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Design and kinematics analysis of powered cervical
exoskeleton based on human biomechanics
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Abstract: For radiculopathy and sympathetic type of cervical spondylosis, a wearable powered cervical
exoskeleton based on 6-SPS/CS parallel manipulator was designed based on the rehabilitation therapy of
cervical traction, flexion/extension, left/right lateral flexion and rotation. Firstly, the exoskeleton
manipulator design and cervical motion analysis were designed based on human biomechanics, and the
inverse kinematics analysis of the exoskeleton equivalent parallel manipulator was carried out by using
the space coordinate transformation equation and the close-loop vector method. Secondly, the ADAMS
software was used to perform motion simulation analysis on the exoskeleton equivalent manipulator
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model, and the time-varying curve of displacement, velocity and acceleration was solved. The

simulation curves and theoretical models were compared and analyzed, and the feasibility of

rehabilitation range of motion was further verified. Finally, the rehabilitation function of the powered

cervical exoskeleton prototype was evaluated and analyzed experimentally. The prototype can achieve

the range of motion of —15°~15° on the coronal axis, —20°~20° on the sagittal axis and —15°~15° on the

vertical axis, which meet the needs of the human cervical vertebra motion. The results show that the 6-

SPS/CS powered cervical exoskeleton can assist the human cervical vertebra in traction,

flexion/extension, left/right lateral flexion and left/right axial rotation rehabilitation training, which

provides a basis for the subsequent manipulator optimization and clinical application.
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Fig.1 Motion distributions of cervical vertebra
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Tab.1 Motion characteristics and comfort range of cervical

vertebra
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Fig.2 Mechanical equivalent model of cervical vertebra
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Tab.2 Structure design parameters of powered cervical

exoskeleton
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Fig. 4 Powered cervical exoskeleton manipulator model

AL,

1 IUHE B 3 50 B B 3l F B WA AL E B O
BN Oy=(xp, yp, 25), e, x5, yg, zp 20103
AL O, ER X, V), Z BB ERIEE,
HUMES) 1 A B B RS AL 2 h 3 F R RS
3B AN IA . BET BRI IRE RS 5 R
KA, U R e e 4 mT ply S A b A9 3 e
AR S 3]

C0SgpC0Sg3 singjsing, cosgs —coOSg)Sings COSq Singy cosg3 +singg sings
cosqgpsings singj sing, sings +cosq cosgs COSq Singp sings —sing cos g3 (1)
sing cosga

COS g1 COS g2

TESIR R 0-XoY2Z, T, FERECALE m AR
PRR AN

by = cd ’ cdtanf; ’ O]T
Va2 +cttan?B;  Jd? + tan?B;
by=|- cd ’ cdtanB ’ O]T

Va2 + cttan?B;  Jd2 + 2tan;

T
_ 2
b _o.osg,d\/l_w,o]
C

by=|- cd , cdcotf; , O]T
V% +c2cot?B3 \Jd2 + c2cot2B;

bs = cd -~ cdcotf; ’ O]T
Va2 +c2cot?B3 AJd? +c2cot?Bs

T

{ 2
be =10.058,d4[1 - (0'028) ,0
c

- 15 38 1 A Bl A 0K B B 3k B B eI 2k
(L, MREGOLE R R G RER M, W] 15 Sk




22 o B TR 2 2 R

2022 4F 5 44 4

i s B B A; BB RS Ly, RIAF RO A9 7
Fufit o B i A SCEERY T E AN 5 B o

5 FiTXHENRESTE
Fig.5 Vector analysis diagram of the i~th branch

Li=(Py+ P—Py) (Py+ P~ Pyy) =

Jmm+P—AJWRm+P—Ag=

Venea +bmsa) a2

K. Py IR OB ERZTHN B RE; P, Rw
04, E ZH M E R PRRITEER A
O, TEERZATHINI B R ; A 7R TREIEERT
AR s B Ron LBOSTEE RIPAAER; b, ROR
LB ARAR RPN B R x4, YA, 2497
B BTN T ERECAL B A, TEE R ALARE ;s xa,,
yB;» BT N RN L ERET B S B2 R A
A (ERS

WIGR (2), Al %0 6-SPS/CS KA1 8 - BEHL
P07 B R ARG, Kk, eS| Kz o A4
SHE MBI T, LA T 4 Fh R a2 sh i
TAMEEE I E S S EL

3 BHMFHESHERSH

31 HEHRESH

TEATT LA Fp 22 o) SUME 36 g A1 i S5 RO Bk
PURREAY , 13 BB 6 A SCEERIRI LR B,
Kl 6 . TeditfiZe 5] iz s R I GRS HE M
M, BEATSIMEZE S| A JE . Ze A
FIIKP ek 4 F e S 18 s, al UK fi# H 4% 0K
ST A AZ AL AL B (7 5 . AR SR I 3
Mz shETE L B T B, ek 3 5K 7 i,

400 - WIUHA B /mm
350 L L|:147.872 2
L,=147.8722
- 300 L=174.183 1
g 250} L,=191.886 1
@ 200 L T L5:191886 1
. L=174.183 1
% 150 F . B,°
100 F
50}
0 -200
-200 I 9
0
Y o

< o
Ko ' 2007 200 e

Blo IFHERNIMNEHRERVIBIRIEALE

Fig.6 Physical dimension of fixed and moving platforms
32 RGBS

MM ADAMS #fF iRz s i1, &
AHET SOLIDWORKS 4 2 ) S5UHE 5l 1 51 F-Hs — 4
SEROREAY, IR 8 firas , IR USRI Y iz Sl R 2y
o WENMBWERE N E . i FakMNh
25°, 3 AHEE 150 mm, H Pl 7R R K R
b, ZIRBER G| Sz s RN GSH, AP

R3 THENNIIEREVVELERBEEED

Tab.3 Inverse kinematics solution of the equivalent manipulator of powered cervical exoskeleton
PSe 44 JfRZER / mm
U %
Z/mm /() q2/(°) q3/(°) L, L, L, ILg g
WIAHL 150 0 0 0 147.87 147.87 174.18 191.89 191.89 174.18
5| 190 0 0 0 163.18 163.18 188.98 210.56 210.56 188.98
HiTJE 170 -15 0 0 145.47 145.47 176.04 222.60 222.60 176.04
Jefi 170 30 0 0 199.61 199.61 209.31 172.53 172.53 209.31
e 170 0 -20 0 166.21 154.53 175.25 186.80 224.33 200.97
A 170 0 20 0 154.53 166.21 200.97 224.33 186.80 175.25
Tl 165 0 0 15 175.22 150.45 183.73 206.29 207.09 193.18
Filie 165 0 0 -15 150.45 175.22 193.18 207.09 206.29 183.73
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Fig.7 Rod length changes of powered cervical exoskeleton under four rehabilitation training modes
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