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Analysis of Lamina Emergent Slider Mechanisms Based on
Series Triple — LET

Qiu Lifang Yin Siqi  Xie Zhongtian Yang Debin
(School of Mechanical Engineering, University of Science and Technology Beijing, Beijing 100083, China)

Abstract: A new kind of flexure hinge, which was used on LEMs, named Triple — LET was proposed via
connecting three outside LET flexure hinges, and its 3D structure was designed and analyzed. The
equivalent bending stiffness of the Triple — LET flexure hinge was deduced and a modified coefficient was
presented to optimize the results. Based on the modified formula of equivalent bending stiffness, the
theoretical calculation of the design example was deduced,and the finite element simulation model of the
design example was established and analyzed. Through comparing theoretical calculation results with
finite element simulation results of the design example, the feasibility of the Triple — LET flexure hinge
was verified. In order to verify the availability of the new flexure hinge in practical application, the
Triple — LET flexure hinge was applied to a lamina emergent slider mechanism. The pseudo-rigid-body
model of the lamina emergent slider mechanism was established based on the modified equivalent bending
stiffness, and the physical model of the lamina emergent slider mechanism was made of beryllium bronze
material based on the series Triple — LET flexure hinge. The theoretical calculation results and
experimental results were basically consistent, therefore, the correctness of the theoretical model and the
feasibility of the design example were verified, and it also indicated that the lamina emergent slider
mechanism can implement large deformation and maintain a good stability in working status.
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Tab. 1

Finite element simulated and theoretically calculated rotation angles of Triple - LET

flexure hinge, their relative errors and correction

46 T/(N+mm)

30 60 90 120 150 180 210 240 270 300
A PR 6,,/rad 0.1002  0.2005 0.3007 0.4009  0.5012  0.6014 0.7017  0.8019  0.9021 1.002 4
S 5 LAY 6, /rad 0.0960  0.1920  0.2880  0.3840  0.4800 0.5760 0.6719 0.7679  0.8639  0.9599
PR 8/ % -4.19 —4.24 -4.22 —4.22 —-4.23 -4.22 -4.25 -4.24 —-4.23 —4.24
B IEMH 0.,/ rad 0.0959 0.1918  0.2878  0.3837  0.4796  0.5755 0.6715 0.7674  0.8633  0.9592
BIEEIR%E 8"/ % 0.08 0.08 0.08 0.08 0.08 0.08 0.07 0.07 0.07 0.07

B2 B TAER T A A s W& IE 5
B 2 6 1 35 22 goo T (12)
0 — g “ kéq bend
A eq .
§=——"x100% (10) _
cq 8 = x100% (13)
\ —_ i B — it . ) I
L6, 5 A 0., U= LIS K 0, 16 1F J5 6 £ B3 (1
VZP8 Y NEEY S & T ; — 7 , .
Zoid K AR R AR RSFAY Triple — LET 2 5 16 TE 5 AN iR 22

PEBCHE B9 7 M E R g, e il R AR R X R 22
W RFEE , O B S BIe AR e e AR — 2, &
SMEIRAR o DA BCRE 9 25 il 25 AN ST A B IE
BB o, X kg yed FEAT B IR, & IE J5 55 AL NI EE
k! ena 2278 P

a (11)

oI IE MK

283 X4 R R R S Triple — LET 22 64 19
SR T 45 SR B LR PR LA L AR BB I RO A
AT o = 1. 045, A (11) W 18 7
BHRHG Triple — LET 21 e 5 10165 1 25t 46 2 W 12
R kL e =0.31275 Nom/rad, 28 (12) L (13) 75 5]



384 & A Bl B ¥ i

B IE G MBS 5 M M IEE S BIe [ 1 R 22 i3k 1
JEoR AT LVE B TE G B AR X R 22 800N B 1IE &
oo HRL
3.2 ERTHFERRKIE

95 E BRI 1A 0 IE A M, 7E Abaqus {4
N7 AT H Y Triple — LET 22 M B8k 19 A BR T 0
A BCEEM R B, ST ARy T =
300 N-mm/rad I (% 855 28 T8 = B 0 B4 B 7, G g
B MR w/3, N s B E S iR, BE S
AT S ) B 1 i 32 d5c K 0 ) A 843. 6 MPa, /N T
JE s BE [ s, ] =1 170 MPa, R AS 23 & A 90 M A2
B fF a2k,

UR, UR2
+9.599e-01
+8.709¢-01
+7.99%-01

+7.999-02
+0.000e+00

Zvy
& 4 Triple — LET ZEPEEBESE 1 A E = &

Fig.4 FEA model of Triple — LET flexure hinge showing

deflected position under bending condition

S, Mises

SNEG, (fraction = -1.0)

(F19: 75%)
+8.436e+02

+7.154e+01
+1.352e+00

2 Y
NG :

[# 5 Triple — LET ZE#: 4584 b 1 28I = &
Fig.5 FEA model of Triple — LET flexure hinge

showing stress under bending condition

53 3%t Triple — LET Z2 1k S0 BE il in A 7] ) 5% 34
Jr A 5 £ 07 FCE X H 5 BRAR TS R X iR 22 Ak
JiR o MR 1 rp g s, 22 1 i A R A Y
Triple — LET 2 MR BCE £ A R (S HAE AT, BeBk i
S B IR A5 BAE ) AL L B e I 6 By
No HIF 1 HIE 6 A LI i, Triple - LET 2 85
TEFGFEAE IR e A 45 il s, )™ 2R 1 6 5 BRAE fEDES
HIA 2, SR BIEEILTE A, 5 BN
FE AR AT Bl P4 e AR R o AN A2, B e A 5 P 2
B R FEE R AP AR AL X GEW] Triple — LET 2%
BOBE R SRS B LU B AT R o AEAR SR 0 ELER A
SIS IR R A AR R R 251 1% DL, JF H 24 8
BT 2 8 A R R, R TR S A ROT i B
(E Y 08 22 BEAC TR A8 GIE B T S 315 07 HE Y IE
Btk 5 A BROC M ik Bl A7k

Oy AR R 22 B BRI A OFE A IRIT o

2016 4
12
1.0F
08} /
2
EO06}
#® Z .
04} —n— FEIR{E
—— A
02r i N IE

. ) . . L "
0 0.5 1.0 1.5 2.0 25 3.0
4B /(N-mm)

Kl 6 Triple — LET 2 PEEHETE A [F) 25 5 T e M BRI |
& IEAE 5 0y B {E 72 1 Ml 28
Fig.6  Trend chart of theoretical, corrected and simulated
bending angles of Triple — LET under different

bending moments

RE R, Y BTN ORI, BB A5 T O i B SRR
ERAET AR ALY ARSI, £ b BU7ERE
A NI 2 5 RS T a2 fh A28 = AR
fii 26 o QTEHIE T b, & R By R 2 BE /9, 1H
e S br bR B S LA R BOMR & 193X — B0 5
FR LE AR , B 1 AL 2 6 B T 50 A 0 T S B 1
DL A —E W 22 . OTEFIE T, b T kR
XEFRES Y BRIA L gl po o e v L (R AR S PR R AR
5| A S B S A B 7 S B
55 S BR 2 A i 25

4 ETF Triple - LET 1 5 5 0 5544
it 5 5

BT A& T Triple — LET 2P 8085 19 LEMs 1 2k
BUR RS s B A 18 7 i, O WA 455 80 4 ] 8
JER S HEAE T r, #F b, F BB R SF
fE 8 FAE T BE LR R AR o Herb, {6 D385 5 4 R
i) Triple — LET 2P BLHEAL B RT Q0 Ay, BCsk R @ =
0.5 %10 " m, AR FLIE 153 (1) ~ (1), ek
HY B 5l W Ky = 4357 x 1077 Ne-m/rad , &
TE RS il W R kly hena =4 574 8 x 107> N-m/rad,

320
4
%

v

P

I I | ]
‘.!.L Sl |1 —= —| ] ]z

[ 85 135 | 30

-2 .

7 AT Triple — LET Z2PE BV 047 FE 2
TSR R R 1 (A7 :mm)
Fig.7 Dimension labels of lamina emergent slider mechanisms

based on Triple — LET flexure hinge (unit;mm)

R A5 B A S R LA 56 R A5

1 1
7]510? _?

Mo, -
2
r,sinf, =r,sinf, (15)

1
k6> —?kz(@1 +60,)°=0 (14)



% 6 1) SRARJF 4. BT A KL Triple — LET 1 LEMs # St HLA4 73 Hr 385

P8 T Triple — LET 24 45058 i F 1A 57 5% 22 00 B
HUAG ) Dhy B A A5 2
Fig. 8 Pseudo-rigid-body model of lamina emergent slider

mechanisms based on Triple — LET flexure hinge

r, =r,cos6, +r;cosb, (16)
Ax =r, +r;, -1, (17)
A M— e Ry ry #F F RO AE
ky ke, ey —— SRR NI B, =k, =k,
0, .0,—— K& r, FERIBE S ry AT RIS AR

Ax HEBo VA2
X (15) AT A4S

r,s1nf,

0, = arcsin
Is

A (14) , F5]

1 1 . 1,sinf, \?
Mo, —7k16’? —?k3 (arcsm 2 . 1 ) -
rysind, \ 2
%k2(01+arcsin 2r l) =0 (18)
3

Hi Matlab R {FR 30 (18) , [ 453 F1 40 50,60
70.80.90,100 N - mm [ iy il 45 5% £ 6, , A1 oK 4%
0, , ARAKX(16) , (17) Al 43 H I AL Ax, 14 3 %L
{HINR 2 iR,

%2 HT Triple- LET £4 5§ K LEMs iF#l14
HiAEANERE.TNERRE
Tab.2 Theoretically calculated and measured rotation
angles of lamina emergent slider mechanisms based on
Triple — LET flexure hinge and their relative errors
RO Ax/mm
5.1 7.4 10.1 13.3 17.0 21.2
MM 6, /(°)  15.6 18.8 22.1 25.5 28.9 32.4
FefmOcifE 6,/(°)  16.0 19.5 22.5 26.0 29.5 33.0
e 1y AR R 22/ % 2.38 3.40 1.73 2.09 2.06 1.68

ZH

Z AR R S U0 E G AT T T 3
IR BE Dy 0.5 mm (85 75 4 A4 RE, R D) HI T2
PEAT T TSP 1 3 Ji8 i B AL, ROSEAn i 7 Bros s AL
Sy AR IR RS AN 9 JT 7 5 %8 3 Bt Jn 4 77, #L
R ARSI 10 B s 3y Beas 47 i A2 %% Ax
AL 6, M 11 iR 7 at— SRk g i
R IERR PR, R A 2 S W) AE W R AL RS Ax I Y
AR AR 0, , Nk 2 PIis .

H1 2 2 A1, 76 LEMs ¥ B bLAG P= 2k — i 7 8%

. T

9 LEMs 1 SRHLIA B R R 2 524 1

Fig. 9  Physical model of lamina emergent slider

mechanisms in original state

. S— %

P10 LEMs 9 HebLH T 4k 245 92 4

Fig. 10  Physical model of lamina emergent slider

mechanisms in expanded state

P11 LEMs 3 HALH B9 S5 7 4R 35 52 9 32 40 18]
Fig. 11  Physical model of lamina emergent slider

mechanisms in operating state

UL, B AP 0o B B AN S (i A — 2, 3R 22
1E 5% VI ik 17 BOe i R A X Es k. BEHE
L DML R ] et DN SRS 3 B E RS R
(B2 1) PR RN % 22 A5 00 KA /)N, nl i T B
FRZETIER, HA R 22 SRR/ 2 D S5 A
RAETEIE , S5 P I L P 00 8 BR ZE AT X AR /NI 5 R A

Fioh i3 2 AL K Triple — LET 22 £ 5 N
FH T30 B LA v, W] DA S SR R I 3 B B, 2 i B
fiF Ax O 21.2 mm i A5 #4649 FA 5 6, O 337
£ Abaqus 137 LEMs 1 HALR 19 A BT AL,
12 iR, 5 HAS B B AL 8% Ax O 21,6 mm i} i
I 6, O 31.38° LRI A —H(, [H IE Triple —
LET 221k £ 5E AE 96 52 B B0 1) D fiE

UR, Magnitude

z
.478e-01
+3020e01 Wax
=

+4.565e-02
+0.000e+00

B 12 ST T R I e LAY s AT 5 H A
Fig. 12 FEA model of lamina emergent slider

mechanisms in operating state

ARSI T Triple — LET 1L 804 19 LEMs Hi
LA B RS SRS SCRR 13 ] 2k T S T8 28 0 £
(1) LEMs 1 SR bLRG AR [R), SCHRL 13 ] AP (i A8 Ax
76.2 mm AT A E 6, S 65.50°, A ST



386

Kok HLOB ¥ R

2016 4

Befi®e Ax 2y 76.2 mm AT AL 6, O 67.50°, 4%
RFEA— B, R BCEE S U R B AT AT

5 it

(1) it 7 — M2k F gAY Triple — LET 32
PEECHE , 0F FL 2l 45 R0 B2 2E AT 1 B R 48 3 UHE 5 5F
PEATEIE 3l S A RO H A, B 1 2 XY I

Mo R B UE 1 B3 52 ] RE % 6 2 B 25K, ETF
FHISE 73 Y Rl P R 8% 552 B A R A 2 o, [) ik LA A/
AR 22

(2) #ilfF 72T Triple — LET ek £25E ) LEMs
T PG B SR e 5 BRI (E SRR 0 FLE
A He A, 2 Triple — LET 321k S8 i 5 52 2L 1 4] /Y
I AU BAT BRI k5 1 33T H .

Mechanism and Machine Theory,

Journal of Mechanical Design, 2005,

Design and analysis of lamina emergent elevator mechanism [ J ].

2 £ x W

1 HOWELL L L. Compliant mechanisms[ M]. Berlin: Springer Netherlands, 2012.

2 ELW, KRR, B ZIHLE E NS SR AT [T HLAisEiT, 2007, 24(6) : 1 -4.

WANG Wenjing, YU Yueqing, WANG Huawei. The domestic and foreign research situation of compliant mechanisms[ J]. Journal
of Machine Design, 2007, 24(6) : 1 —4. (in Chinese)

3 ALBRECHTSEN N B, MAGLEBY S P, HOWELL L L. Identifying potential applications for lamina emergent mechanisms using
technology push product development[ C] // ASME 2010 International Design Engineering Technical Conferences and Computers
and Information in Engineering Conference, 2010 513 - 521.

4 JACOBSEN J O, HOWELL L L, MAGLEBY S P. Components for lamina emergent mechanisms [ C] // ASME 2007 International
Mechanical Engineering Congress and Exposition (IMECE 2007), 2007 ;165 - 174.

5 WILDING S E, HOWELL L L., MAGLEBY S P. Spherical lamina emergent mechanisms [ J].

2012, 49. 187 - 197.

6 JACOBSEN J O, WINDER B G, HOWELL L L, et al. Lamina emergent mechanisms and their basic elements [ J]. Journal of
Mechanisms and Robotics, 2010, 2(1) . 298 - 320.

7 TREASE B P, MOON Y M, KOTA S. Design of large-displacement compliant joints [ J].

127(4) . 788 - 798.

8 FOWLER R M, MASELLI A, PLUIMERS P, et al. Flex-16: a large-displacement monolithic compliant rotational hinge [ J].
Mechanism and Machine Theory, 2014, 82. 203 -217.

9 JACOBSEN J O, CHEN G, HOWELL L L, et al. Lamina emergent torsional (LET) joint [ J]. Mechanism and Machine Theory,
2009, 44(11): 2098 —2109.

10 ATEN Q T, JENSEN B D, HOWELL L L. Geometrically non-linear analysis of thin-film compliant MEMS via shell and solid

elements [ J]. Finite Elements in Analysis and Design, 2012, 49(1) . 70 -77.

11 FERRELL D B, ISAAC Y F, MAGLEBY S P, et al. Development of criteria for lamina emergent mechanism flexures with
specific application to metals [ J]. ASME Journal of Mechanical Design, 2011, 133(3) . 586 —599.

12 WILDING S E, HOWELL L L, MAGLEBY S P. Introduction of planar compliant joints designed for combined bending and axial
loading conditions in lamina emergent mechanisms [ J]. Mechanism and Machine Theory, 2012, 56 1 - 15.

13 DELIMONT I L, MAGLEBY S P, HOWELL L L. Evaluating compliant hinge geometries for origami-inspired mechanisms[ J].
ASME Journal of Mechanisms & Robotics, 2015, 7(1) :011009 —011009 - 8.

14 BREEIT, "RFE, IUHE, & MEIEREEEN RIS o [T]. RIERZ¥ 40 BR8P, 2014, 35(9): 1316 -
1320.

QIU Lifang, MENG Tianxiang, ZHANG Jiugiao, et al. Design and analysis of comb-shaped flexure joint [ J]. Journal of
Northeastern University: Natural Science, 2014, 35(9): 1316 —1320. (in Chinese)

15 BRWEJY, d KHE, SKRILNS, 5. PREdTRALE S TB R MEEEE T S5 [T]. R PR, 2014, 45(9) :323 -328.

QIU Lifang, MENG Tianxiang, ZHANG Jiugiao, et al. Design and test of lamina emergent mechanisms s-shaped flexure hinge
[J]. Transactions of the Chinese Society for Agricultural Machinery, 2014, 45(9) : 323 —328. (iin Chinese)

16 SRJULMS. B3RS HR R SR AID]. JEat LR 27,2014,

ZHANG Jiugiao. Analysis and application of straight beam and straight circular flexue hinge [ D]. Beijing: University of Science
and Technology Beijing, 2014. (in Chinese)

17 BB, R4, R IUE 45 P ETR IR IMALE BT [T]. A B A= R, 2015,46(10) : 370 -375.

QIU Lifang, CHEN Jiaxing, ZHANG Jiuqiao, et al.
Transactions of the Chinese Society for Agricultural Machinery, 2015,46(10) ; 370 —375. (in Chinese)

18 DELIMONT I L, MAGLEBY S P, HOWELL L L. A family of dual-segment compliant joints suitable for use as surrogate folds
[J]. ASME Journal of Mechanical Design, 2015, 137(9) : 092303 - 092303 - 10.

19 MERRIAM E G, HOWELL L L. Non-dimensional approach for static balancing of rotational flexures[ J]. Mechanism & Machine
Theory, 2015, 84:90 - 98.

20 ATEN Q T, ZIRBEL S A, JENSEN B D, et al. A numerical method for position analysis of compliant mechanisms with more
degrees of freedom than inputs[ C] // ASME 2010 International Design Engineering Technical Conferences & Computers and
Information in Engineering Conference, 2010: 1 —12.

21 W, RERPC, BR. 7 S RRIF L4 I8 s R S PUE R ERHOR [T]. AL, 2015, 46(3) 2372 - 378.

TIAN Hao, YU Yueqing, LU Qiang. Motion planning and trajectory tracking of parallel robot with leaf compliant joint [ J].
Transactions of the Chinese Society for Agricultural Machinery, 2015, 46(3) :372 —=378. (in Chinese)


http://www.j-csam.org/jcsam/ch/reader/view_abstract.aspx?flag=1&file_no=20140952&journal_id=jcsam
http://www.j-csam.org/jcsam/ch/reader/view_abstract.aspx?flag=1&file_no=20151050&journal_id=jcsam
http://www.j-csam.org/jcsam/ch/reader/view_abstract.aspx?flag=1&file_no=20150354&journal_id=jcsam

