 —42. (iin Chinese)

Qiao J W, Shang J Z. Application of axiomatic design method
in in-pipe robot design[ J]. Robotics and Computer-Integrated
Manufacturing, 2013, 29(4) . 49 -57.

LiT, Ma S G, Li B, et al. Axiomatic design method to
design a screw drive in-pipe robot passing through varied
curved pipes [ J]. Science China; Technological Sciences,

2016, 59(2) : 191 -202.



