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Analysis of a Humannoid Masticatory Robot
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ABSTRACT: To understand the elastodynamic characteristics of a parallel humanoid masticato—
ry robot with 6RSS (Revolute-Spherical-Spherical) chains, a linear elastodynamic method was ap—
plied to establish an overall elastodynamic model of the mechanism. Numerical calculations were
performed on the deformation and natural frequency based on the trapezoidal rule size and back—
ward difference algorithm. First, four basic assumptions were made based on the characteristics of

the 6RSS parallel mechanism, and dynamic models of the cranks, couplers, and end effectors
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were constructed on this basis, respectively. Subsequebtly, independent generalized coordinates
were established according to the deformation coordinates of the nodes at different component
connections. Finally, a linear elastodynamic model of the overall masticatory robot mechanism
was developed by assembling the models of all the linkages and end effectors. During the process
of tracking a given masticatory trajectory, the deformation of the end effector and the natural fre—
quency of the entire machine with and without chewing reaction forces were computed, respec—
tively. The results show that although the deformation of the entire machine is larger with the
chewing reaction forces than without the forces, the maximum deformations in the six directions
are only 0.017 0 mm, 0.001 1 mm, 0.028 0 mm, 7.1 X10°, 49X 10*, 7.0 X 10°, all of which
are small. In addition, the minimum natural frequency is 300 Hz, far exceeding the chewing fre-
quency of humans, which indicates that the masticatory robot has good ealstodynamic perfor—
mance.

KEYWORDS: masticatory robot; parallel mechanism; linear elastodynamic method; elastody—

namic performance

ALY 2 1 F BE R, AN AR IR & 48 02—
B ) FEERAILAL L PR Sy HEL U JUL PR o 3 ok 5 AT i S
7] 9K 3 T iz 3Rk 5 U A 0 B Y g e - Dl
FBFES , LU — 20 Y A 5T N B X it
TFRE T Kt TAE IR ) T IF K45 AN H I HL A8 A,
TS R Ge R 157 o I R A
40, Chow 45 F A 4 2% 1t PELWEE UL AL 45 5 TR
MR BIL A% AR X6 3T a0 O 19 45 ] ) #E A7 I 5 Chen
SEUTE R T U N EIEHIL A N B 32 2l 2 RO 4
WFoE, JHTE 5 BT & i Rk 5 Mostashird 55 %
MEL I AL A% A 9 3K 3 3 2R 47 T OiAk . DASE B REL g i
KR I H/MEBEH B Chen %3 T —Fh
= A W AT L A, R B CHEL R
FF 0 4K IE O £ O 5 Wen S5 B B8 — 1)
Jacobian JH [, T HAMIHLEF A9 ALicit, JFoF
KT —MoEn 2L 3K Bl B 2 A Bh A ok 4547 REL g UL
AR Ty o AR 302 B I R GE A W A A Y )R
Bt 7 — RN AL 7S B E RS IR R BLAL (4 7 A T g
BLEF N o ZAUIG I I 6 5% 3 3l e il -9k s Bkl -
#% 3Bk EI (Revolute—Spherical-Spherical, RSS) #4
TSI S Bl SR AR AU NE WG 2 G rh e B 6 BRILI . DA
TR AT KB AR o AT a4 . BIR S, i P AL A%
AN FEHT B MA@, B TIF
S RN ARORT B A B PEL IR AR, LA S IR 2 AT %
I A HORE AT 7 o 1) — 2 o s T B M
o AN VS 1% i o

SCHR (891 ¥ 11 152 L VB BIL gt A 14 A 44 Sy I 44
FEXSAIL 4 WP dz 2l 2 Fn gl ) 2 ik i AT T 3 A
BRI iE sh b AR B Eah i . T

T BE R i $AA T 4 0B B0 =2 W) Y eR g AR DL S Al
FH A i — R 3 DU AR5 3K 3 g R B 50 5 5 203 Ty
5 R i AT % 03 sh Z 1A R B #E [ AR AS
FI T ALK AE BRI S5 LA i b A AR e ) ELARRE
MAEAL i N B 52 PR Tl 7 v, A 2 R Bl Y R
PRz 2 RS TR AR 5 AE , WIPEZ 3l 7= A f i g
B0 )RR Ty x5 KA A s AR T
PEIE AR )25 R AT NI 1 328 3 RS B AR 1 o TRl
RE WAL #5% N TE XA & 0 3 B b 2R A7 07 A PH 0 3 72
o, AN AT SR 2 Ol B BB R RE g J g i
ATEAE . BEXE BRSPS Jy A mE, H AT Y
SR 7 1 BT L B )k VR Bh 2 5 Ak
brFRIEN S LBk Bl ) 28 ik R TR R 2 B X
PRI AZ 520, N T 5 28 60 05 e DL R 7
A ER, FEEHTEARERKX. Iz
SRS RN . a0, Alessandro %53 i £k
M 2 S A 3 B EM LA A
R Y O SR AL A 0y 5 B S e RE R AT T LAk
Song 55" R BAME B 1 2 7 T T T H
JiE % I E MLAS) (4 3 3 g 2 AR, A ] = 4E Eul-
er-Bernoulli 22 FRICHARFTFF YL, 007 T ALK
B H SRR 5 Sun S5 TE — Bl R A B T BPLAG
BB B, Sl AR 2 FOE AR SR B RN, T
JIT 3 ST () 4R B B ) S SR AR AR 3 B T LR

o, JfE A RoTE A SEE, Bk T AU R
AU IE AR s Wu 5Bl 0 KED 324301 T — 4~ F
T [ FR R FF ML A v i S B 245 ) 2 06 A5 % A
BB s e, DU E AL T A S s S A
SR, YA Iz B R R BRI BE # /N B



104 DS R YN

5% 39 B 2

I FH 2 Pk 3 g 2 T vk s S I A 1R RS G R D T
T ZE, MILZT, RS %A RIEREEIE
B 48 3 A8 1 W 52 32 3h =22 8] (0 4R LS ), SR R AR
B, BRI EAR B ERT . Wik, 733
e B R P T ST — SR R R T R £
1A 22 6 RS- 11 I IR ILAG 1 W 2 A A B R, 4n - 1
3-PRR ALK . 1 Lambda - BEALKY "7 F15 24>
AT VU 1 7 R BRALAY AR H iy AR R
M A, 340 RN LN F A 28 (] JF B AL Y
T BRILZ AN, AT — LA F o BT LR
SRR T VR, B Ma SO —Fh 3 Ts
Bl 2 R RSB AL B A3 B R R R T i, H
%5 V0T il B R A A R B e Zha VR
FH AL 336 66 B v 5K i Stewart HUK 3R SR, @ 2t
1o B R B PR A B SRR, RO R R
PR 1T L RE AR A5 BIL AL AE B0 A 7 % B Y IR Bl R
Stabile 45 " fiff B £F 5 — W Rk W 43 7 T Stewart °F
B R RIRTERE R IR 5 Y u I 25
BN 2 07 ST T IR BRALIR 1 B gy 2E AR I X
LW R0 N AT T A3 AT 5 Zbyngk SO F S A B
H 5 S T Stewart -G W80 J1 R, I FL
7 FHAE 5 T 5 4 [ RRAE 45 % A #4 B 5 Berend-
sen 8¢l RS B3 H Jr BEEE ST T & MO T
1 3RRR H-BX AL ol 24 A5 A

g LT, AR SCHENLES AN RIE S g2 F sl
SERIEARE L, P A AL g A TE S B 0 A
TR IE B AR . P RN, HE IR FIHLA
NI Z , BB E 5%, EHITEIS% bir
F R I8 b ) 1 = =G = | R Y
K, PRl ZR a1 3 ) 2 7 i S T 6RSS i
N RO S AIL 25 N 1) 3L Bl g 2 A BRARAIE T
HEA R ER R, CRE®E o B E TR R
TETFA NG BB T, s BE A, %
TG AN | [ AR R A Bl )2
FeME, JEAHT T REIE S )6 ST AR KN R )

1 BHFER

1.1 #lHiEA

AR SCRIE 58 X0 G2 02 DL AR RELES 2 4y Bt i1t
) 6RSS IFHEHLAY , Hh [ FEJE . 6 2k RSS I L
BRI i S AR v AT ae b 1, I 6 1> Fahiesk
KT H L, S5HWE 1. Sh s i
s N B 17 M i e me 9 LY S o N R AR

Ro Hir, B ARAR RS EE T L, BN
Os, L& IEACH) as Ay Bl 2o 5HTE B T ws AN ys
A B KT . 3B N (RIR SR PATAY)
it 6 2505738 B S A S SLE A E , BEAREER A3
ARy, BN E e TR iR RS A . il
W LA B KT o W55 1 28 B9 B3R sl 7 G, a5 5 il i
G:Si(i=1,2, -, 6 )FHIE, FEFF S:Q: 53 5 7E i 2 S
QBRI 5 AR AN R WA E . 55 i ESh
F A TS ) &R Y e % TT LA 0 [ 2 TN G AR
SRR CHEE, TE{CIRT, o filif s GHAR
]85 S:, ze il 2E S AE s 00 3R Bl 3l A0 e, B
yo, SR zc B0 SF AT FHEN] . SEFFARAR R IV F
SQi R EAL, Hob, o Bl AL SR WAL Q)
S o, B R s B SO AS B, o By, BHHORD 20 T
[F)FE S A TFHEN o X TFEFT S:Q:, W HE = 4E75 1]
Ryl [ I o i 20 B 1 E ) B SO 7 K 1A Y
(M FH TG 0w kb, 83 Oy M X Os A
A RRHIM I AmEX, vV, Z, H3INEsA
B FH wyz T2 X BRPE e ik, Rla, By y 430
T AT RS LE LM Y 2 o Bl oy Bl 2o BAG 5E B
Vil

B 1 {7 AR RS ORSS HERHL 4™
Fig. 1 6RSS parallel mechanism of humanoid

masticatory system™

1.2 EXRE

FE AT e 3t Bh g 2 2 O A IEL I AL N
6RSS I BRI 7 #L 1 Bl A B R 22 iy, A an
TR

1) AU AT 45 14 38 0 5 o 22 LU AT . R A
LG s R RS L, BRI DR 3% R Bk e ol



2025 4F Refsd, M. FETLES) 12k ) O AL a8 A3l J1 -2 PR RE 2 A 105

W&

2) 64HETS.Q.(i=1,2, -, 6) Ry HAH
) 5 7% 17 FR 19 23 7] Euler—-Bernoulli 32 . {8/ F A BR
PIRe YA Ok DA o L I 7l DR IR R/ QN B/ N |
K 2R s T AR W L Al A R AR

3) BARRImPAT A NI, HA SR EIE
A5 AR DR AT 0 AR TR R RE 23 4l R i BT 4% 7 AR T
NR B, R R SR JE AR R NI 2 B
G=Q) IO AN L A EEE L R DA o B e e A
PRz gh ik sh FJE AZ B 82, 107 AS 25 R AR 2 FDE
75 Xof W 32 3 1 52 1 L S PR 25 22 ) R 800

4) A 2 0K Sl B ALY e e, PR
S B e Sl AR RN R B R L AT B KA £, T LUK
A B 35 Ry [ B A, AN 7= A LR T AR IR 5
13 RBETHHAFER

RSO L AT SQ:(i=1, 2, -+, 6)553 K3
4~ Euler-Bernoulli 2 ¥.56 S.H, . H.L; f1 L.Q:, 4
WS Heo LFNQUT A 45 A1 S bR R il 4y
WA 3B R 3 A s i, ik 2 FiR .
TASFRITIN ) 7 2E R Sy 2

My A +Ki-Ay=F. — My - Ay (D
e Moo Koo A3 508 BREASTHY BTG A 1 . WY
JEE A R s S 5 B e, A R 43 o 12 X
12, 12X 12, 12X 15 Ay R Bk 7 ) 4 A X i
[B] e 19 B S8 Fe RN 12X 10 Ty 1e
&, HEoT A B EYE S KA 2 AR, R T
Ap IR A R E R 32 32 R AR 1 2 A
T SRR T B e i h r  AR  ADR AE E
FRARAR RN R EAT 23R 1

y y y Y

B LB R4V s LB
o N\l ﬂ/_ o1,
AR LR AR AR

2 BiFEFPHINRETRELER
Fig.2 Three beam elements and their coordinate system

of the i-th coupler
AR LR B Sy 2 A S BN TR iE Bl
R0 Bl J) 2 R R 2 — AR AR AR R S P AT R
INo BRI SN B R UE{ SR
] R’ N
U= \T-A; 2
L T = diag (WR, xR, xR, ~R), sRIEMN{S}Z
B NS R AR WG R . A

A= T"-U (3
Kol , nifE
Ar = T"- U, 4
A U HEARERITH 215 AL 8 o NP iz
FeERA MR R, KAN12X 1, KX 3D
4 fRARK (D Arfg

Me- T - U+Ke-~T"-U=F¢—My- T - U, (5
S [l A T T T A5
My -U+Ke -U=F: —M:-U, 6)
Hrp,
My, = T -My-\T"
Ki = T - K¢ - 3T" D
Fi=\T-F;

X O AT EATALE1INRAIT, 34
REHICAE( S R BB ) By

Msu, - Usi, + K, - Usy, = Fs, — M, - U,

My, - U, + Kup, - Uny, = Fug, — My, - Usg, (8D

Mo - Ung + Kuig - Ung = Fro — Mig, - Usg,
Hor,

. Fs | —Fu | . —F\,
FS,HL = R ’ FH,L, — . ’ FL,Q' — . (9)
Fu, F. Fo,

X Foo Fu. FoRF 53590000 78 FTFE S5 5508,
Hiy LA Qi RIS g 8258 A oh g 2e = i, HLAR
TE{STR P TR . o H AL g b A5 A5
VEJRAE 2 A A 50 1 04 g R R /N AH 45 77 1
S, BELAAE Fuy B Fg hA 240605 0 dF— 2540

b, X (9 5N
| FL Fi| . |F.| . Fy,
FS,: . ,FHL: . ,FLL . ,FQ,: .
F3 Fi F? F3,
(10

e FUF2 5 B VEFIAE S 25 S b i o K
Hh I3 Z RN BB ) A R b i FE 2 A, A IR

SE X HZHEM
BT, B L — AR/ 24X 1 [ ]
Us
Uy,
USHLQ, = (11)
U,
U

. AN Y S H Li*“QiH‘J%%‘VI"



106 KEFETRER IR

55 39 B4 2 )

MR m i, KRB 6XT, il 3

Usn = A, - Usng,
Ui, = As - Using, (12)
Uio =As - Usiig,
Hrp,
A =[ Einci Onxi ]
A, =[00xs Eixin O ) (13)
Ay =[00nx Enxi ]

K. A Ay ASHARAERE, I TiEEGAD R
BATTHY 2 B RGERT I 44 A, FRARK
(8) Arfe
My, - Usiig, + Ks, » Using, = AL+ Fy, — M.+ Ussing,
My, - Usiig, + Ku, + Usiig, =AY+ Fuy, — My, + Usiig,
Mo, - Usio + Kig - Usiig, =AY - Frg, — My - Ussino,
(14
Hrp,
Moy, =AY - Msy, - Ay, Ksy, = Al - Ksu, - A,
My, =AY My, - Ay, Kyy, =AY - Ky, - Ay (15

ML,QL :A% . ML,Q, . A3 N KL,QL :A% . KL‘Q' . A3

ol Q4) i 34T R A S 24T P A 5 S A
IR

MSHLQ, . USHLQ, + KSHLQ, . USHLQL = FSHLQ‘ - MSHLQ, . UrSHLQ,

(16>
Hr,
{MSHLQ, = MS,][‘ + MU,L, + ML,(‘)‘
a7
KSHL()L = Ks‘H, + KH,L, + KL,Q,
iUP MSHLQ‘ %ﬂ Ksmo,ﬁ%”ﬂ‘jﬁéﬂ?sioiE@E%%ﬁﬁzﬁ%n
W BRERE B4 o 79 3 S F QD BROC T BT 7R 45 1, A
THEEHE, TR R 3X TR Ty m s A77E, Al
I‘—’;; :F’;Qz), :03><19 Jrl'J

F
A oA A 01551
FSHLQL:A]I'FS,H,+A£'FHLL‘+ASI'FLLQ,: N
Fy
03x1
(18)
s Fawo o2 RUAEATE ) A SN T3 Z AR L 3

JITA R
1.4 RigHITRAIRENIEE

TEL279H, BARRBCAR AT & A WA, A
B, (A NERF I & 5 28O0 AT 4

FEAERUNNIPEIR BN o B S EAT A% B0 0w 1YF- 30
I 2y ) 5 A S PAA T 8 0 7 sh 4R B 1l 4 S Ry
Uur=LU. U U]
Ur=[U. U U, ]"
Kb U3 TTR IR On T { S TAEPR R 3
AN ERE SRS AL RS s Uk 3D ICER 20 R
S AT A TR WP A2 3l G 3 S R 0 Bk 3h % h f
FE o Un R U ZE[R RS BRI 6 X1 4t 1 % 2 0] 4t
U =[Ur Ux 1", FF A8 K o 047 45 19 4k 30
SR RIEEZE B, R BE ML,
it — 25 ] LUAS ) R0 IN G 3 A B 5|k 1 T A A 4
)
Ry~R.(U)-R,(Up)-RAU,)=(Up x )+ E; (20)
A R(UD, R (Up), R.(U,)%HIFREE T,
y iR 2 il ) T A AR AR B, B Bl AR B G iR U,
Us, Uy; F55 XFRRH KNN3 X115 ) 2 J
A 37X 3 i A B X RS B
AT B T Oy (1793 J3E 12 e

_ Vo, Ux . .
tep = + | . =M. X + U QD

o Us
KHr: Vo, WARUGIHATEF T On R 3 0w h
KIGIAT B FE BB 5 U+ B0 Uw 53590 0 K S0 A T
ar- P M S IR SN, B U A U X R —
NS Xee=[X Y Z a B y ', Xus W I
Xt B TR A — B S5 ML R X S B K S BhA T
o R e ) RBUE R . R, AT AR R A T AR )
BIEE>

QL))

Kee = % ‘ f]!:E “ Mgz - ZEE (22)

A Me =diag (mus - Eves T ) —JCHUMEE

W5 mos ORI AT 2R B BT 5 Lew N R S AT 45 1]

g omEmia. KX QD LA Q2) F

CIEES

Kip = K&y + Ko - Upe + Uy - Ky - U =
%-(XEE-MI-MEE-MQ.-XEE+2-X'£E-MI-

Mye - Use + Ut - M - Uz (23)
Hrp,

Kr?r:z - XrTr ° MHT ° Mm; (24)

: 1
Kz = E - M



20254 FefR, A R TESRIES) 2 05 N HIEBL &8 A5 3l I 2= PRk o B 107
h W 2 Bl 6 B i e T H IR 3 2 B8 RS Z A UL 2 O Oy, Qi =0, Qi o

ARG PAT SR, MR, AFE His— s

IR b ALl , BB Uor=Je - U (33)

PEE:mEE'g'ZEE 25
e Po ORI AT AR AU RE ;s ¢ W E T,
WUE D 9.8 m/ 8?5 Zue 9 A S $AAT 458 i A 2 Bl 1

AIAR R o — 2D AR OR S PRA T i O 7 LG pR R
LEE - KEE - PEE (26)
F b ] A S R T N
d GLM aLLt _ N7 c T _
E aUHC - aUtL - MER UTF + ( KF,F.Z) FEE (27)

K Fo HOXTHERE) L Iy
1.5 TRMIEARHE
FYEEFFS.Q:(i=1, 2, -, 6) 73 B3 1k 245
BES R Q.55 R B A S AT RS A E L DRI
NI W R 4% 0 AR A S T 2 A 37 4 5 4
RIS — 80, L2 A AT 0, B of i
BE M B E KL, LA Us, = 0610 11 3ZEFTF 5 R 35 A
17 A TE UM A S0 R« 75 6 S AF IR AR Y
SERME IR, RS BT 8 4 A IF 1] ] R £ 7
S IR
Z 0T T e R A A 0 R = Ry 7630200 sk
15, DRt — A Tl 5 4 X 4 4 ) — B0t A I N

v, | wR U
MET - (28)
|:01x3 1 :|
BT LAA S Y 2R B ML) R —BUR SR
\1:T - M,T MzT (29)

Kum AT &8 B o9 S 0.(i=1,2, -, 6) 7
{ M RFH M) RT3 REAE Qi F1 Qs { MY AT
Q. TE{S R AIFR N

05Q.> s OM2 i2
|: SQ :|— MlzT' |: Q } 30
1 1

KH:0:Q . FRLLOs MRS, Qi WAL
0,00 XRVL Oy, Wil /5, Qu NA SR . K
2 29 LA (300 AJfE

0:0.- (0.0,
{SQ}—MTXT ‘Qﬂ 31D
1 1

Q: WSk Bl °] R

F@ﬂ{maﬂ{m@f
o] | 1 1

MTR 050y |:( Uk X )‘[OM,QL'J]JF U,
01><3 1 O

} (32

Fo By A bR R A M) R e B { M}

L Jo=wR-[Eyy —(04,Q0)x], & (33)
B Ay 2 T R0 A 0 SR AT 3 22 [0 0 A8 B R 45 4 o DA
HRTE W, QR F SR B JF AR Bl Ny AR T &
AR St AT I B0 ) o 1 PR
1.6 EKHMBEh HFEE

R RS, 8 L —>96 X 1 4k [l ST
J AR ) S AR A ARG I TR AR
U=[Ui U! Uyr - Ui U Ujr Uil
(34)
KAy Ugw I 3X 1 HEHIF ) i, %ﬁo%ﬁm%
BgAs . N ERATEUME ST A, X g R AT

AT A
Us,
Uy
Usin = | U, | =Pi-U (i=1,2,--6) (35
Uq.r
L UQ”R a

P;=|06x12 Esxs x7

E6 6 06 x 19
OGXG EG X6 06><13
|
| 05 h,OHJ

[03XI8 E;.;
i 06x96 1
Esx
Oﬁx(ls(i—l)) oxe 06><(90—6><(15(£—1)))
Eﬁxs
0()><(6+15(i—1)) 6x(90-6x (6+15(i-1))) (36)
E;«;
3x (12+15(i-1)) Eoxe 3x(93-3x (12+15(i-1)))
B 06x 9 |
X R S PR T 48 14 9 ) 22

Ui = Osxo0 Eexe -U=P;-U (37)
3 b AR A AR S BT #R G 8l ) 2R R
AT E S, W45 58 B R PR £k g B ) 2R AR
Ry
MU + KU =F (38)
Hrr,

6
= ZPL‘TMSHLQ,PL‘ + PIM P,
i1

K - ZP,'TKSHLQ‘P,' (39)

6 6
F=;Hmm—gwmmmm+wng



108

K TRER 2240

55 39 B4 2 )

Krfr: M. K. For 50 UK 0T 56 R . I3 6
FERNT™ S ) d, X AR AR R ALAL [ B
JUMSH. (i, AN B A G

2 BEHTEMON

21 wHETE

BLER N 10 I 3 R R 2 2 L T fig ik 21 1 32 3
KB, T SRR 5 W B R ik B FE R R A OG
X 2 AR i 55 - i AiF HILAA 1) 46 31 Bl ) 2 4
BE, DR AS SCXF X 2 AN AR 5 T R T A AU o
Bro =k (38) Frow, MWLM Zh J1 2= B8 g — Fy
W TR, BT WA R AR P AR e, X
o B — A RN, T R B vk
115 . Matlab 20 AR 95 5 G050 7 R 20 B9 HE A
UL T ZFOR AL PR, vk UL T 4B
HUS By oAt — PR 84 Bk 1 SR A 4 odedS, (HR 24
M. 1D URMEL U KRS L, £ 7R R
K 20 A [a] He [ 45 4 B 0 o R B K
B2, RT e SRR RS R, JF AR ARG B
BT A R AR G UL A X W B4y O
PRI ode23th SR A8 X AT IHA, 20K o 2k
T TR-BDF2 J5 ik, BIFERAEMSE—. BB,
Sy T B WK D R e 25y B R
AR SR E I« Mass W& 5 #2411y 5
A X 39 B M; RelTol Wik
B AR 22 5 107 AbsTol 3 % B 48 %1% 25
10°; MStateDependence T 15 & Ji 1 4 [ % | L AR
PRIJUHIRE R “strong”; MassSingular 7 B ff 3¢
TN RN R AT SR 5 odeset iy 4 H At 1 T
WE ARG . EFSHNT: KEH 52 mm;
AR AR 4.7 mm; 4% G PR R 207 GPa;
BTUIRIEE ) 80 GPa; %4 7.83X10° g/mm’; A
FALEH 0.3, [FRF, B AR R R 15 mm; Z8iE
FER I S 6 630 g-mm®, AR U ST A R B
H340 g, O IO I Bl I R R R

820091.15 —26.57 —137019.15
—26.57 423459.18 —88.6
—137019.15 —88.6 818784.7

EYEEZ, N{CIFI{NI(i=1,2- 6)%
FI{ S} 2 e 55 78 S 50 14 49 53k

08541 05201 0
cR=1-0.5201 0.8541 0
0 0 1

0.854 1
0.5201

0
[ 0.9310

—0.0822

L 0.3558
[0.9310

0.0822

1 0.3558
[—0.8127

—0.1215

L 0.5699
[—0.8127

0.1215

L 0.5699
[—0.6625

—0.6975

L 0.2733
[—0.663 1

0.696 1

L 0.2753
[—0.7730

0.1463

L —0.6173
[—0.7718

—0.1447

. —0.6191
[0.2350

0.2121

1 0.944 8
[ 0.2348

—0.202 8
L 0.9507

S
czR =

S
CJR =

oR=

S
C_;R =

R =

s
,\I\R =

R =

wR =

S
oR =

0.5201
—0.854 1

0
0.3651

0.2096

—0.907 1
—0.3651

0.2096

0.9071
0.5827

—0.1694

0.794 8
—0.5827

—0.1694

—0.794 8
—0.6559

0.3637

—0.6615
0.3623

0.6203

—0.6957
—0.1918

0.8736

0.4472
—0.5704

0.5879

0.5736
—0.0465

0.9772

0.2070
0.3736

—0.8841
0.2809

0
0
-1
0
0.9743
0.2251 |
0o
—0.9743
0.2251 |
0o
0.9780

0.208 5 |
0

—0.9780

0.2085 |
0.3620 |

—0.6174

—0.698 4 |
—0.6550 ]

—0.3615

—0.6635 |
0.604 7

0.464 1

0.6472
0.2810

0.7959

—0.5363
0.9711

0.004 3

0.2385
—0.8974

—0.4211
—0.1318

il 3 SCHR (9] BT idk i 3l g 7 i i, SKRAG 64> &=
BT R IR I FE AR 3 R, LAAE =0 (38)

i Es T .

0F— —_— = A=
‘50,60 \ =
Z o4 3
02 4

ﬁ .
R — =\ A
Fo02 BER
04 S — :
0 1 2 25 3 4 5

i/s

3 6N EFKBHIESNNIE

Fig. 3 Drivinging torques of six active joints



2025 4

Refsd, M. FETLES) 12k ) O AL a8 A3l J1 -2 PR RE 2 A

109

22 BERE
L (38) A Jo ek B MR P K
CIECYIRATORE P Y E )
det (—w*M +K)=0
w
/=0
K det () MIHFEHFETIREG o 5150
Sl Sy o R R SRR 32 AR e R IO o B K NI
FEH M RHAMG, M5 X mEIk, AR
WS H SR, S5O,
23 HEHZR
S RAF YR S AR AN A SRR BB T 2
BUAS R R T 0 ft B A J 3 R 22 10 s 1Y PH I 2 3
Bk, WK 48R,

40>

-50
-60
g
£
& ~70
-80
5
5 100
H o 90
X,
w570 xs /M0

B4 AREBRSEESTIFEBGIESHE
Fig. 4 Chewing trajectory of the lower incisors of an oral

health volunteer®

Uity PAA T 4 A S A Ak it o s S 2 LG A6 A 15 )
ER T, wE SpiR. BEIT, Feoo Fo, fFs. 5
SR I R S 7E{ S VR 34 bRl B4

kR (38) WM, A . LIS
B A Ui AT 45 1 IR 2N 2 B A L 6 T 7 o DA BT
WA, A S IERT, VLR IR AR
JEAR/N, JUT-A 20 AT, 65 H S VE KA 5 .
WA 1), 7 A B PR3 L B e EE BT g Ok, {3
SETC AR EAREN, R RITHAHLA B A B
NI

ME Mg 1/N

/s

Es5 NERRSBEEEREERGERED
Fig. 5 Chewing reaction forces of an oral health

volunteer when chewing peanuts

s (400 THE LA 7E RS 1] 4 45 5 /Y I
MR BE T B AR AR i ] 4 A2 A 7
PN

HE7 () ~ (D "TH, HLR R —Br 3 28 50
[, A58 A 1 X RSB S 52 e, 75K FHAE BN, N —B 5 75 B A SRR AK R 3
~ 0 10 I 0
s PR £-0.01
S S 0 —0.02 ' |
-20
5 10 0 5 1 0 5 1
i/s /s t/s
(a) xsHh 1al IR BN KN (b) yelAIRB) K (o) zsHmIMIRBI A/
10 10
o ~ 4 ~
L 3 L S s
X X X
~. 0 [ q ~ ~ 0
o ) I~} v [
-5 0 5
0 5 10 0 5 10 0 5 10
/s t/s t/s
(D) yRRBLA T7 8BRS AN Ce> BYWH M 77 18 FIHRBN KN ) oK A J5 TRl IR B K/
— TG S ST — HUHME ST

B6 A. FLMHEERENRKRHITRORINLE

Fig. 6 Vibrational displacements of the end effector with and without chewing reaction forces



110 KR T AR R A2 539 B 2 W
600 1300 4 000
500 e L 3900
N N jan)
T & S
> i 5
400 < 100 3 800
3700
3003 3 10 1000 5 1 0 3 10
/s t/s ) t/s
(a) 55 BrESRE (b) BT RHiR O == NEES T ES
4 800 5335
5342
N
: N
N = @)
Z 4470 & 5315 2 5340
3,
5338
5295
4130 3 0 0 3 10 0 5 10
t/s ts i/s

(A FEUWrEREER

(o) BHK 11 AHiR

SO VNNREZS 7 B

B 7 HAEEIH B AR

Fig. 7 First six orders of natural frequencies of the mechanism

MR A SRR A R AR AR Ak 0 RE R 5 AH — 2,
2 WA R R 2 B A OG5 B E R R g A A
P&, NIBIRE T 300 Hz, TS A48, A
(A PEL AR — M e 3 Hz LA, T LARELUEG &k 7 45 M
HHLRG = A PR R

£ TR e s DN R YNGR B i
FRUAH TR, 23t 2 ) 2% O vk 76 S A% v R B0 1 B
B R AR, A AR T U I A% R ST S A A
KRG PAT S B8l 12 R, RN (8 Hh 3R AR
AT R O T R A 2R I B R AR Y R B
Ty 245 A, i FH Matlab K1 B8 85 45 S (i B b X H
TEREEIE, ARV 5 sl 2Rtk . BUE
SEILRW], RH R HLES A B NI EE R [ SR
R AT B a5 sl 2 bR . BRE, Rksh
27 AR AR DA @ AL RS N B ) 2 AR R R
TEE b R B B A i S B B RO . TR, K
JE BB CRALAG (I AR /N, T K B SR 00 R B 1%
B PR AR I 2 )l

3 it

AR 6RSS JRIB i A RH AL a5 A 3 3 g
SAPERE, TEWITESh Jg 2 0 i i BE A L, A ORI
LeMESh Jr oAk, S T LA R S Bl ) e R
ARAT ] B W A o0 T R 21 3 s Y BILR 5 30
SRR ORJE, R TR R AP K ) s 22
O R WO BB A ok, ARAT A BRI N MEL PR 29 3 I

HIPLRG SRR AR F [ SR %, EEES IR .

D EESHER ERT, Plds AfE6 11z
B 7w b R R JE AR 435 1.7 X 107 mm
1.1X10° mm, 2.8X102mm, 7.1 X10° . 49X
104, 7.0X10°°, JEASEBIEK /N,

2) f/NHRIIE 300 Hz, 28#8 A Y g A
B, P LARH I B g HE LB AR 2R, R AL B AT
LSRN C e WAy Y8

A SCN SRS Iy PR A A B R R, 4G T
FER A 05 AU iz sl BRI 25 LY, R TR
MAE B THEMNL TIE, Fg, ik
B 3 LS L B 0 N RH W BILAS N 5L B ) 2
PR, 275 R AR 2 o R, JF R R O
Sl R Ay 2 W R A B N AL IR BIL 2 N B B Bl ) 2
RIS

S0k

(1] skuirige, BRET, BRErie. 5ET 1 nELRE i 2L (Y ApL g A5

AR (1], &dh Tl RHE, 2022, 43(5): 1-
12.
ZHANG X F, CHEN Y, CHEN J S. Research
progress of masticatory simulator based on the
principle of oral mastication[J]. Science and Tech—
nology of Food Industry, 2022, 43(5): 1-12.

[2] CHOW R, MOSTASHIRI N, DHUPIA J S, et
al. Simultaneous vision and surface electromyogra—-
phy measurements to evaluate masticatory robot
TMIJ reaction forces during mastication[J]. IEEE
Sensors Journal, 2024, 24(7): 11279-11286.



2025 4F FefR, A R TESRIES) 2 05 N HIEBL &8 A5 3l I 2= PRk o B 111
[3] CHEN B X, DHUPIA J S, XU W L. A chew- 196.

[10]

[11]

[12]

ing robot to assist quantitative food analysis: kine—
IEEE /
2023, 28

matics and fuzzy scheduling control[J].
ASME
(5): 2908-2918.

MOSTASHIRI N, DHUPIA J, VERL A,
Optimizing the torque distribution of a redundantly

Transactions on Mechatronics,

et al.

actuated parallel robot to study the temporomandib-
ular reaction forces during food chewingl[J]. Jour—
nal of Mechanisms and Robotics, 2020, 12 (5) :
51008.

CHEN B X, DHUPIA J S, MORGENSTERN M
P, et al. Development of a biomimetic masticating
food

Mechanisms and Robotics,

robot  for analysis[J]. Journal of
2022, 14(2): 021012
WEN H Y, CONG M, XU W L, et al. Opti-

mal design of a linkage—cam mechanism-based re-

texture

Fron—

16 (3) :

dundantly actuated parallel manipulator[J].
tiers of Mechanical Engineering, 2021,
451-467.

WEN H Y, ZHU J X, ZHANG H, De-

velopment of a masticatory robot using a novel ca—

et al.
ble—driven linear actuator with bidirectional motion
[J]. Frontiers of Mechanical Engineering, 2023, 17
(4): 31.
XU W L, BRONLUND J E.
biological inspiration to implementation[M]. Berlin:
Springer—Verlag, 2010: 1-32.

AR, e, PHEEZE, 2%, 6RSSO7 AJFHEAH AL

Mastication robots:

i NI R Bl 0y o o B (1] BR YT A2 4
2024, 45(3): 16-22.
CHENG C, YUAN X J, YANG N I, et al.

Rigid-body inverse dynamics modelling and analysis
of 6RSS parallel bio-inspired masticatory robot[J].
Chinese Medical Equipment Journal, 2024, 45(3):
16-22.

ZHANG Q H, ZHANG X M. Dynamic analysis
of planar 3-RRR flexible parallel robots under uni-
form temperature change[J]. Journal of Vibration
and Control, 2015, 21(1): 81-104.
WITTEVEEN W, PICHLER F.

vance of inertia related terms in the equations of

On the rele—

motion of a flexible body in the floating frame of
formulation[J] . Dy~
namics, 2019, 46: 77-105.

ALESSANDRO C, ROSARIO S. Elastodynamic
optimization of a 3TIR parallel manipulator[J].

Mechanism and Machine Theory, 2014, 73: 184-

reference Multibody Sysemt

[13]

[14]

[16]

[20]

SONG Y M, DONG G, SUN T, et al. Elasto-
dynamic analysis of a novel 2-DoF rotational paral-
lel mechanism with an articulated travelling platform
[J]. Meccanica, 2016, 51(7): 1547-1557.

SUN T, LIAN B B, SONG Y M, et al. Elas-
todynamic optimization of a 5-DoF parallel kine-
matic machine considering parameter uncertainty[J].
IEEE/ASME Transactions on Mechatronics, 2019,
24(1): 315-325.

WU J, WANG L P, GUAN L W. A study on
the effect of structure parameters on the dynamic
characteristics of a PRRRP parallel manipulator[J].
Nonlinear Dynamics, 2013, 74(1): 227-235.
ZHANG X P, MILLS J K, CLEGHORN W L.
Coupling characteristics of rigid body motion and
elastic deformation of a 3-PRR parallel manipulator
with flexible links[J]. Multibody System Dynamics,
2009, 21(2): 167-192.

BRIOT S, KHALIL W. Recursive and symbolic
calculation of the elastodynamic model of flexible
parallel robots[J]. The International Journal of Ro-
botics Research, 2014, 33(3): 469-483.

SUN T, LIANG D, SONG Y M. Singular-per—
turbation —based nonlinear hybrid control of redun-
dant parallel robot[J]. IEEE
dustrial Electronics, 2018, 65(4):
LIANG D, SONG Y M, QI Y,

modeling and integrated control for tracking and vi-

Transactions on In—
3326-3336.

et al. Efficient
bration of a lightweight parallel manipulator includ-
ing servo motor dynamics[J]. Mechanical Systems
and Signal Processing, 2021, 153: 107502.

MA Y, LIU H T, ZHANG M,

dynamic performance evaluation of a 6-DOF hybrid

et al. Elasto-
polishing robot based on kinematic modeling and
CAE technology[J]. Mechanism and Machine The-
ory, 2022, 176: 104983.

ZHU W, JIANG M, YANG F F, et al. Model-
ing of a hexapod piezo-actuated positioning platform
[J]. Multibody System Dynamics, 2024, 61 (1) :
19-42.

STABILE A, YOTOV V V, AGLIETTI G S,
et al. Effect of boundary conditions on a high—per-
formance isolation hexapod platform[J]. Mechanism
and Machine Theory, 2022, 177: 105020.

YU G, WANG L P, WU J, et al. Milling sta-
bility prediction of a hybrid machine tool consider—

ing low - frequency dynamic characteristics[J]. Me-



112

K TR

5% 39 B 2

chanical Systems and Signal Processing, 2020, ure joints: less is morel[J]. Multibody System Dy-
135: 106364. namics, 2023, 59: 1-17.
[24] ZBYNEK §, KRIVOSEJ J, VYHLIDAL T. Three [26] ZHAO Y J, GAO F, DONG X J, et al. Elasto-

dimensional delayed resonator of Stewart platform

type for entire absorption of fully spatial vibration

dynamic characteristics comparison of the 8-PSS

redundant parallel manipulator and its non-redun-

[J]. Journal of Sound and Vibration, 2024, 571: dant counterpart-the 6-PSS parallel manipulator[J].
118154. Mechanism and Machine Theory, 2010, 45 (2) :
[25] BERENDSEN D, SRIDHAR A, AARTS R. A 291-303.

redundantly actuated 2-DOF 3RRR PKM with ex—

(A xR

BIE1EE R EM R AN A

W, B, R, AR, KEEHLYR . BEHLR . BIRLER, PIIE =R A
T2 — A B E T, KN Re & By 4 5 48 BRI R AR A DG I B# B TAE . 05 B 42 AR
20350, ARAENBHG A2 — A 10, A2 ARSI, hE R B S A A A
LI, B4 A 2 AR B R T A0 75 R 3 2 130, W R % KR8 =4822 100, BV B T
TEH AR AN R TE AR 400, R RACERWHESCI0RE, Ko SCIL EVRSOARGM, thRE %7,
M 3ER, BAEZ LM oI, B FAEA 21T, ARAAEBRG M IREE 1T] . AR PO SRR 11T
BWARREE LT, R IT], BRSSP EE TSR F AR SR, 4 FE 8 s
IERF IR AR, 2 =R R 1, AT, hERERE CERM+T R
SR RUE A R FERE U FE DA 1 30T, MU BT QB KT8 P 4 100,

FR, B, W, FZNFG A AMCH SR TAE. ERBEPTS AR AR 1T, /ERN
—EH, IMREFEARLFE IR, KERSCIIRX TR, PO 1RE, $4E Nonlinear Dynamics, Mecha-
nism and Machine Theory . 1EEE Transactions on Industrial Electronics % 24~ SCUHPIS SCH A, 7EHL
ar N AR . Z A S )2 E i i e BOERE . BB 12 AT R 0T | ds sh s A O T RS 24 BT R



