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Chi-hwa Ho Inspired by the operating principle of a tank’s track, we have developed a long-stroke
spring guiding system with belt-shaped springs. Other than those characteristics of nor-
mal spring guides, the long-stroke spring guiding system has longer guided stroke and
adjustable recovery force. To study the mechanical characteristics of the system, experi-
1 Sec. 4 Roosevelt Road ments and analyses are carried out. The finite element analysis softeoesis applied
’ ’ Taipei’ to analyze the stress and the recovery force of the preloaded spring guiding during the
. X guiding process, and the Buckingham pi theorem is utilized to investigate the complicated
Taiwan 10764, ROC relationships among the geometric parameters, the working parameters, and the guiding
properties. According to the analytical and experimental results, an efficient design pro-
cess and design criteria for the guiding system are concluded and practically validated.
Moreover, the system can be easily scaled down or modified to adapt to the applications
in precision systems and microsystems due to its simple form and great variability.
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1 Introduction under elastic deformation conditions. The finite element analysis
. . . . softwareABAQuSs is applied to analyze the stress and the force of
g sy : ' ?é employed to investigate the relationships among the maximum

guiding system always has to compromise between guiding Q%Q?ess, the preload forces, the preload stiffness, the recovery

and friction forces, which induce either guiding errors or decrea%erces’ and the axial stiffness. According to these relationships and

positioning_ resolutio_ns. In contrast, a_spring gu_iding system .d efinite boundary conditions deduced, we derive some useful de-
f'”*?s gwdlng functlor] _through _elastlc properties of materia, ign criteria for the long-stroke spring guiding system. We also

which is one of the guiding principles for precision mac_hlfﬂa]s build up a theoretical model with equivalent springs to analyze the
This system has some advantages over those conventional onreglirdmg error induced by this balance change. Furthermore, we

the following aspects: no guiding gap, frictionless, no wear, ly the finite element metha@EM) analysis to study the lat-
complicated parts, no maintenance needed, etc. Moreover,

) . ) X b~ | stiffness of the spring guide and then develop improving ap-
spring can realize not only linear and rotational guiding MOVes,n, ches for the system. The performance of spring guide devel-
ment, but al_so yields the g_wded_part the recovery for_ce to cantey here is validated by experimental testing and shown to be in
out all pqssﬂ;le gaps. Sprlng guides are ywdely applied in Preclecordance with our design concept.
sion applications such as microvalvgy, microrobots[3,4], mi-
cromirrors [5], high stiffness precision actuatof$], optical
pickup actuator$7], and scanning actuators for scanning tunn ; ;
microscoped8]. Normally, the guided stroke is limited by theeé Stress. and Stralr? Analysis )
geometric form and the boundary constraint. The monolithic flex- The basic construction of our currently designed long-stroke
ure device used in micropositioners has a guided stroke of ab&@ing guiding system is shown in Fig. 1, which consists of an
1/100 spring size, and some others with special forms can ew@lastically preloaded belt-shaped spring sheet. The belt-shaped
reach a stroke up to 1/10 spring sig@-17). Besides those mi- SPring is |r)stalled between the.mover and the base plape and it
crospring guides being developed, a long-stroke guiding systéh@kes rolling movement to guide the mover to move linearly.
with electroformed tracks for linear positioning of space cameResides, the belt-shaped spring also provides the recovery force
has also been registered in a German pafte8L Based on the for the mover. ) ) )
principle of a tank’s track, we develop a long-stroke spring guid- A flat spring sheet is elastically bent and preloaded to achieve
ing system with steel spring sheets. The structure of the systé¢ belt shape. The stress distribution of the guiding system and its
can be easily scaled down or modified due to its simple form afgrformance can be affected by the initial bending and preloading
great variability, and which allows wide applications in precisiogondition. To keep a reversible elastic energy transformation, the
systems and microsystems. Additionally, alternatives of sprifgaximum stress of the preloaded belt-shaped spring must be kept
materials can vary from passive to active. By applying activemaller than the yield strength during the guiding process. Being
materials such as shape memory alloys, the currently develog@@hmetrical in form, the belt-shaped spring is simplified by a
guiding system is able to integrate the guiding and the actuatifitgoretical model with a half round spring. _
functions compactly. Under a preload force, the belt-shaped spring is partially de-

The spring guide, being made of an elastically bent and prérmed into an elliptical form. Figure 2 shows the relations be-
loaded spring sheet, has a belt shape. During the guiding procéégen the preload displacemeditand the geometric parameters
the belt-shaped spring deforms and flattens through rolling aRHOr to and after preload applied. Before the spring is preloaded,
which results in mechanical energy exchange. And along the loHif length of the half belt-shaped sprihg 7-ro. The preload
axis, the spring has the maximum deformation and stress. To kéipplacemens makes the spring deform from half round into half
a reversible energy transformation, the spring must always oper%{ ;'f)alf and the change of its perimetiecan be described by

q. (1):
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Fig. 1 Basic construction of linear guiding system with a belt-
shaped spring

where X; is the contact length between the spring and the bas

plate,a andb are the major axis and the minor axis of the ellip
tical spring, respectively.
The minor axisb can be expressed by

)

For the purpose of universal analyses, HEqg.being divided by
the initial radiusrg is transformed into the following formula:

PR |3 b ab 3

o 2 202l T T Vir) ©

By using the dimensionless parameters x,/ro, m= d/rg,
andp= alrq, Eq.(3) is transformed into Eq(4):

oo 3 +3’7T +7T
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By means of the curve fitting of the solutions from E§), the
relation between the geometric paramgteand the preload pa-
rameterm can be defined as the dimensionless shape equation:

p=0.181Mm°—0.7144n?+0.2173n+1.011, (6)

and the relation between the geometric parametand the pre-
load parametem can be given as

n=—0.185Mm>+0.6752n+0.1416n— 0.0014. (7

Based on the assumption of an elliptical fornf/@? + y?/b?
=1), the radius of curvaturg on the preload spring can be ex-
pressed by

B [1+(dy/dx)2]3/2‘ B (a4y2+ b4x2)3/2‘

PITdyidx@ | |a®bAy2+ahix?’

eThe maximum stress of the elastically bent spring appears on
the major axisa with the radius of curvaturp=b?/a, and from
which the dimensionless curvature parameatecan be derived,

(blrg)?2  (1—m/2)?
alrg p

and through the shape equations and the material properties of the

spring, the maximum stress and the allowed deformation are de-

rived. The maximum stress of the half elliptical spring is
expressed:

8)

p

W= =
)

: ©

o c 0.23 0
"En, p o WXH’ (10)
ro I
0

whereE,, is the Young’s modulus of the springl is the dimen-
sionless deformation parameter for the ratio of the initial radjus

By squaring Eq(4), the relation between the geometric paramto the moment of inertia'#, and the constant is derived from

eters p andn) and the preload displacement ratio can be

derived:
_O+\/02—4(3—7T)2(n 7T—?’—Wm)z
- 8 8 16
p= = NG
2(?)
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Fig. 2 Half belt-shaped spring prior to and after preload
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the experimental stress data of the spring applied.
From Egs.(6) and(9), the maximum stress parametgrcan be
expressed by

¢ ¢-(0.181m°—0.7144n°+0.2173n+1.011)
w-H H-(1-0.5m)? :
(11)

The analytical results derived from E(L1) are very close to
that from the FEM. For analyzing the belt-shaped spring with
variable cross sections, the FE method is, in comparison with the
other current analytical methods, more flexible in transforming the
design data of spring into the FE analytical model. The finite
element analysis softwaresaQus was applied to analyze the
stress and strain distribution and the recovery force. A 39.28
X 12.70<0.05-mm (LXWXT) DIN Ck101 carbon steel sheet
was applied to experiments and analyses. The shell element S4R
was chosen to model the spring, because it can allow more varia-
tion of spring’s thickness. And the rigid element R3D4 was used
for modeling the guided surface and the base plate, which deliver
a contact boundary for the spring. For one-dimensional guided
movement, the belt-shaped spring was longitudinally modeled by
20X 1 linear elements S4R; and for the lateral displacement, the
spring was totally modeled by 208 elements. Figure 3 shows
the stress distributions of a preloaded belt-shaped spring by the
preload displacements of 8.83 m{ourve A and 15.83 mnicurve
B). The maximum stress of curve B nearly reaches the yield
strength of 1400 N/mf

The maximum stress ,a Of the preloaded spring is associated
with four parameters which ar@) the initial radiusr, of the
spring before preloadingii) the preload forceF . or preload
displacement, (iii) the Young's modulu€ of the spring mate-
rial, and(iv) the moment of inertid of the spring. By applying
the Buckingham pi theoreifl4,15, these five parameters,,y,

Fores o, E, andl, are collectively transformed into the follow-
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Fig. 3 Stress distributions of a preloaded half belt-shaped

spring for two preload situations . . .
Fig. 5 Preload force ratio v, , versus preload displacement ra-

tio v5 for different initial radius ratios Vv, (Vyp— V3 curves)

ing dimensionless Eq.12) to ascertain the relationships among
the maximum stress, the preload force, and the initial radius:

_ Omax_ [ Fpre To)| determines the maximum loading capability of the spring. To ana-
S= E |\EIT2 T4 =f(v1p,02), (12) lyze the sensitivity of the stiffness, the five main influential

o ) parameters-Fy., o, E, I, s—are converted into the dimen-
where vlp:Fp,e/EI12 is the ratio of the preload force to thesjonless Eq(13),

stiffness, andv,=r,/1** is the ratio of the initial radius to the

moment of inertia. Figure 4 shows the FEM deduced relation E o &

between the maximum strafand the preload force ratio, , for —_Ppre Z=

different initial radius ratiow . b . VipT g T2 (ITZ’ ro> fvz.va), (13)
When no preload force is applied to the spring {=0), the

initial strain, being uniformly and constantly distributed, is inyhere y,= 8/r, is the ratio of the preload displacement to the

versely proportional to the initial radius of the half round springitia| radius. Figure 5 shows the relation between the preload

For the same initial radius,, an increase of the preload foree,  gisplacemenw, and the preload force,, deduced from FEM

causes a rise in the maximum str&nWhen the radius ratio, results for different initial radius ratios .

<70, the maximum strair$ is in linear relation to the preload  The stiffness in the preload direction is defined by the slope of

forcev,,, and theS—u,, curves are almost parallel to each othefne ), —y,; curve, and its value is obtained at the operating point

Forv,>70, theS—v,,, curves have a larger slope; in other wordsyf the slope. When the initial radius ratig,< 70, thev,,—v3

the preload force has larger influence on the maximum straifyryes remains linear. Far,> 70, thew ,,— vg curve turns from

When the preload force ratio,, increasess—v,, curves tend 10 jinear into nonlinear, and the slope becomes larger. By applying

approach an asymptotic line. This asymptote is$hevy, Curve  cyrye fitting method in the linear range of the curve, the stiffness

by v,=c0. Under large preload conditions, the influence of th 3 P ; _ 3
initial radius on the maximum strain is less obvious. Therefore ?tf the belt-shaped spring in preload directiq =2.5228E /1y,

is inefficient to minimize the initial strain by enlarging the initialgggjgsdaverage value BF of the regression curves 0.987 can be
radius of the spring. The b -I haoed spri ion f in th idi
The guiding direction and the preload direction are set perpen- e belt-shaped spring generates a reaction force in the guiding

. . . -~ . direction, which is defined as the recovery fofeg and is influ-
dicular to each other. And the stiffness in the preload dlrectloenced by the guided displacemeqy. Equation(14) describes the

dependence of the maximum stress,, on the initial and preload
conditions, and the guided displacement. Equatid) shows the

XIO_Z relation between the recovery force and the guided displacement
/\v =30 for different initial and preload conditions. The ratio of the axial
8 2 ) guided displacement to the initial radiusug=X,/ro, andv,
U =F,/EIY? represents the ratio of the recovery force to the
P stiffness,
S 5
O max fro 6 Xa
4 n —— S= E :f3(m1r_1r_):f3(021v3vv4)1 (14)
3 [%0 - o To
(120 -2,
2 P
150 Fa ro & Xa
L A via=gyz = fa| 73 o 7| = fa(v2,0s,04). (15)
0 o 'o
0 5 10 15 20 25 30 35 40
Vi x107 By a preload displacement ratiog= 0.6, the relation between

the recovery force ratio, and the guided displacement ratig
Fig. 4 Maximum strain S versus preload force ratio v,, for ~ for different initial radius ratios, is shown in Fig. 6. The guided
different initial radius ratios v, (S—v;, curves) displacement with a constant recovery force is definedhy,
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Fig. 8 Preload force Fy, as a function of preload displace-
ment &

Fig. 6 Recovery force ratio v,, versus guided displacement
ratio v, for different initial radius ratios Vo, (V13— V, curves),
preload displacement ratios ~ v3=0.6 larger stiffness in the preload direction and consequently increase
the load capacity. The experiments demonstrate relatively similar
results as the analysis, and the deviation can be attributed to the
whose recovery force is almost zero, which means a nearly friwlerance of the fixing boundary.
tionless guiding function with a very small reaction force. And the Moreover, energy exchanges are found between the bending
value ofx.q, can be extended by increasing the preload displacand the flattening parts of the belt-shaped spring as the spring
ment 4. rolls. Ideally, the belt-shaped spring could roll with very tiny
Given a preload displacement ratig=0.6, the dependencesforce. An experimental setup for measuring the relation between
between the maximum straBand the guided displacement ratioreaction force and displacement is shown in Fig. 9. A linear
v, for different initial radius ratios), are shown in Fig. 7. The variable-differential transformefLVDT) sensor is used to mea-
maximum stresgr .« iS inversely proportional to the initial radius sure the guided displacement, and a load cell to measure the re-
ro. OntheS—uv, curves, there exists a range with constant maxaction force. Two precision stages are applied for adjusting the
mum strain and recovery force. Beyond the range with constgpreload displacement, and another stage for controlling the clamp-
recovery force, the spring creates more recovery force, yet maing angle. Figure 10 shows the relation between the recovery
tains its maximum strain. The elastic energy redistributes gradierce F, and the guided displacemeKt, of two 12.7-mm-wide
ally from the maximum strain in the central bending zone to th&teel sheets with an initial radius of 12.5 mm (length
entire spring, and causes an increase of the average strain level257 mm). These steel sheets are preloaded with the same pre-
load displacement of 8.85 mm. The guided displacement of the
3 Experimental Investigations 0.03-mm-thick spring can reach 6 mm with a constant recovery

force, while that of the 0.05-mm-thick spring can reach up to 9

Normally, the properties of the spring guide are mainly detef: ; L h
mined by the preload displacement. Figure 8 shows the relati@nm' Because the real spring boundary is different from the ideal

between the preload forde,. and the preload displacemefof
the 12.7-mm-wide steel sheets with an initial radius of 14 mm. N
Both of the curves have good linearity; the 0.03-mm and 0.05- LVDT Precision stage

mm-thick springs have each a stiffness of 5.29 and 26.57 mN/mm, ' | Téadicell
respectively. The figure shows that a thicker spring can create
Coupling element / Belt-shaped spring
Boundary for canstant strain "B
x10° N Consertsin \ V0
; ’
| 40, 70 7
14 ‘:/ / - =
.-'. 4
1 -
21 Xemu b Stress redistribution ! // 0 =)
S 5 e / NG | @ @ | @iy
1c i ! L y4 :
s : : 7 ¢ @
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) s — s Bt [} @
1 1 -
4 : | - \
..... dimimimim =T ¢ | @
2 ! K 1 Il
1
0 ! : > / I
0 02 04 06 08 10 12 14 16 18 20 Adjusting stage for }
1
v :
* preload displacement Adjusting stage for
Fig. 7 Maximum strain S versus guided displacement ratio v, clamping angle
for different radius ratios v, (S—v, curves), preload displace-
ment ratio v3;=0.6 Fig. 9 Experimental setup
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Fig. 10 Recovery force F, versus guided displacement X,

rigid boundary defined in FEM analyses, the experimental results
are smaller than the FEM analytical results beyond the guided
displacement with a constant recovery force.

When the belt-shaped spring is unsymmetrically preloaded, the
spring changes its balance position sidewards. Figure 11 shows
the relation between the recovery forEg and the guided dis-
placementX, for different clamping angle®,. The recovery
force grows with the increase of the clamping angle. Moreover,
the recovery force consta@, (=3.43 mN/deg) deduced is de-
pendent on the the clamping andglg, and is determined by the Fig. 12 (a) Equivalent springs and
moment of inertia, the initial radius, and the preload displacemeittg angle and unbalanced loading
Therefore the spring guide can also be applied to generate specific
constant force over a large guided displacement by a linear adjust-
ment of the clamping angle.

(b)

(b) relation between pitch-

Figure 13 shows the pitching angle ermy;, deduced from the
- . geometric relationship in the free body diagram, is the
4 Guiding Error Analysis initial gravity center, and. is the distance between twa;bgquivalent

During the guided displacement, the stress distributions of tisprings. Both equivalent springs each have spring conktaad
spring change, which makes the supporting boundaries charkge and the same initial preloaded deformatiép. When the
their stiffnesses. This unsymmetrical loading causes the guidgpring guiding system is moved by a displacem&gt, both
element to lose its balance. From the FEM analytical results, tequivalent springs have their deformatiofis and &,, respec-
preloaded belt-shaped spring can be simplified with two equivtively, as shown in Eqg16) and(17). Therefore from the differ-
lent springs as shown in Fig. 1&(. The acting points of the ent deformations of the springs, the pitching angle efigrcan
equivalent springs are located at the positions with the maximupe derived as shown in Eq18), wherem is the mass of the
contact pressures, and possess both functions of guiding and syyided element, anll, is the initial stiffness of each preloaded
porting. The guided displacement shifts the center of gravity spring. Because the parameters in Eif) are not independent,
the guided element out of the symmetric center of two equivaletite solution of 6., is then nonlinearly relative to other
springs, and these springs thus have different deformatipasd parameters,

8, as shown in Fig. 12().

% L L
A b by | b»  Guiding
5 \% X &N & direction
——— N F; Q| X a
10 L \~\\ R ‘
b \
A -
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Fig. 11 Recovery force F, versus clamping angle @, Fig. 13 Free body diagram in a pitched situation
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Fig. 14 Design variations for long-stroke guiding system

Tm X
L+ Y
8 Kpre  COSOeyr
61= - -MQgCOoShg, (16)
2k L+ ngcosﬁerr
kp, mg(karecoseerr k1> N Xa kg
K, 8 Kore k " Ko/ ' COSOep Ky
52: 2 pre 727 2 err 12 ~mgcos€err, (17)
2k,L+ ngcos@err
L(ﬁ— ™ mg kaLos%"_ﬁ_ + Xa (ﬁ+1)
ing. = 2~ 01 _ Ky 8 I(pre Ky ko COSBer | Kz Mg CoSbe 18
sin err— 2L - T 2L . ( )
2K+ ngcos@err
By using an assumption of a small pitching angle edgf, we COF fg~1— Ggrr“”l? (23)
can makek,~k,=k,,.. Consequently, Eqg16)—(18) are trans-
formed into Eqs(lgsj—(21): 1,
COSOg~1— 2 Oe~1; (24)
T 9 coshy 1)+ —2
1 8 @(COS en— 1) COSOey _ .
01= k. p Mg COSHeyy, SIN Oery COS O Oept 3 Ocr™ Oerr- (25)
pre 2Ky + Mg cosbe,
4 (19) Then, the Eq(21) is simplified into Eq.(26):
m X T L03—£(mg>202—2k L2+ ZmgL| 6
z. —g(C050 1)+ a 6 g e |16 kpre err pr 4 g err
1 8 Kpre er COSOqyr
0= 2kpre+ p -MQgCoShe,, +mgx,=0. (26)
Zkpd-+ 3 Mgcoslen Since 62, and 6, are very small, the linear relation between the
(20) pitching angle errof,,, and the guided displacemeXy shown in
Eq. (27) can be derived from Eq26):
T 9 s 1)+ —2
. 8 ' kpre(coS o ) COsaerr mgcosee” [—— MY Xa 27
Sin Gg,, = - 3 . err , T (@7)
2|(PreL—’_ ngcosgerr 2kpre. Lo ng' L
(21) Based on the E27), we can minimize the pitching angle error

Equationg22)—(25) are deduced through the linearization proce§§'r0u9h varying the design parameters. There are four design al-

with a small 6,

SiN Oer™ Oerr, (22)

1060 / Vol. 126, NOVEMBER 2004

ternatives for improving the guiding quality shown in Fig. 14.
When the springs act in parallel, the number of springfas a
positive influence on the pitching angle error as shown in
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lateral stiffness by using the cross-shaped groove pattern on the
spring. For an optimal result, the pattern anglecan be variable
over the spring surface.

5 Conclusion

The long-stroke spring guiding system developed in this study
utilizes preloaded belt-shaped spring to realize the guiding func-
tion through rolling movement. The mechanical energy recovered
from spring flattening is transferred directly back to the work for
spring bending. The recovery foréee., the reaction forgeof the
spring guide is negligibly small, and only the phenomenon of

P E— 281107 - 1.63x107 Nm molecular friction in the spring to be overcome. Moreover,
- - 5 : through variation of the clamping angle the recovery force can be
Bending moment M, 6.49x10° - 3.29x10' Nm . .
Torgie T = 179107 = 5.51x107 Nm regulated, anq which generates a constant force _for large displace-
. : ment. The guided stroke is dependent on the spring length and the

Isr:if;lsf:;?fsioi"l'?iif 20,03 mem (LX) preload displacement, and can even reach millimeter range. The
Young’sModlzlusE=190)(10’N/nmt2 monolithic flexure dewce_usec_i in micro-positioners has a guided
[T re———" stque of gpout 1/100 spring size, and the belt-shaped Iong-;troke
- spring guiding system developed here can achieve a maximum
i ) . guided stroke up to 0.16 of the total spring length. The larger the
Fig. 15 Analytical model and moments for a lateral loading preload displacement is applied, the larger the maximum stress
and strain can be given. To pursue the highest endurance limit,
spring materials with high ratio of the yield strength to the
Young's modulus are preferred for the preloaded springs. The
pitching angle error can either be minimized through parallel ar-
rangement of springs or by lowering of gravity center. For an

Eq. (28). In the series arrangement of springs shown in Figd14(
increases the supporting positions and the supporting distance

mg- X, efficient design of the spring guiding system, the FEM analytical
Oer= p- . (28) results are transformed into dimensionless relationships by using
2”s'kpre'|-2+zmg'|- the Buckingham pi theorem. These dimensionless relationships

are then combined with the design boundary conditions to derive

As shown in Eq.(29), the pitching angle errod,, induces a the governing equations and the design evaluation. Simple form

recovery forceF,, which acts against the unbalance forc&nd great variability make the long-stroke spring guiding system

mgsin 6., and the stiffnes€, here is derived from Fig. 11,  relatively adaptable to different applications in precision systems
and microsystems.

_CyOerr mg-Xa

Fa 5
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