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DESIGN OF AN EXOSKELETON SYSTEM
FOR HAND REHABILITATION

ABSTRACT

Hand is the main part for human beings to interact with outsides, thus hand injury will seriously
affect people's living standards and quality. Medical studies have found that, hand recovery can be
effectively accelerated if patients take high-strength, highly repetitive rehabilitation exercise after
operations. However, the traditional way by the human assistance for rehabilitation is not only
inefficient, but also expensive. With this background, this paper studied and designed an
exoskeleton system to assist patients' autonomous hand rehabilitation exercise, and to promote the
recovery of hand function.

After introducing the physiology of human hand, this paper proposed a geared dual four-bar
linkage structure. By kinematics modeling, static analysis and finite element analysis, the structure's
feasibility and reliability have been demonstrated. Meanwhile, the optimization method was used
to determine the part size, so as to improve the system's kinematic performance.

To design the exoskeleton drive system, a kind of smart materials - shape memory alloy was
innovatively utilized in this paper. An differential rotational drive based on Ti-Ni shape memory
alloy was designed and its mathematical model was analyzed. This special design of drive system,
overcomes the conventional exoskeletons' shortcomings of complex structure as well as bulky size,
greatly reduces the weight of exoskeleton, and effectively improve the system's portability.

Based on AT89S51 MCU and IRF3205 MOSFET, exoskeleton's control circuit and driver
circuit were designed and manufactured. Besides, the 3D printing technology was introduced to
produce the exoskeleton structure. Finally, through a series of experiments, the hand exoskeleton
system's performance was tested and analyzed.

Key words: exoskeleton, hand exoskeleton, hand rehabilitation, shape memory alloy
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g 24-27 44-51 16-18 25-31 13-16 24-27
T4 tE 23-26 43-50 15-17 24-30 12-15 23-26
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FH AR B E LT D RENE S@ Nk, ERAEAMT B T T MU, AT G
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FHAREGIM I T . FHELATEGT b — i—— TR RO O #e3l. 0 O b T TR
PR, MR AN AT REAESLAL 22 e B, R Oy A TAMERRINAMR . 75 BT — FhRRIR (1145
I, B LB SN — R B

T
i

K 2.5 FAMEOES)

2.3.2 AE EEVUEAT LA

AR VU AT, SN B B ST A1 B O 6 3l o a0 2.6 BT, His Ho 9 SCEEFT,
TAERIEM FH) Ry RePikFo Rav Ra NSCFEFFAITFHRIR T S B EAAFF. Hr, Hi Y
Tt 5 MCP S5 [RCr O BIEL T B WONIEM HH) Ras Ha (TGS MCP 15 [E.0 O 1Y
HELG AT B MDEA B Rs.

BT EEEAS), B R AFEAEER, REFFHAIN D) Ry, MR IE 12525,
BPa]ffi R AT 58 O #7), RIfaia%ae O ¥3), SLIl MCP JGTT sz .
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AFRNFHRIRKE . A0S AR, SRR B H A Bt AR ZER, AA] e
R E Ao X EEHLSEIN R, RN BOTHR I TR R ESR . A it i IE AL By
RUEFIERYE. BT Rey Ra NEMIIFF, HARFRRSE., A0S, s
BEAMZER, Rs. RaMIKES B A%, FItBEENM ARG RIFIENTE, A2HIlE
TR BT HIE L.

s

Bl 2.6 ShE BR TUEFT R K

2.3.3 AME RS BT

FARIBBIE TN MCP A5 PIP 545, N TIPSR 2%, &
WA EKE) MCP. PIP i23)), 1A% DIP M7 . 55758 S04 v Wb T DIP 5%
THIIRBN, FEALNT IR F SN = A K

M 2.2.2 51, THGSEI PIP SCH5 A MCP S5 (BE S A TR & (0, BEhd 2
HWoN—[E e, 763~4 2. AChRNFIHAT ZMERR, RIKsh— N HBE, BnsE
WA KT IS ASCH R AR AL Z) 8 MCP G5 PIP KIS s (R FF & K R .

W 2.7 s, NEEHNREIEREE . TEIEM b, FEEE, RS ET R,
¥Z), FEURMN Ra AT O 563), RIORZ) T FH MCP KT HIE: s [T, #F R 3,
gl hieresh, IKEHPUZEFE 1 R EIRF r %63, MR AT rs 58 O #e8l, RIBRE) T F34
PIP K5 4% 50

FEHl—AE HE (RS, RIRTIRSNH S EH BB (MCP. PIP K553 13 7%,
AR N “RIKS)” $ IR

VOIEFT 1

VUEAT 11
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IRAE S B BN LIRSS BB, 255K 2.1 RIS T-ER T #dfs, 7E Solidworks kAT
feg

2N
B

K 2.8 —RFIHIIME BT

Wk 2.8 B, N IRFIRISME R . fEA RO BT, 53EERERZIA
EEAPRIERICAZ G &0 HTERID: 38| A EME G, PEIRL
B2, B VWAE, RN ST R RoENEE T R T £ il s B Epi s, F
TRIHTE Hizsh. SRS 1R, RS 1 BONAEARAGRE S, [RIRE e B IR
Ao FF ROEFAE USRS /R R4 iehe, i shBENMES), FidT i EEs).

2K, PARFIRISME B AN R 47, Solidworks H¥E ) 7 ELAARARE . T2
ML T K 2.9 Fros B E ST B

& 2.9 FEAME ERAER

R 2.9, FEAMERTIRIMU, #EEE AT R T ELIEED. 1F
SCHERT _EACHAE B DU REAT AORTAF o AT 1R R FTR AR BB . i T/ MBI PR B, A
DU E SCHEAT, BRI /NR MU R ST — BEVTEFHUR, R EE/ME MCP 1T K5 3) .

=
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&l 2.10 JEFRESCHEATER

VUIERT | ANDUIERT 11 Z 1880 FiA% i, AT AR B SCHEFT AN 2224 L1 i1 — X i ke s
B, BARGERIINE 2.10 P . BEARECHD LAEECAH — DR A —ARATE, M &S, oL
DUFFA 5 A5 LR OO [ o 2 DUSEAT | P AT Ro BBy, ety sl Hofh Bk
B VI ETEESD, AEe | ST BIIAEE UN TS, BE DY AT 1A R v A
2. REGHEPEFFR MK ALZI L, BT LASEIL MCP K5, PIP AR B IR £ FE K
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BT FEINEREDFE. BANFERERTOH

31 5|8

W TR, FEBIME RS O A RIY, (HJE & B RS R e o AL
BTN 3% RGCRFH VDEAFALA, ZE5 M — A 85, 2B E RS MR T
A RS LA s . A BRI IR BT DU RGEE 68 1. mik. MAA BT KERE, W]
e S UM% RATCIEE 5 NMETFARIVE NG, 20T R REPREE AR, MRl
VRS TeNIE S REAG L IR (AP e 2N

A EIRIS O IME B BB BN T B 1 KRR TG T, RHAME S RS T s A
BV G R . A =N (D SV EERE R v LB ST aitis
EH; (2) PIP 755 MCP X A 2 LUAE 3~4 28] (3) MLAL P4 N 1K 9K 3
WAERIREADN . BT —RREZ LI, B EEX (2). (3) W7/ .

RN M, R AR R AR AN #iE 22 i, 33 7 PIP A1 MCP G151
AR ARFRIEN . BELREM (2), BE T IILHAE KR E.

EFE IR, BB T AMEFHE MCP. PIP <54 Xt 4B 8 EIA 0.2Nem,
0.1INem MIBHEE J3%E, @I 2T 4ME P, A r R EcRiE . FIHZ R %
(3, B3 T RAERIFKEE.

B E I A R IC T, B %S R T AN 88 85000 52 77, FEMEL RV 22 423
BBl

AT R H I AR B R LA SO

® 31 BHEHEEN
4 & 4 &
PIP RPN my PIP ST IR AL /06
Opip PIP 575 4 & m; MCP %7 B 156
MCP fRE R M b N
Bmce MCP 575 #1 i i HHAEDI L (>1)
R: VO Ry K5 (0] F Ry i BE
R VO Ry K5 (07 F Re 1 BE
Rs VERF R K2 O3 F Rs M
R4 VR R K2 Dy ¥ Ra A RE
r VUEERT ro 2 01 FFr FRE
2 VUIERF r K JE 02 o fH
rs VIR rs K 03 FFrs f
s VU ra KJE 04 W ra 1
Ha FH S = L Hi 5 MCP X5 BH S
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H%& 31
SR &) SR &
H, AR ST A L, H, 5 MCP &5 R 5
hy T AT Iy h: 5 PIP &3 FH B
h, HR T SR I2 h, 5 PIP &3 FH B

3.2 BENFED
3.2.1 M

o
ot

K 3.1 B BN IS B A A

WK 3.1 s, SFPUER I 123 H1EESE XY M x-jy E AR &R b, X HhS5H Ry

o XIS ra S, B Ra AL rg XS A E @a=0a=0. #F R1v Rov Rav 1y

BLEIF LN @1y D2v D3+ @1+ @2+ @30 AT Ray 1o N EFT.
SEXSVUER |3z gt iR Ig s sl i e

N I3 Xﬂ‘

H
R+ R, =R;+R, (3-1)
CIRZViEEE
R,e/®?1+R,e/®2=R;e/®3+R, eI (3-2)
BTN
R,e/®2 = R;e/®s + R,e/%+ — R /1 (3-3)
R,e P2 = Rze s + Re 1P+ — Rie 1 (3-4)
#(3-3). (3-4)=U LA, JFRETT, 15
R3=R%+R3+R{+2R3R, cos(P3-P,)
—2R;R; cos(®d; — d,) — 2R, R, cos(P; — D,) (3-5)
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(3—5)@5)%?'3:
4COS 4 - 1 COS 1 COS 3 + 4Sln 4 - 1 Sin 1 Sin 3
(R,cos®, — Ry cos ®,) cos @5 + (R,sind, — R, sin ®,) sin
2%{ [R3 — R — R — Rf + 2R;R, cos(®y — @) (3-6)
é\
A = R,cosd, — R, cos P,
B = R4sincl>4 R, sin @, (3-7)
C - [RZ R% - Ri - R% + 2R1R4 COS(q)l - q)4)
IESE
Acos®; + Bsin®; =C (3-8)
fik 215
2 2 2
- B+1/A +B"—C
CD3 = 2tan 1(A—+C) (3-9)
B DN (3-3). (3-4)75-
®, = tan~1( Rysin®,+R3sin®;—R;sind, ) (3-10)

Rycos®,+R3cos®3—R cosdy
RIS, 6 DUEERT 1138 R BT SR A,

4
a4 = 14COS(Qy — Iy COS P4
b = r,sin@, — r; sin @, (3-11)
1
=7, [r3 — 13 —rf —rf + 2riry cos(@y — @4)
RS
acos@z +bsing; =c (3-12)
fift 213
_, b+a2+b?—c?
(3 = 2tan 1(271—4_(:) (3-13)
R4sing,+R3sing@,—R;sin
_ —1, 4SNP, TR3SINP3—KySINP4 )
%2 = tan (R4coscp4+R3c05(p3—Rlcoscpl) (3-14)
3.2.2 LT
X A(3-2) IR — B S 2R A
Rlcbljejcpl + de)zjejcpz = R3d)3jejq>3 (3'15)
¥ (3-15) R IT My, M4 =X
—R,®;sind; = —R;d;sind; + R, &,sin d, (3-16)
REFB A :
R, ®;cos®; = Ryd;cosd; — R, d,cos D, (3-17)

(3-16)* cos®,+(3-17)* sin®d,, 14:
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R, ®; cos®;sind, — R, d,sind; cosd,

= R3®3cos®;sind, — Ry d,sind;cosd, (3-18)
Al
R, ®;sin(P, — ®,) = Rydssin(P,—d5) (3-19)
(CEF

. Ry sin(®,—®y)
b3 =R, (@, %y (3-20)

. Ry sin(®;—Py) i
¢2_§;gm¢f¢g @, (3-21)

FIEEATAS, DOEAT 1 e

. rq Sm(‘Pz ®)
=—=r—2"_t = 3-22
P3 Ty SIn(@,—@3) TP ( )

BT DURER 1) roAF, 2 EDERF | S xP ke s shi, BIIEA R B R, 1M
s HVUER | ST R SR AL sh A S R & . BOARetE st e, WA r MR EE A
@ = (=P, + d3) g (3-23)
4 (3-23) 4 N(3-22) 11, 1REINT ra Sy

_ r{Ry sin(@,—@)[Rysin(P,—P1)—R3sin(P; ¢1)]

®s = r3RyR3 sin(q,—@3)sin(®,—d3) ig - @y (3-24)

3.2.3 B4k

3.2 VBRI EI B3 AR

WK 3.2 fis AFFR M ER AV E SR ER . 8 X TR ER, MCP, PIP
TN 0o BRI @35 @3 IE 73518 @ @ TIIA

_1 (H{+R _+ {H+R
®9 = tan™! (%) +tan~! (%) (3-25)
99 = tan™ (*L 2 4 tant (2T (3-26)
AMTBREESN S, MCP 15 ff1 FBEAE -
Omcp = q’g 2 (3-27)

PIP &7 ff FE {1 -
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Opip = @3 — @3 (3-28)
XFEENILR —Fr 38, AI45 MCP K1 A1 5
éMCP = —d)s (3-29)
PIP S5 M i «
éPIP = =3 (3-30)
PIP, MCP 11 ff1i £ FLAE Y-
Qri — 3 _ 11,

Ocp P33Ry

sin(@,—@1)[R,sin(®,—P;)—R3sin(P3—D1)] i
sin(@,—@3)sin(®,—P;) G

= F(ic)F(ROFR)F(R)F(RYF(r)F(r2)F(ra)F(ry)  (3-31)

PIP, MCP X5 fid 2 toN—N5 icy Riv Rav Rav Ras v 2w r3a ra #AHC I RRIEL
HEE 2.2.2 AIAL, iZHEMNAZE 3~4 2. HTH 9 MEE, HHA ALK, HLL
fil th B AR AR, D AR B AN

M A FESHT, TR AR, st & — AT, FAVREATHE i FIMEN
20:10 CKik%M 20 Ui, /NA%EEN 10 i, 15840 0.5). Rav Ray I3 ra AFHIKE 538 F1F 1)
i H AR B LA . SCHEERT 1 i B AR B AN K, Iy B B [ E . AR &5,
PAVRAIBELF T His Hay hiy hoy iy Lov lie LAUME, I Rsy Rey sy e FIKECEH
Eo TN R Riv Row ran o, WARIEAIGHE T E Ri=40mm, r;=30mm. Kt
FlF Rov refEREE, WP FIAFMN Ry nifKAESE, WHEILLT PIP/MCP 13 £ L H
Hﬂgﬁi

10
05}
ol —— R2=30,12=25
—— R2=2512=05
85 ——R2=20,2=25
s —— R2=15,12=25 _
—— R2=22,12=30
750 : .
2 —— R2=12,12=20
N 7
g5
#
E 6
G 55
=
£ 5
o
45
4
35
3 i
25 -
2 1 Il 1 1 1 1 1 Il

2 25 3 35 4 45 5
i id] t (s)

& 3.3 PIP/MCP £ L8 ik

o
=
e
-
-
tn

A EBAF Ry MWIUEA7E LA 0.1rad/s IS £t 3)) Bs, T MCP JCH5 1 PIP JG5 #H B ™= A=
7. K 3.3, MARAR AT RuIZBNEE] t, YAALAR N PIP/IMCP fiEFE LUAE .

HHEH R, 4FF RIS, PIP/MCP fi FE 2 FLAUK, R BRI, ff3d B2 2 L2
/N #R=25mm, r=25mm; Rp;=22mm, r,=30mm; R,=20mm, r=25mm I, ff#HE 2 LAl
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£ 3~4 2 Ja]. FFERITHER.,

3.3 B hZEDH

4
iy

B 3.4 SMEBRHLIER 2B

PUONATAESEAR D, I8 IR L BAK, Kk mea~0, AEXAT AT 220,
AT EE 15250 M

F 2o, R R T PIP. MCP SS9 X HLMI TN A BELS J0%E, FeAtBE ). 462y
BUEATE o HSCHR[LA] AT R, TR IRES T, T4 PIP SR HUA it A9 B % 3% me=0.1N
*m, MCP KSR WU AN B JI%E 9 me=0.2Nm. # 1% B Bbr2, THE R
TS, R AR AR AR R

3.3.1 VUEFF 1 & S15 004

SRS VERT 1 FEATH 220 M. il 3.5 P MDA 1R @ B e moy T
18 PIP SN AU BEAL 0o, ma ik d AR5 45 DUIERT 1T fREh . HURAL TP Rk .

I4

A 3.5 THEM 1l mEHE
ﬂ: 3 E@%ﬁj\j

fyo3

fx2,3




- x4 5@
. Y AELEL T ‘
& SHANGHAI JIAO TONG UNIVERSITY %%IWI\% ﬁ%%ﬁ?—:?ﬁlﬁﬁ‘

& 3.6 #F s ZhaEE
fxa3 +fx23 =0
fyas +1y23 =0 (3-32)
my + £y, 3513 cos@3 — fyp 513 sinE; =0

FFr2a 952754
fyl,2
fy3,2
B 37 nXArEHE
fx12 —fx32 =0
fy12 —fy32=0 (3-33)
fyz2 12" COSQy —fy3, 15 " sing, =0
FF 152758

B 381 nZhrmHE
fx4,1 - fx2,1 =0
fy4'1 - fyz’l = O (3'34)

’ . _
my + £y, -1y - COSQy — fyp 1 -1y - Singy =0

1 30(3-33)45:

fy32 = fx32 - tang, (3-35)

¥ (3-35)77 A\ (3-32)15:
m, + fy3, - tang, - r3 - cos@z — fy, 3 *r3 - singz =0 (3-36)

1

bz, = r3(singp;—tang,-cos@;) ! (3-37)

¥4 (3-35) 7 A\ (3-34) 13-«
m} + fy3, - tan@, " ry - cos@; — fyz, "1y - sing; =0 (3-38)

my = —fy3, - tan@, 1y - cos@y + fyz; " 11 * sing,

__sing@q—tang,-cos@, LI m, (3-39)

" sin@z—tan@,:cos@; I3
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3.3.2 VU&EFT | 1 /120 #7

1B 3.9 P N PHERF | RIS I Hort mp 9 T4 MCP G5t N5 b B 1 B A%
JIFE, my DR DURERE 1R TR AR IR A DR | (MR J0AE, MONEEBENIM I JIFE. Bl
HIRE TP HRRES -

(07}

& 3.9 IEM | mEHE

AR B S, AT i
my = mf i

_ sin@—tan@, cos@ ry .

"~ singp;—tan@,-cos@p, 13 lg "My (3-40)
R 1152719+
Fy2,3
Fx2,3
&l 3.10 # Re Z 1 m B
Fyaz +Fyx3=0
Fy4’3 + Fy2’3 =0 (3_41)
mz + Fy2’3 " R3 " COSCDS - FX2,3 " R3 " Sil’l(bg == O
R 115271 09:

Fy1,2

Fys.2

K 311 fF R, ZHTER

%22 71 352 7
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Fx12 = Fx32 =0
Fy12 = Fy3, =0 (3-42)

m,1,+Fy1’2 " RZ " COSCI)Z - FX1,2 * RZ - Sinq)z =0

FF Ri 13714

Fx2,1

x4,1

B 3.12 fFRiZIAEE
Fx4,1 - Fx2,1 =0
Fys1 —Fyp1 =0 (3-43)
M + Fy2,1 . Rl . COS(bl - FXZ,l . Rl . sincl)l = 0

120(3-41). (3-42)75:

(F mZchosd>2—m'1’R3cos<b3
x12 = T R,Rysin(®3—
4 283 in( 3 2.) (3.44)
lp = myR,sin®;—m; R3sin®;
| y12 R,R3sin(®3— ;)
1 (3-44). (3-40)7i7 \(3-43), 3 M:
— & . Sin(q)l_CDZ) . _ & . Sin_(cbl_d)3) .
M= Rz sin(®3—®;) m2 R, sin(®3;—d,) my
_ Ry, sin(®1—=P,),  Ryry, sin(®;—P3)  sing;—tang,-cos@, i om.  (345)

T R3 sin(@3—®,) 2 Ryrz sin(@3—®,) sing;—tang,-cos@; ©

3.3.3 Er 1AL
FIF A (3-45), 45 3.2.3 5 RIS ALAFKAR N Matlab 15, ATAE% R fRE4E M 2R

16 , ,
150 i
14} ——R2=30,r2=25 i
13l — R2=252=25 |
——R2=20,12=25

= —— R2=152=25 l
11 ——R2=22,12=30
T 1 —— R2=12,2=20

I8 t (s)
A 3.13 FINEAE M R E
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23t 3.2.2 HiEsEE, CABREHAERNKACE . 24 R=25mm, r=25mm;
R,=22mm, r;=30mm; R,=20mm, r=25mm I}, ik HWE 3-4 2 AT & iR,

M IZ T N AR 2R B m n, 76 DL E =R AR, Ry=25mm, r;=25mm i 65 &/, 78
0.3N*m 47, PRUEEAME RS AT Ra=25mm, r=25mm.

3.4 BIRTOH
Gl RN ER 12 G NS RS B RS A e, HB L B 152 ST
PLA SR o ASHT @A BRICHT, SRR AT AR, Bk H e SR e e A
H(3-44), TAVGEM | BB FEAE X y T H BRI

14

X: 500
Y1364

12

10

P& FF | 5205 (N)

: B {8 t(s) ’
& 3.14 VU | &M EZ B

Hil 3.14 W1, FEDUEAT | b, 2B WIEI 2] x U5 R AR F), HAEDY 13.64N;
IBENZATINZ, y Jrm A RRZ ), FAEY 6.786N. IR A Jy[RIMAE FHAEATFAF 1, AFF

I ECKATRETTN Fy

F, = V13.64% + 6.786% = 15.23N (3-46)

3, Ba0(3-35). (3-37), AIFVUEAT N B EATE x. y A E1%2 )
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E
X: 500
. S.402

5

4.5

S

w
0

X500
¥:3.028

PUSEFRE 11 5201 (N)

%]

1.5

2 3
B i (s)
& 3.15 D&M 1| M EZHE

& 3.15 mI %0, fEVUIEFR 11 v, @sh& THEZ x J7m EaE & K2/, HAE N 5.402N;
BENE TR, y A B RS ST, HAB N 3.028N. BIE AN S [RIHE FIEATAE B, FF
Z 2 K AT RE SN Fu

F;; = v5.4022 + 3.0282 = 6.19N (3-47)

AT AR TT T, B 7 E N2 IEN, 7SR e MR e a IR
SESCEESR . AW T AME B8 Stratasy A 7 4E 77 Object-3D T ENHLHIE 578 B
FTEIM 5T A6 B R VeroWhitePlus RGD835,i% 41 £HE A 5 1S 50 A «

2 3.2 VeroWhitePlus RGD835 #1¥ &:3 [16]

ZH AN LA
Prhisa sz 50-65 Mpa
W7 ZL e 10-25 %
S A 2000-3000 MPa
5 o aE 75-110 MPa
i 2200-3200 MPa
AR 45-50 <
B A T 83-86 Scale D
15 K AE R 73-76 Scale M

REEE 1.17-1.18 g/cm3

RS HON S AL 2 T )5, 4 Solidworks HHREATATBRIT AT
HI T FE T SRR DDERT 1 1 AGEE SRR, N BEEN T 52 /i i, B
B SEULHR T SCEA AT R u o
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HALE R EIEE T
g ﬂﬁ Simulationipress Studr
g ﬁﬁ BE W Btress won Mizes (Him™2)

B 171,607

2, 030, 922. 0

l 1,861,690 8

. 1,892, 459.4

—-

2923, 228.0

—-

» 353,996, 6

-

o184, 7652

L 013, 38809

v I 0
—-

a46, 302.6
_ BTT,OTL. 2

_ 90T, 839,08

338,608, 4
169, 377.1
145. 7

—p EH A 600000000

A 3.16 EFa T SR E

P 3.16 g, AHTAE T S AP A, AR AR R, AR L] 171, IR
PEAETSMOR T 171 . SERRBAE I RBP4 535

WP S, S SRR AL R, {8 2080022N/m2, ST/ T
ORHE IR

L BT IRT
‘@ﬂi: SimulationXpress Studr
EA B EME Displacement VEES (mm)
il 171607
1. 222e-002
1. 120e-002
_ 1. 01@e-0Dz
_ 9.164e-003
_ 8. 14Be-003
_ T.12Te-003
| E.109e-003
_ 5.091e-003
_ 4. 073e-003

_ 3. 05%e-00%2

Z, 0%Ee-003

l 1. 01%e-002
1. 000e=030

A 3.17 LT SRR

3.17 JNIEARFISCEERTRIIEAL I, BT R, AR SLR) B oK AiRg, A2
JEE N 0.0122mm, FEE{FRVFTEEN .

BRITAR T SCHERT AL, BEARCCHEEAT T E R 2 30 IR SRS AR AN DS AT | A BHEL %,
AWK HHERZ AL AR AT 1A FRIC
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BE BRI
E®: fimulationipress Studr
ﬁﬂ' BiE W

Stress

;55 0791

won Mizes (Him"2)
4,E88%, 250. 0

l 4,293,094 5
_ 8,902, 9385

. 3,512, 782. 5

_ 81z ele. B

2, 732,47L.0

, 242,215, 0

v l '
]

1,4952,159. 4
_ 1, 5eZ, 008 %

_ 1,171, 8476

781,691, 8
291, 383.9
1, 38001

—p A 50000000

=

&l 3.18 FEARIEFT RS E

WK 3.18 Fion, NEBCCHEFT N K, BB A 55, MEF A, SRS
KNSR B AL, N JiME )9 4683250N/m?2, /N T-#kHE AR SR .

AR EAE T
R ER: Simulationfpress Study
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#include<reg52.h>
unsigned char KeyScan(void);//# #5373t

unsigned char code KeyNum[10]={0xc0,0xf9,0xa4,0xb0,0x99,0x92,0x82,0xf8,0x80,0x90, };

Il BoR%ER 0-9

unsigned char code PONum[9]={0x00,0x01,0x02,0x04,0x08,0x10,0x20,0x40,0x80, };

void main(void)
{
unsigned char num;
P0O=0x00;
while(1)
{
num=KeyScan();
P2=KeyNum[num];
PO=PONum[num];

unsigned char KeyScan(void)
{
unsigned char keyvalue;
keyvalue=P1,;
switch(keyvalue)
{
case Oxfe:return 1;break;
case Oxfd:return 2;break;
case Oxfb:return 3;break;
case Oxf7:return 4;break;
case Oxef:return 5;break;
case Oxdf:return 6;break;
case Oxbf:return 7;break;
case Ox7f:return 8;break;
default:return O;break;

}
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DESIGN OF AN EXOSKELETON SYSTEM
FOR HAND REHABILITATION

I. Introduction

Human beings' hands are very unique among all the mammals. Our sophisticated hand structure,
makes it possible for human to use a variety of tools freely.

During our daily life, 90% work is completed by hand, thus hand function is quite essential for
people. However, the hand is also the most vulnerable part of body. According to medical accident
statistics, hand injury accounts for about 25% work-related injuries. After a hand injury, its
rehabilitation cycle always lasts very long, and then recovery of hand function is often unsatisfactory,
which seriously affect the patient's quality of life. With this background, how to promote
rehabilitation of hand injury, has become a hot research topic.

In 1960, Canadian surgeon Robert Salter proposed a Continuous Passive Motion (CPM)
rehabilitation therapy. Its main theory is to use external force to drive a hand doing a long time and
a wide range of passive activities. By this way, it can promote hand's blood circulation, prevent joint
stiffness as well as muscle atrophy, and finally, accelerate the rehabilitation. CPM therapy has been
proven a significant effect, but this high labor intensity rehabilitation methods, has placed too much
burden on the therapist, and costs a lot of money.

To address this problem, robotics and its related technologies are applied into rehabilitation.
The hand exoskeleton system is used in hand rehabilitation, to drive patients' finger joints doing
passive movement, so as to promote hand function recovery.

This paper introduces a new design of hand exoskeleton system. This exoskeleton is based on
a dual four-bar linkage structure. Through this structure, the whole system has a compact and
succinct constructer. Meanwhile, system has rich degree freedoms which could control 5 fingers to
move separately. Secondly, this exoskeleton did not use tradition actuator, such as motor, air cylinder.
We designed a very light and small actuator based on smart material - shape memory alloy (SMA).
By introducing SMA actuator, the weight of hand exoskeleton system is reduced significantly, which
overcomes the over-weight problem in traditional hand exoskeletons. Finally, this paper introduces
the design of control system, tests and analyzes the whole system's performance.

I1. Structure Design of Hand Exoskeleton

First of all, we designed a dual four-bar linkage as the exoskeleton's basic structure. One of the
four-bar linkage is used to drive the motion of finger's MCP joint, another linkage is to drive PIP
joint's rotation. According to the analysis of hand movement, we found that MCP and PIP's rotation
were not independent but coupled with each other. The PIP's rotation speed is about 3-4 times of
MCP's.

In order to decrease the number of actuating device, we set only one degree for each finger. We
utilize a pair of gears to couple the two set of linkages. So if there is a force to push Linkage | to
moves(which will rotate the MCP joint), through the gears' transmission, Linkage Il will also move,

80100 4k 30T



5 - > A %
P fg X E X F
SHANGHATI JIAO TONG UNIVERSITY %%Bﬁl\% %ﬁ)ﬁﬁ?ﬁ?ﬁiﬁﬁ‘

so PIP joint also rotates at the same time. By adjusting the gear ratio, then we can easily control the
rotate 1:3 or 1:4 speed ratio of MCP and PIP joints. This structure realized to move MCP and PIP at
the same time, so only one actuator is needed to drive one finger's movement.

This structure not only decreases the number of actuators, but also increases hand exoskeleton's
suitability. Different people's finger length and thickness may be different, so it is difficult for one
hand exoskeleton to suit every people's hand. But this four-link linkage structure can deal with the
problem. In the four links, two links are rigid link, but another two links are hands' fingers. Hence
the four-link linkage will adjust automatically according to the fingers' length. By this way, this
structure will not interfere fingers' movement, even though different people with different finger
lengths wear the hand exoskeleton.

I11. Analysis of the structure

As mentioned in Chapter Il, hand exoskeleton's structure has been formed, but the sizes of
every part have not been determined. As a notable feature of four-link linkage, the structure's
performance is sensitive to each link's length. Reasonable link length selection can make the system
work efficiently. But unreasonable selection may result in exoskeleton system unable to cover the
range of human fingers' motion, and may even lead to large resistance torque.

Through skeletal kinematics, statics and finite element analysis, this chapter conducts
optimized design of the hand exoskeleton, in order to get a reasonable length of each link. There are
three constraints for the optimization: (1) the operation of the exoskeleton can cover the full range
of finger's motion; (2) the rotation speed ratio of PIP joint and MCP joint is between 3 to 4; (3) when
the structure balanced, the input torque should be as small as possible. Since the first point is easy
to realize, so this chapter mainly analyzes point (2) and (3).

In the kinematic analysis, we use the analytical method to obtain exoskeleton kinematic
equations, so as to obtain the expression of PIP/ MCP's joint angles and driving link's rotation angle.
By constraint (2), to obtain a reasonable set of link length.

In static analysis, we firstly assume that the MCP, PIP joint has 0.2N * m and 0.1N * m torque
to resist the structure's movement. Through static analysis, the input torque's expression at the
equilibrium. By constraint (3), we get the best configuration of each link, in order to minimize the
input torque.

Finally, finite element analysis is conducted to verify whether each part's stress is under the
material's limitation.

IV. Actuator Design Based on Shape Memory Alloy

Hand exoskeleton system is needed to be attached to the hand and works for a long time. In
order to reduce the burden on the patient's arm, and improve its portability, the exoskeleton should
have small size, light weight, simple structure,. However, the traditional hand exoskeleton cannot
meet the above requirements because of the drive unit's restriction.

To solve this problem, we abandoned traditional drives such as motors and cylinders. We
design a new kind of rotation drive based on shape memory alloy, to drive the exoskeleton system.

In the four-link linkage, R1 is the driving link. As long as R1 is rotated, then the whole
exoskeleton will move. We utilize a pair of SMA springs (SMA I and SMA 11) to pull R1 in opposite
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directions, so as to rotate R1 around its rotation center O.

When SMA spring is heated to its phase transition temperature, the shape memory effect will
be activated and the SMA spring will be compressed automatically. Utilizing this phenomenon, we
heat the two SMA spring separately by electricity in order to rotate R1.

In order to make the SMA actuator able to produce 20N force to drive the exoskeleton, this
chapter also establishes thermodynamic model, phase transition model, and the output force model,
solving the output force's relation with SMA wire diameter, the heating current, the heating time
and other related parameters.

Through the three models' analysis, we determined the SMA spring's parameters and heating
method. 2A current is used to heat the SMA spring, whose wire diameter is 0.5mm, and spring
diameter is 3mm. The SMA spring is heated 3s, and then cooled 9s, so totally the heating cycle is
12s. Under this situation, the SMA spring's temperature will rise and decline between 30 degree
centigrade and 80 degree centigrade. The SMA spring will output 0-27N force, which is enough to
drive the whole system to move.

We contacted Pan Ding New Materials Co., Ltd. to customize the shape memory alloy spring.
It works smoothly in experiments.

V. Control Systems of Hand Exoskeleton

This paper's hand exoskeleton mechanism is driven by shape memory alloy. This chapter
introduces the design of control systems to control the SMA actuator.

Hand exoskeleton has a total of five degrees of freedom. Each degree of freedom is driven by
two SMA spring, so a total of 10 SMA springs need to be heated. In order to conduct the specified
rehabilitation movement, the movement of the hand exoskeleton needs to be organized, namely 10
springs heating time, heating order need to be controlled precisely.

From two aspects, the hardware and software, this chapter introduced the hand exoskeleton's
control system. In the hardware section, first introduced the minimum system based on AT89S51
MCU as the control circuit. The AT89S51 MCU is used to generates 10-way control signal to control
the SMA's heating current on and off. The drive circuit is designed based on IRF3205 MOSFET.
After receiving control signal from the control circuit, IRF3205 will work and produce a 2A current
to heat SMA spring.

In the software section, this paper introduces flow diagram of the software, and gives the main
source codes written in C language.

V1. System Test and Analysis

The main structure of the hand exoskeleton is produced by Stratasy company's Object-3D
printer. The use of 3D printing technology, greatly reduces the prototype development cycle, and
thus it is easy for us to discover the original design's problems, so as to make the appropriate
improvements accordingly. In order to test the hand exoskeleton system's performance, we designed
several test actions such as the index finger's flexion and extension, thumb's flexion and extension,
all fingers' flexion and extension. During the test, the hand exoskeleton works smoothly, and fingers'
MCP, PIP joints can rotate in 1:3 speed ratio as expected.
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