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Abstract—Micro-Positioning devices are increasingly being e
of parallel manipulators due to their superior stiffness
characteristics. This paper explores a variant ofte classical six
degrees-of-freedom Stewart-Gough Platforms for usé Micro-

Positioning applications. Stiffness values of both these
mechanisms are computed and compared for relativeagn in

theoretical stiffness achieved. An over-sized versi of the
platform was built for educational purposes.
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. INTRODUCTION

Parallel Mechanisms are increasingly being used
construct multi-axis micro-positioning devices dte their
superior stiffness characteristics when comparedsedal
mechanisms. In addition, the errors in individub&ios of a
parallel manipulator do not directly sum to yiettetoverall
manipulator positioning error. Hence when six linaetuators
with a positioning error of 50nm are arranged dgrthe total
end-effector positioning error could add up to ascim as
300nm, whereas by arranging them in parallel willegan
error of 50nm or less, neglecting other joint inaecies. But
this increased overall positioning accuracy conebecost of
a reduced workspace.

The overall stiffness and workspace of parallel ma@isms
vary based on the way the parallel links are ask=hibgether.
In fact, there is always a tradeoff between stgfheand
workspace in the configuration of such mechanisifise
family of parallel mechanisms based on Stewart-Goug
Platforms is increasingly being used to construgtron
positioning devices. This paper explores the usa specific
variant of Stewart-Gough Platform made of PSS-chdor
such an application. The rest of the paper is drgdnas
follows: Section Il discusses the basic structd@$S-variants
of the Stewart-Gough Platform. The stiffness catahs for
the two forms of the platform are presented in iBedil and
Section IV. Section V presents the implicationsusfng the
PSS-variant for a micro-positioning device.

Il.  STEWART-GOUGH PLATFORMS

Stewart-Gough Platforms [3][4] are six-degreesrektiom
parallel manipulators that are known for their hagiffness and
limited workspace characteristics. In its most camnform
(Figure 1) it consists of a moving platform (endkefor)

connected to a fixed platform (ground) by means sof
Spherical-Prismatic-Spherical (SPS) links with fwsmatic
joint being actively controlled by a linear actuatdlany
variants of the Stewart Platforms have been prahosach
having different platform configurations with respdo the
number of points in the moving and fixed platfortnswhich
these six SPS links are connected. A comprehensitew of
these different configurations is presented in [2].

S

Figure 1. A General SPS 6-6 Stewart-Gough Platform.

Figure 2. PSS variant of the Classical 6-6 Ste@argh Platform with
arbitrary prismatic joint orientation.



If each of the actuator is assumed to have safffieesss, K,

One variant of the Stewart-Gough Platform arises byhe overall stiffness matrix reduces to

replacing each of the six SPS links with a PSS Viith the

prismatic joint being actively controlled as beforEhis is

shown in Figure 2. Since the prismatic joints ave/ between
the fixed platform and a PSS link member, this pmhtion

gives rise to a stiffer manipulator, with implicais on the size
and shape of the end-effector workspace. Eacheopitismatic
joints can be oriented along any direction in spaceachieve
different stiffness and workspace characteristi€pecific

variants of PSS 6-6 Stewart Platforms arise byntirig these
prismatic joints along one of the three major axes.

lll.  STIFFNESSCOMPARISON

In this section the Stiffness properties of SPS R8& 6-6
Stewart-Gough platforms are computed. Their stiffne
matrices can then be compared to understand theranod
stiffness gained by converting a SPS chain to ad¢b@. This
can be done by treating the prismatic joints asotilg source
of compliance. Finally the effect of the orientatiof these
prismatic joints on the overall manipulator stifflsecan be
determined.

Although many sources of compliance contribute He t
ultimate stiffness of the mechanism, we restrictattention to
the dominant source, the compliance of the prismatint
along the axis of motion. This assumption is reabbn
accurate if suitable pre-loads are applied to elat@ backlash.

A. Siffness of a 6 DOF Manipulator

Stiffness Analysis can be posed as the problerntudi/sg
the effect of applied or external forc&s,on the compliance of
the end-effector as a whole

F=K Ax 1)

where Ax is the end-effector deflection ahd is the overall
stiffness matrix of the manipulator.

K=kJ'J (6)

Thus the overall manipulator stiffness is dependenthe
kinematic jacobian which is in turn dependent oa plose of
the manipulator.

B. Siffnessof a6-6 PS Sewart-Gough Platform

Stiffness of a general 6-6 Stewart-Gough Platfoa® leen
extensively studied [1][2][5]. The overall manipuastiffness
for a SPS-platform is derived as follows,

Figure 3. A leg of SPS 6-6 Stewart-Gough Platform.

Let ai andbi denote the vectors of locations where the six

legs are connected to the ground plane and endteffe
respectively. LetVg = [vg' ®g']' denote the velocity of the
moving platform. LeV = [v1, v2 ... v6] be the linear velocity
of the six actuators argl be theunit vector along the ith SPS

Let f = [f1, f2, ... f6] be the vector of actuated forces!ink. First the kinematic jacobian of the platfoisncomputed

acting on the six prismatic joints. Using the Pipie of Virtual
Work it can be shown that [1] for the manipulambe in static
equilibrium, the external forceB is related to the actuator
forcesf by the Jacobian,
F=Jf )

Assuming that the only sources of compliaace due to
the six prismatic joints, the individual joint dlapements
Ae = [el, e2,...
complianceAx by the Kinematic Jacobian,

Ae=J Ax 3
But each actuator i, has its stiffness kirtsd by
fi = ki ei (4)

Now from all
manipulator stiffness K can be obtained[1] as

KJ" diag[ki] J (5)

of the above equations the ollera

using a procedure described in [1].

From Figure 3, the loop-closure equation for eaghdf the
manipulator can be written as,

OB + BB, = AiBi + OA, (7)
Differentiating the above equation with respectinee and

e6], can be related to the end-effectodot-multiplying both sides bsi gives,

S .vg + (bi XSi).0 = Vi (8)
Rewriting the above equation for each legults in
Vg =V €)

whereJ, = [s " (bi xSI)"] andJe = | 6y

The kinematic Jacobian can then be computed usiag t
relation,



J=313, (20)

The above equation can be used to compute theest#ffof
the general Stewart platform using equation (6).

C. Siffness of 6-6 PSS Sewart-Gough Platform
Kinematic Jacobian of a 6-6 PSS Stewart-Gough d?latf
can be computed in a similar way. From Figure 4, Itop-
closure equation for each PSS leg can be written as
OB + BB| = AiBi + OA| (11)
ExpandingOA, in terms of the actuator displacemed;
leads to,
OB +BB; = AB; + OO0, + O/A, (12)
Differentiating the above equation with respectitme and
dot-multiplying both sides bsi gives

S . Vg + (bi xS).0g = Viei.s (13)

D. Comparison of Stiffness Values

ComparingJe from equations (9) and (14) helps one to
understand the effect of the SPS and PSS linkagehen
manipulator stiffness. Note that since bethands are unit
vectors, the value of each diagonal entryoih equation (14)
is between -1 and +1. This implies thaf{] < P ork™s®
> KPS Thus, all things being equal, the effect of mgk8PS
linkage into a PSS linkage will always result instffer
manipulator.

Ideally, one could design a manipulator of infirstéfness
by settingJ. = [0]. This theoretical limit is achieved whensi
=0, i.e. the orientation of each manipulator Egeérpendicular
to the axis of the translational actuator to whtdk connected.
Of course, this is a singular configuration as ansineous
actuator motion has no effect on the leg. In pcadi is fixed
during design time andi depends on the instantaneous
orientation of each leg. Alternatively, one coukkthe above
fact as an optimization criterion to decide on llest possible
orientation of the prismatic joints that maximiziae overall
stiffness of the manipulator for a desired workgpac

whereei is aunit vector along the ith actuator. Note that in @ £ giffness at Home Position

PSS configurationei and s are different. Rearranging the
above equation in terms &f andJ, as before
Jy Vg =JoV (14)
whereJ, = [s " (bi x si)"] andJ, = diag]ei.si]
The above result together with equation (6) camded to
compute the stiffness of 6-6 PSS Stewart-Gougtideiat

Figure 4. A leg of PSS 6-6 Platform.

Note the difference in the value df between PSS and
SPS configuration. This forms the basis for chapsthe
orientation of the actuatoes that will maximize the stiffness
of the PSS manipulator.

In the previous sections it is shown that all tkidgeing
equal, a PSS-based platform has superior stiffness
characteristics than a SPS or conventional SteGaugh
Platform. For a PSS platform, the theoretical is&iffs value has
a minimum value equal to the stiffness of an edaiMaSPS-
platform and a maximum value of infinity. If theiemtation of
the prismatic jointsgl are given for a PSS-platform, then one
can determine the maximum improvement in stiffribss can
be achieved over normal working ranges for a piatfoFor
sake of simplicity, 6-3 version of SPS and PSSfqlats are
compared at their home positions to compute thee@se in
stiffness. The plan view of the platforms compaseshown in
Figure 5.

Figure 5. Plan View of an equivalent SPS and P&8dpin at Home.

Both the platforms have identical moving platforB), of
radius b and a fixed platform, A, of radius a. Thp end of



each of the six legs is connected to the movindfgrta at Both the platforms have superior stiffness valudsenv
locations Bi [i = 1 to 6] by an S joint. The botteend of each compared to an equivalent SPS-platform, but havstlywa
of the six legs connects to the ground at locatiirfs= 1to 6]  different workspace shape. A Plane-Normal orieatatdf
by means of an S or P joint respectively. Whiler&mains  actuators would give rise to a manipulator that teas
fixed for a SPS-platform, the values of Ai shownFiigure 5 increased workspace in z-direction, and hence duithen
are true only at the home position for a PSS-platfdIso, the workspace height is of importance. However, In-Blan
orientations of the six prismatic joints for theRplatform are  ientations of the actuators will result in a fiymiof

fixed along vectorssi [i = 1 to 6] as shown in the figure. - i iator that have a wide range of workspace
Finally, at the home position the end-effectors lmth coanfi“gjﬁri?ozs 9 P

configurations are located at a height, h abovegtbend and
have the same orientation as that of the grouraterte frame.

It follows that ,

al=|[a , 0 , 0]
a2 =[a/2 N3a2 , 0]
a3 = [-a/2 N3a2 0]
a4 =[-a 0 j|
a5 = [-a/2 N3a2,0]
a6 = [a/2 ¥3a/2,0]

bl=b6= §3b/2 ,-b/2 ,H]
b2 =hb3 = [0 bR
b4 =b5= §3b/2,-b/2 ,Hi

At home position, the length of each of tlve legs is
equal to d for both configurations. The followindentity
results by applying the loop-closure,

=g+ —3ab + R

Figure 6 (a). PSS Platform where ei = z-axis

Using the above results in (16) it can be ghtvat,
3755 (- al2d)l 66 (15)
Using (6), (9), (10) and (15) finally gives,
KPSS, home: (4&/&2) KSPS, home (16)
Note that fromAABA1B1, 2d > a, oK 7SS "omes  SPS, home
which verifies the results of Section D. More iet&ingly (16)

relates the amount of stiffness gained by the @iaifas a
function of the platform design parameters.

IV. SPECIAL CASES OFPSS6-6 STEWART-GOUGH
PLATFORM

el lies in x-y plane

The problem of arriving at an optimal set of val@esthe
prismatic joint orientationsei, which minimizes the overall Figure 6 (b). PSS Platform where ei lies in x-yngla
manipulator stiffness within its nominal workspate an
interesting one. However, manufacturing constraintsild

restrict the allowable values fer. Of particular relevance are V. USEINPHOTONICSASSEMBLY

the following two classifications of PSS 6-6 Stet@ough The assembly of photonics devices is not often ciatsml
Platforms, with large forces and high stiffness. After all,optns exert

i. Plane-Normal orientation: whenei is [0,0,1]. All the negligible forces and it is generally not necesdaryphotonic
actuators are oriented in vertical direction. S 6(a). devices to come in contact. For example, aligning a

ii. In-Plane orientations. when ei is [cos 6, sin 0;, 0]  photodiode with a micro ball lens involves positian the
where,; is the orientation of the axis of the ith actuatgth ~ photodiode at a focal point some distance fromi¢hs. They
respected to global x-axis. All the actuators fiexiy plane. do not come in contact.

See Figure 6(b).



Yet, in photonics assembly, potentially large feroean
result when devices are immobilized. In the phaiddicase
above or, in the simplest case of aligning two agdtfibers to
form a coupling (not using a fusion bonder), oneickewould
be affixed to a substrate with solder, UV epoxywalding,
then the other device would be actively aligneth®first and
similarly attached to the substrate. Considerirgingle-mode
fiber-to-fiber coupling held together with soldeads of 500-
micron diameter, the solder would shrink upon agplito
room temperature about 600 nanometers (assumidgatih
solder). Four such solder balls would exert up 80N in
pulling the aligned component down with it. Sindagte-
mode optical fibers must be aligned to accuraciea ¢ew
tenths of a micron to maintain loss below 0.1 di& stiffness
of the manipulator is of utmost importance.

Due to the superior stiffness characteristics ofS RB6
Stewart-Gough Platform, they are an ideal choiaehigh-
frequency force-feedback applications like
Assembly where the size of the workspace is ndgégi
Among the various possible PSS-platform configoraj a
triangular layout of actuators in xy plane, showrFigures 5
and 6(b), is of importance in micro-positioning Aggtions
due to the following properties,

i. Since the actuators are laid down and suppaotedhe
ground plane, they have higher stiffness when coetpto a
Plane-Normal orientation of the actuators.

ii. By laying out the slides in a triangular pattepairs of
linear slides, 1-6, 2-3, 4-5 (see Figure 6(b)),Iddae aligned
more accurately during construction or possiblyitioigether
during machining.

VI. IMPLEMENTATION

We have implemented a manipulator utilizing thissiba
design, but at a much different scale. The mantpula
illustrated below, was not implemented for micrdposing.
Instead, it was built as a personal flight simulator a
laboratory class on real-time systems. While thelesds
dramatically different, the proportions are the saas our
micro-positioner, so we will use it as an over-dimaodel for
verification of predicted results. This will allows to build
evidence in support of our design to pursue fundorgthe
much greater cost associated with a sub-micronigioec
microassembly tool.

Our stiffness analysis assumed idealized conditibasare
not achievable in practice. Although the analysigaluable as
a design approach for selecting a configurationyilit likely
be highly inaccurate at the 50 nm scale. Our goalilding a
device at this macro scale is to inexpensively tgvea
platform on which to study the secondary effecta@fi-ideal
structures, transmissions, and bearings using coiovel
metrology. We will build and test models of flexibi and
backlash in the actuators, torsional flexibilitiesslides, and
even friction models will be studied because ofrtpeofound
importance in the sub-micron realm.

Photsnic

motor while a constant amplitude sine wave was canded
in the z direction in Cartesian space. The charistie
resonant spike appears in Figure 8 at about 12 fadA zero-
to-peak amplitude of 12 mm. However, Figure 9 is ame
data at a zero-to-peak amplitude of 5 mm. Notes#eondary
resonant peaks

The accelerometer indicated the chair could exeethalf-
g acceleration on an 85 kg rider with its curremw-evel
control tuning.

Fig. 7. The over-sized robotic chair for teachiagl#time systems.
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Fig 8. Frequency response of each of the six amsiatith a zero-to-peak
amplitude of 12 mm.

As an example, we gathered some accelerometer and

proprioceptive data from the flight simulator.

The
proprioceptive data was gathered from encoders ach e
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Fig 9. Frequency response of each of the six amtsiatith a zero-to-peak
amplitude of 5 mm.

VIl. CONCLUSIONS

PSS-variant of a 6-6 Stewart-Gough Platform isistlifior
its use as a Micro-Positioning device. Stiffnesalais of the
PSS-Platform is made. It is shown that the Stiffnet any
configuration of PSS-platform is higher than a camional

SPS-platform, which makes it a good choice for Mcr
Positioning Applications. There is an inherent &wid

between stiffness and workspace of any manipulatoen

using this analysis methodology, but of the varidesign

choices available for orienting the actuators BfSS-platform,
the Plane-Normal and In-Plane orientations are ewatghdue
to the ease in manufacturing such platforms.
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