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Abstract—Parallel robots provide an efficient solution in a 

world demanding better positioning accuracy. These robots are 
preferred over their serial counterparts because each leg helps 
support the platform, thus reducing the need to add means for ex-
tra support. The problem with parallel robots though is that most 
are coupled and difficult to control. In this paper, new parallel 
robot architecture has been proposed that can deliver accurate 
movements in addition to being partially decoupled and fast. This 
is a significant technological advantage over current designs be-
cause a decoupled robot will be simpler to control as each actua-
tor is independent. Furthermore, its displacement resolution is 
less variable throughout the workspace. To achieve the decoupled 
state, this parallel robot took the novel approach of having mixed 
legs. By comparing this robot to existing commercial devices 
through kinematic, singularity, workspace, velocity and dexterity 
analysis, this paper would like to show that this new design should 
be looked into further to create a precision positioning table that 
is parallel, decoupled, and highly accurate. 

I. INTRODUCTION 

The semiconductor industry and the MEMS field are both 
growing rapidly but according to the International Technology 
Roadmap for Semiconductors the manufacturing section is fal-
ling far behind in development. Issues such rapidity and plat-
form accuracy are at the top of their list of problems that are to 
be solved for material handling systems, considering the fact 
that the next standard for wafer diameter will be 450 mm. In-
creasing workspace and speed requirements makes most cur-
rent position-table technology inadequate in the context of fac-
tory space shortage. 

Various solutions have been proposed to the industry to in-
crease positioning accuracy for lithography and micro-
manufacturing. Many companies sell commercial three-axis 
(XYθ) positioning tables to address these needs (e.g., Newport, 
Rockwell Automation, Physik Instrumente, and Aerotech). 
Nearly all of them are based on serial kinematics. Namely, one 
linear stage moves along the x axis, another, placed on top of 
the first, moves along the y axis, while a rotary table mounted 
on top of the second linear stage allows for rotation about the z 
axis. This serial configuration has the advantage of having a 
simple control of motion. However, the first actuator has to 
support the weight of all other actuators. The device would 
have to be large enough, not only to support itself but to absorb 
any vibrations caused by the three motors. As a result, such a 
device would be both too sluggish and relatively big. 

 

Fig. 1. NAF3 Alignment Stage (courtesy of Hephaist Seiko Co., Ltd.). 

Research into the field of parallel structures is advantageous, 
because parallel robots are less bulky than serial ones. And 
since each leg is supporting the mobile platform, the robot can 
be considered stiffer than its serial counterparts. Therefore no 
extra structural support is needed to make the system rigid. 

Hephaist Seiko, a company in Japan, has opted for a parallel 
robot solution for micro-positioning (Fig. 1). The company has 
made an innovative positioning table that utilizes a 3-PRP par-
allel architecture that allows all of its linear actuators to be 
base-mounted (P and R stand for prismatic and revolute joints, 
respectively, and an underline indicates which joint is actu-
ated). The resulting positioning table is very rigid since the 
mobile platform is directly supported by the actuators. How-
ever, this design has the problem of being highly coupled, 
meaning that to move in certain directions all three actuators 
must work in conjunction. Another recent adaptation of a 
3-PRP planar parallel mechanism was suggested in [1], which 
uses a unique star-triangle setup for micro-positioning. This 
device is however as coupled as the Hephaist one. 

A better solution to the accuracy problem would be a parallel 
robot that is decoupled or at least partially decoupled. The re-
sult will be a robot with the stiffness and rapidity of a parallel 
structure and the ease of control/programming that is associ-
ated with serial robots. Fully decoupled parallel robots were 
proposed in [2]. However, these parallel robots are not suitable 
for precision positioning devices because they have too many 
joints and offer little support to the mobile platform. 



 This paper suggests a new architecture that is both partially-
decoupled and offers good support to the mobile platform. The 
paper will provide useful analysis on this new device, which 
will be shown in the next five sections. The following section 
will describe the architecture of the robot, including its me-
chanical design. The remainder will be devoted to kinematic, 
workspace, velocity and dexterity analysis of the new robot, 
with a comparison to the Hephaist design.  

II. NEW ARCHITECTURE 

The proposed architecture (patent pending) is a parallel robot 
with two PRP legs and one PPR leg (Fig. 2a). The directions of 
the actuators in the PRP leg are parallel to the y axis, while the 
direction of the actuator in the PPR leg is parallel to the x axis. 
The two passive prismatic joints on the mobile platform have 
parallel directions and the centers of the three revolute joints 
are collinear. The directions of the two prismatic joints in the 
PPR leg are normal. Consequently, if actuators 2 and 3 move 
in conjunction, at the same rate, the mobile platform uniquely 
translates along the y axis. If the two move at opposite direc-
tions, a pure rotation about the z axis could occur. Finally, ac-
tuator 1 directly controls the x coordinate of the platform. 

A physical design of this robot has being proposed for a first 
prototype and is shown in Fig. 3. It comprises three linear 
guides from LinTech (two from the 130 series and one from 
the 100 series). Each guide is screw-driven with a repeatability 
of 2.5 µm. The two LinTech 130 series linear guides are ele-
vated on aluminum blocks to allow the LinTech 100 series lin-
ear guide to run below them. Each of the two 130 series linear 
guides will have a pivoting block attached onto the carriage. A 
steel shaft will be rigidly attached to one of the two pivoting 
blocks and, through a linear bearing, to the other pivoting 
block. The mobile platform will slide along this shaft through 
another pair of linear bearings. The carriage of an INA mono-
rail guide will be attached to the carriage of the LinTech 100 
series linear guide, so that the two guides are perpendicular. 
The monorail guide will be fixed to the tapered block, which 
holds a thrust bearing that is attached to the mobile platform. 

Note that the LinTech 100 series linear guide has a wider 
carriage and a much higher loading capacity (1400 kg com-
pared to 90 kg, for the 130 series), minimizing the deflection 
that would occur when the mobile platform is at its extreme 
position in y. Overall, this mechanical design provides high ri-
gidity in all directions and particularly in the z direction (nor-
mal to the plane of motion). 

The motors that will drive the linear guides are three identi-
cal Cleveland Motion Controls BNL2310 servo motors, 
NEMA 23 size. Servo motors were chosen because they have 
excellent stiffness capabilities, allowing for quick starts and 
stops. These motors also have quick responses to control sig-
nals, making them ideal for this sort of application. No gear 
boxes will be used, since Acme precision ball screws of 0.2 in 
lead are used. 

Finally, the 100 series and the two 130 series linear guides 
will have travel lengths of 8 in and 12 in, respectively. The dis-
tance s, as defined in Fig. 2a, is about 17 in. As a result, the 
mobile platform can rotate up to ±35º and translate inside a 
rectangle of 8 in by 12 in (when at 0º). The mobile platform is 
6.5×6.5 in and the bottom plate is 20×20 in. 

 

Fig. 3. 3D CAD model of the new parallel robot (patent pending). 

 

Fig.2. Schematics of both (a) the new parallel robot (patent pending) and (b) Hephaist’s parallel robot. 



III. DIRECT AND INVERSE KINEMATIC ANALYSIS 

Referring to Fig. 2a and 2b, a base reference frame Oxy is 
fixed at the base so that the center of the revolute joint of leg 2 
lies on the y axis, and a mobile reference frame Cx’y’ is fixed 
to the mobile platform so that the centers of the revolute joints 
of legs 2 and 3 lie on the x’ axis. In Fig. 2a, the origin C coin-
cides with the center of the revolute joint of leg 1, while in 
Fig. 2, the origin C is placed so that the center of the revolute 
joint of leg 1 lies on the y’ axis. Finally, θ is the angle between 
the x and x’ axes. 

Furthermore, ρ1 is the active-joint variable defined as the 
distance between the y axis and the center of the revolute joint 
of leg 1, and ρ2 and ρ3 are the active-joint variables defined as 
the distances between the x axis and the centers of the revolute 
joint of leg 2 and 3, respectively. In addition, s is the horizontal 
distance between the centers of the revolute joints of legs 2 and 
3. In Fig. 2b, only, h is the distance between the center of the 
revolute joint of leg 3 and the x axis. 

A. Hephaist’s Parallel Robot 
Given the active-joint variables, we are able to uniquely de-

fine the position and orientation of the mobile platform. The 
orientation angle is easily obtained as 

 1 3 2ρ ρ
θ tan

s
− −⎛ ⎞= ⎜ ⎟
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. (1) 

The position of the mobile platform is the intersection be-
tween the line connecting the centers of the revolute joints of 
legs 2 and 3, and the line connecting the center of the revolute 
joint of leg 1 and normal to the previous line. The resulting 
equations for x and y are:  
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The results appear to be rather complicated, despite having 
an easy process to solve for it. That is because the position of 
the mobile platform is dependant on all the active-joint vari-
ables, which shows that the robot has coupled input-output re-
lationship. 

The inverse kinematics is easier to solve for. Given the posi-
tion and orientation of the mobile platform, the active-joint 
variables are obtained as 

 1ρ ( ) tanθx h y= − −  (4) 

 2ρ tanθy x= −  (5) 

 3ρ  ( ) tanθy s x= + −  (6) 

Since (1–6) are always defined, assuming 0≠s , it is evident 
that this parallel robot has no singularities. Note, that this is a 
great advantage over most parallel robots, which have intricate 
singularities. 

B. New Parallel Robot 
Given the active-joint variables, we are again able to 

uniquely define the position and orientation of the mobile plat-
form. The orientation angle is defined by (1), while the posi-
tion of the mobile platform is given by 

 1ρx =  (7) 

 3 2
2 1

ρ ρ
ρ ρy

s
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⎝ ⎠
 (8) 

As one can observe, the direct kinematic equations of the 
new parallel robot are much simpler than those for the Hepha-
ist robot. Furthermore, x is directly defined by actuator 1, thus 
the reason why our parallel robot is partially decoupled. 

The inverse kinematic analysis is also simple. Given the po-
sition and orientation of the mobile platform, the active-joint 
variables are obtained as 

 1ρ x=  (9) 

 2ρ tanθy x= −  (10) 

 3ρ  ( ) tanθy s x= + −  (11) 

Similarly, it is evident that our parallel robot has no singu-
larities, provided that s is non-zero. 

IV. WORKSPACE ANALYSIS 

The position workspace of both parallel robots is dependant 
on the orientation of the mobile platform. In both cases, the 
greater that orientation, the smaller the workspace area. To al-
low for fair comparison, we will assume that in both robots, the 
only mechanical limits restraining the workspace are the actua-
tor travel lengths, which are the same: 

 1 1,min 1,max 2 2,max 3 3,maxρ [ρ , ρ ], ρ [0, ρ ], ρ [0, ρ ],∈ ∈ ∈  

as shown in Fig. 4. 
Under these conditions, the position workspace for both par-

allel robots can be easily obtained geometrically, as shown in 
Fig. 4, where the position workspace for a given orientation is 
the hatched region. In both robots, this workspace is delimited 
by two lines parallel to the x’ axis and passing through the lim-
its of actuators 1 and 2. In Hephaist’s robot, this workspace is 
further delimited by two lines parallel to the y’ axis and pass-
ing through the limits of actuator 1. In our parallel robot, the 
position workspace is further delimited by two lines parallel to 
the y axis and passing through the limits of actuator 1. 

From here, it is obvious that the position workspace of our 
parallel robot is greater than the position workspace of Hepha-
ist’s robot, for any non-zero orientation. Furthermore, the posi-
tion workspace of our parallel robot is always centered be-
tween actuators 2 and 3, while the center of the position work-
space of Hephaist’s robot is hugely varying. This means that 
the region in which each point is accessible with at least one 
orientation in a given range, max maxθ [ θ , θ ]∈ − , is much larger 
for our parallel robot. 



V. VELOCITY EQUATIONS AND JACOBIAN 

The velocity equations are essential for a precision position-
ing device, even if the velocity of the mobile platform is not 
needed. These equations define the Jacobian matrix which can 
be used to find useful information such as local and global dex-
terity. The Jacobian matrix is defined as follows: 

 ρ = Jq& & , (12) 

where 

 1 2, 3[ρ , ρ ρ ] , [ , , θ]T Tx y= =ρ q && & & & & & & . (13) 

By differentiating the inverse kinematic equations of Hepha-
ist’s robot (4–5), the following is obtained for its Jacobian: 
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Simiarly, by differentiating the inverse kinematic equations of 
our robot (9–11), the following is obtained for its Jacobian: 
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Note that the Jacobian of our robot is dependant on only θ and 
x. That is due to the fact the robot is partially-decoupled. 

VI. LOCAL DEXTERITY ANALYSIS 

A dexterity analysis can be applied to the system now that 
the Jacobian matrix is known. Dexterity is defined as the capa-
bility of the robot to make accurate movements and is a meas-
ure of its kinematic accuracy [3]. To characterize the accuracy 
of a robot’s dexterity a performance index was established 
based on the Jacobian matrix. The Jacobian matrix is used be-
cause it is the linear transformation between Cartesian and ac-
tuator velocities. The local dexterity is the quality of that trans-
formation. Dexterity index will be defined as [3]: 

 
1

1ξ
−

=
J J

, (16) 

where 

 1
3

Ttr ⎛ ⎞= ⎜ ⎟
⎝ ⎠

J JJ . (17) 

It is well known, that the dexterity index ξ defined in the 
above way is not frame invariant since it depends on both posi-
tion and orientation parameters. However, for the purposes of 
comparison, we can use this index if we use the same physical 
dimensions in both Hephaist’s and our parallel robot. Namely, 
we use s = h = 10 (in units that need not be specified) and pre-
sent two typical dexterity plots in Figs. 5 and 6. 
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Fig. 5. Dexterity contour plots for Hephaist’s robot for two orientations. 
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Fig. 6. Dexterity contour plots for our robot for the same two orientations. 

 

Fig.4. Position workspace for a given orientation of the mobile platform for both (a) the new parallel robot and (b) Hephaist’s parallel robot. 



While the actual values for the local dexterity in each robot 
are irrelevant, two facts are obvious from Figs. 5 and 6 (and 
can be easily proven analytically). Firstly, the accuracy is re-
duced for both robots when the orientation angle increases.  
Secondly, the accuracy of Hephaist’s parallel robot is propor-
tional to the distance between the center of the mobile platform 
and the point (s/2, h). Yet, it is obvious from Fig. 1, that 
Hephaist’s NAF3 alignment stage operates close to the point 
(s/2, h/2), i.e., far from its maximum local dexterity. In con-
trast, the accuracy of our parallel robot is independent from the 
y coordinate of the center of the mobile platform and is propor-
tional to the distance between the center of the mobile platform 
and the line x = s/2. Therefore, while the highest dexterity in-
dices for both robots are comparable, our parallel robot actu-
ally achieves these values throughout the center of its work-
space. In other words, it is obvious that our parallel robot is 
better than Hephaist’s one in terms of kinematic accuracy. 

VII. CONCLUSION 

In this paper, a new parallel architecture for precision posi-
tioning has been proposed. The new architecture is a modifica-
tion of the architecture of an existing commercial alignment 
stage, but the actual mechanical design that was briefly dis-
cussed is completely different. Through kinematic analysis of 
both the existing and the new parallel robots, it was shown that 
the new one has simpler partially-decoupled kinematic equa-
tions, larger workspace, and better accuracy. Currently under 
construction, this device could be a better solution for accurate 
positioning for the semiconductor industry. 

VIII. ACKNOWLEDGMENTS 

The authors would like to thank Mr. Luc Bilodeau for creat-
ing the CAD model shown in Fig. 3, as well as to the Fonds 
québécois de la recherche sur la nature et les technologies who 
provided funding for building the first prototype. 

IX. REFERENCES 
[1] S. Ronchi, O. Company, F. Pierrot, and A. Fournier, “PRP Planar Parallel 

Mechanism in Configurations Improving Displacement Resolution,” Pro-
ceedings of the 1st International Conference on Positioning Technology, 
Act-city, Hamamatsu, Japan, June 9–11, 2004. 

[2] G. Grigore, “Fully-Isotropic Over-Constrained Planar Parallel Manipula-
tors,” Proceedings of 2004 IEEE/RSJ International Conference on Intel-
ligent Robots and Systems, Sendai, Japan, September 28 – October 2, 
2004. 

[3] C. Gosselin, “The optimum design of robotic robots using dexterity indi-
ces,” Robotics and Autonomous systems, Vol. 9, pp. 213-226, 1992. 

[4] C. Gosselin “Stiffness Mapping for Parallel robots,” IEEE Transactions 
on Robotics and Automation, Vol 6, No.3, pp. 377-382, 1990. 

[5] C. Gosselin, S Lemieux and J.-P. Merlet, “A new architecture of planar 
three-degree-of-freedom parallel robot,” Proceedings of the 1996 IEEE 
International Conference on Robotics and Automation, Minneapolis, 
Minnesota, USA, April, 1996. 

[7] J. Angeles, Fundamentals of Robotic Mechanical System, Second Edi-
tion, Springer, 2003 

[8] M.H.R. Daniali, P. Zsombor-Murray, and J. Angeles, “The Kinematics of 
3-DOF Planar and Spherical Double-Triangular Parallel Robot,” Compu-
tational Kinematics, J. Angeles et al. (eds.), Kluwer Academic Pub-
lishers, pp. 153-164, 1993. 

[9] C. Gosselin and J. Angeles, “A Global Performance Index for the Kine-
matic Optimization of Robotic Robots,” Journal of Mechanical Design, 
Vol. 113, No. 3, pp. 220-226, September 1991. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


