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SYSTEM AND METHOD FOR DETECTION AND CORRECTION OF ROBOT

PAYLOAD POSITION
BACKGROUND
Technical Field
[0001] The exemplary and non-limiting embodiments relate generally to a system and

method for determining a position of a polygonal payload on a robot end-effector and, if

configured so, utilizing the position for delivering the payload to a specified location.
Brief Description of Prior Developments

[0002] The existing manufacturing processes for semiconductor, LCD and LED products
typically utilize automated cluster tools to process material in the form of various types of

substrates.

[0003] A top view of an example cluster tool 10 is depicted diagrammatically in Figure 1.
The tool 10 may consist of a vacuum chamber 12 with a plurality of stations 14, such as load-
locks and process modules, attached to the circumference of the chamber 12. A material-
handling robot 16 may be located in the chamber to cycle material through the tool 10, for

example, from the load-lock(s) through the process module(s) and back to the load-lock(s).

[0004] The material typically rests on a set of pads integrated into the end-effector 18 of the
robot 16, and is held in place merely by the means of frictional force. An active gripper, a
common solution in many robotic applications, may not be used in a vacuum cluster tool 10 due
to the risk of contamination of the material by particles resulting from moving components close

to the material and sliding motion associated with the gripping action.

[0005] In the absence of a gripper, the material is not mechanically aligned on the end-
effector 18 when the robot picks the material, and the material may end up displaced
(misaligned) from its ideal nominal location on the robot end-effector. In order to understand
whether the position of the material on the end-effector is acceptable and, if possible, correct for

misalignment of the material when the robot delivers the material, a solution is needed for
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determining the position of the material on the robot end-effector and, if desired, utilizing the

position for delivering the material to a specified location.

SUMMARY
[0006] The following summary is merely intended to be exemplary. The summary is not
intended to limit the scope of the claims.
[0007] In accordance with one aspect, an example method includes moving a payload

through a motion path proximate at least one sensor. Detecting edges of the payload such that at
least three points on at least two edges are detected. Capturing a position when the at least one

sensor detects at least one edge of the payload.

[0008] In accordance with another example, an example embodiment is provided in an
apparatus comprising an end-effector, at least one sensor, and a controller. The end-effector is
configured to move a payload. The at least one sensor is configured to detect edges of the
payload. The controller includes at least one processor and at least one non-transitory memory
including computer program code, the at least one memory and the computer program code
configured to, with the at least one processor, cause the apparatus to move the payload through a
motion path proximate the at least one sensor, detect the edges of the payload such that at least
three points on at least two edges are detected, and capture a position when the at least one

sensor detects at least one edge of the payload.

[0009] In accordance with another example, an example embodiment is provided in a
non-transitory program storage device readable by a machine, tangibly embodying a program of
instructions executable by the machine for performing operations comprising moving a payload
through a motion path proximate at least one sensor, detecting edges of the payload such that at
least three points on at least two edges are detected, and capturing a position when the at least

one sensor detects at least one edge of the payload.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The foregoing aspects and other features are explained in the following

description, taken in connection with the accompanying drawings, wherein:
[0011] Fig. 1 is a top view of a cluster tool;
[0012] Fig. 2 is a top view of a cluster tool incorporating features of the invention;

[0013] Fig. 3 shows various motion paths of a robot of the cluster tool of Fig. 2;

[0014] Fig. 4 is an illustration of an exemplary motion path;
[0015] Fig. 5 is an illustration of distinct points on a circumference of a payload;
[0016] Fig. 6 is an illustration corresponding to an optimization problem for the payload

and end-effector;
[0017] Figs. 7 and 8 illustrate orientations of the payload and end-effector; and

[0018] Fig. 9 is a diagram illustrating an example method.

DETAILED DESCRIPTION OF EMBODIMENTS

[0019]  The following abbreviations/symbols that may be found in the specification and/or

the drawing figures are defined as follows: -

Cr, Cg - Constants used in equations for front/back sides of rectangle representing payload
Cy Cr - Constants used in equations for left/right sides of rectangle representing payload
H, - Householder reflector matrix

m - Number of data points for all edges

mpg,Mmp - Number of data points for front/back edges
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m;,my - Number of data points for left/right edges

n,,n, - Define vectors normal to lines of rectangle representing payload
radj, ¢adj - Polar coordinates of adjusted destination position of robot end-effector
Tge. ®gr - Polar coordinates of captured end-effector positions in robot coordinate system

Teen» Peen = Polar coordinates of sensor locations in robot coordinate system

Ism, §stn - Polar coordinates of robot station in robot coordinate system

v, - Vectors to sensor locations at trigger expressed in end-effector coordinate system
W,L - Width and length of rectangular payload (see Figure 6)

xg¥s - Coordinates of the back edge data points in end-effector coordinate system

Xys ¥y - Offset of payload in end-effector coordinate system

¥ ¥e - Coordinates of the front edge data points in end-effector coordinate system

Ty ¥ - Coordinates of vectors v, in end-effector coordinate system

x;,¥, - Coordinates of the left edge data points in end-effector coordinate system

xg.¥g - Coordinates of the right edge data points in end-effector coordinate system

g, - Orientation of payload in end-effector coordinate system

{se:Mgs - Cartesian coordinates of captured end-effector positions in robot coordinate system

{esnrNsen - Cartesian coordinates of sensor locations in robot coordinate system

[0020]  Various embodiments of the system and method according to the present invention
are intended to address the above requirements. In contrast to the state-of-the-art methods, the
present invention addresses the requirements without additional mechanical complexity and with
minimum impact on tool throughput. Although the features will be described with reference to
the example embodiments shown in the drawings, it should be understood that features can be
embodied in many alternate forms of embodiments. In addition, any suitable size, shape or type

of elements or materials could be used.

[0021] In one example embodiment, the present invention includes a cluster tool 100
having a vacuum chamber 12 with a plurality of stations 14 attached to the circumference of the

chamber 12. A material-handling robot 16 having and end-effector 18 is located in the chamber
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to cycle material through the tool 100. The cluster tool 100 further comprises one or more
sensors 20 located near one or more stations 14 and configured so that the sensors 20 can detect
edges of a payload 22 carried by the robot 16 as the robot extends from the retracted position in
the chamber 12 to the extended position in the station 14, as depicted diagrammatically in
Figure 2. In the particular example of Figure 2, two sensors 20 per station 14 are shown. The
sensors 14 may be, for instance, optical through-beam sensors, optical reflective sensors or any

other suitable sensors capable of detecting the edges of the payload 22.

[0022]  One feature according to various exemplary embodiments of the present invention,
the motion path of the robot 16 between the retracted and extended positions may be carefully
planned so that multiple edges of the payload can be detected by the sensors 20. Referring to
Figure 3, the motion path between the retracted position of diagram (a) and the extended position
of diagram (h) may be, for example, of a zigzag shape, and the shape may be selected so that the
sensors 20 can detect the leading edge 24, the right edge 26, the left edge 28 and the trailing edge
30 of the payload 22.

[0023]  For instance, referring still to Figure 3, the shape of the motion path 32 from the
retracted position of diagram (a) to the extended position of diagram (h) may be selected so that
sensors 20 can detect the leading edge 24 of the payload when the payload 22 enters the sensors
20, as shown in diagram (b), the right edge 26 of the payload when the payload leaves the right
sensor, as depicted in diagram (c), the right edge 26 of the payload again when the payload
enters the right sensor, as depicted in diagram (d), the left edge 28 of the payload 22 as the
payload leaves the left sensor, as depicted in diagram (e), the left edge 28 of the payload again
when the payload enters the left sensor, as depicted in diagram (f), and the trailing edge 30 of the

payload as the payload leaves the sensors, as depicted in diagram (g).

[0024]  As an example, the desired shape of the motion path 32 may be obtained by setting
four via-points between the retracted position of diagram (a) and the extended position of
diagram (h) and connecting the retracted position, the via-points and the extended position by
straight-line segments, which may be blended into a single smooth motion path. The construction
of such an example motion path 32 is illustrated in Figure 4. The blending of the straight-line

segments may be achieved, for instance, by decomposing the motion along the straight-line
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segments into two orthogonal components in a Cartesian coordinate system, and then
overlapping and superimposing final portions of one segment with initial portions of the next
segment in time. The resulting smooth and uninterrupted motion is critical in order to minimize
the duration of the motion from the retracted position to the extended position, thus minimizing

the impact on throughput (the number of wafers processed by the cluster tool per hour).

[0025]  When any of the sensors 20 detects any of the edges of the payload 22 (detection or
trigger event), the controller 34 of the robot 16 may capture the position, i.e., the coordinates, of
the end-effector of the robot. This may be achieved, for instance, by capturing the positions of
the joints of the robot and converting the positions of the joints of the robot to the position of the

end-effector using the kinematic equations associated with the robot.

[0026] The information obtained in the above steps may be utilized to construct several
points on the circumference of the payload, each point corresponding to one edge detection
event. Considering the configuration of Figure 3 as an example, eight distinct points on the
circumference of the payload may be determined, as shown in Figure 5. In Figure 5, the points
on the circumference of the payload are labeled in accordance with the edge detection events
represented by the diagrams of Figure 3. For instance, point (c) in Figure 5 corresponds to the

edge detection event represented by diagram (c) in Figure 3.

[0027]  The locations of the points on the circumference of the payload may be expressed,
for example, in terms of two coordinates in a coordinate system attached to the end-effector of
the robot. The coordinates of the points on the circumference of the payload may then be used to
estimate the position of the payload on the robot end-effector. An example approach for

estimating the position of the payload on the robot end-effector is provided next.

[0028] The points on the circumference of the payload that correspond to the edge

detection events may be represented as follows:

‘lﬂi o (_':’Ci‘,_}i'!.)l i = 1,2’ mn (la)

where
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o

I

i (xsgxn,,i - xEE.’,i) cos(a;) — (}’ssﬂ,i - }’EE,i)Sm(‘ai)r [=12..,m (1b)

U Xsan,i —xEE’,E) Sin(ai) + (yssn,i - }’55,:')5'05(@:')» i=12..,m (1c)

[0029] In Equation (1b), &gk, and neg,; are Cartesian coordinates of the end-effector of the
robot in the robot coordinate system when a sensor detects an edge of the payload, agg; is
orientation of the end-effector of the robot in the robot coordinate system when the sensor
detects the edge of the payload, and Eseni and msen,i are Cartesian coordinates of the sensor
associated with the detection event, also expressed in the robot coordinate system. If polar
coordinate system is used, the Cartesian coordinates needed for Equations (1b) and (1c) can be

obtained from the polar coordinates using the following conversions:

$pmi = T'EE,iSi'n(‘f’sE,:‘): MNeps = 7'55,:"705((1555,:'): 1=12..,m (1d)

fssﬂ,:’ = rsen,isz'ﬂ(gbssn,i )*‘ Neen = rssn,icos(:‘pssn,.i)l L= 1' 21 ey TR (le)

[0030] where reg; and ¢gg; are polar coordinates of the end-effector of the robot in the
robot coordinate system when a sensor detects the edges of the payload, and rgg; and ¢gg; are
polar coordinates of the sensor associated with the detection event, also expressed in the robot

coordinate system.

[0031] If the end-effector of the robot is constrained mechanically to point in the radial
direction, such as in the example of Figure 3, the orientation of the end-effector is a function of

the Cartesian coordinates of the end-effector of the robot:

a; = a:tan(xgg}i/ yEE,i) (19

[0032]  Or, utilizing a polar coordinate system, the orientation of the end-effector for

Equations (1b) and (1¢) can be obtained simply as:
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a; = Pgg, (1g)

[0033] The general form of the problem to be solved can be stated as follows: Fit a
rectangle of length L and width W (see Figures 6 and 7) to the set of points defined by v,, i =1,

2, ..., m captured at edges of the payload. Determine the positional offset X,, ¥, and rotational
offset 8,, of the rectangle (see Figure 8). As an example, a solution may be derived using the

following approach:

e Determine the edge of the rectangle (Front, Back, Left or Right) that the data points, i.e., the
captured positions of the end-effector, correspond to. Note that the front and back edges are
equivalent to the leading and trailing edges introduced earlier in the text.

e Formulate an optimization problem where the objective is to minimize the distances of the
data points to the corresponding edge.

e Frame the optimization as a least squares problem.

e Perform Householder algorithm to obtain QR decomposed version of the least squares
problem.

e Solve the resulting set of linear equation one equation at a time (by back-substituting

variables).

[0034] In order to find the rectangle that best fits the set of data points, the edge that the
data points correspond to have to be determined. As an example, the robot may have this
information pre-defined based on the motion of the robot and the maximum possible offsets.

Using this information, the initial data points may be converted to the following expressions:

Gry Yrg) j=12,0,mp
(*sx  ¥YBx), k=1,2,...,myg
(*r: Yr1), 1=12,..,my
(*or Yer), h=1,2,..,m,

(xey) = @)
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Next, the cost function for the optimization problem needs to be constructed. The

[0035]
general equations that define the lines (sides) of the rectangle that represents the payload can be
3)

written as:
) ’ _ __ (cp for front edge
X TRV T =0 0= {CB for back edge

_ __ (cg for frontedge

mxX —my+te=0; c= { ¢, for back edge @)

The front/back and left/right edges are constrained by the size of the rectangle (in

[0036]

other words, the distance between the front and back edges is equal to W, and the distance
between the left and front edges is equal to L, as shown in Figure 6). This constraint may be

described by the following expressions:
leg—cal _ leg—cgl
——==W , === 5
anf'-%n?, ne +nd ( )
3% 2 v |4 2
the data

Using Equations (2) to (4), the sums of the squared distances between

[0037]
points and the corresponding edges may be described by the following expressions:

(6)

, Back :Zkzi \{?
ny +ny
(7)

mg [”ixs,k"'“z)’B‘k'*CB)‘

p 3 2
mg li-nixﬂj-l-?:zyp ,.j"’"F)
ni-ﬂ»n’i

Fromt: X .2
, .My [”221‘?,2"”25'&14":&)2 . ey (ﬂle._‘h—niyl‘,h'q' 6.332
Right : 2,78 Tand , Lefe: XL, .
Utilizing the constraints described in Equation (5), the expressions of Equations (6)

[0038]
and (7) can be rewritten as:
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2

3
(uix”-mzyp_jﬂg-w )ng +n, J
mg ;

Front: X :7F Tl (8)
p——> 2
(nszlz-—n‘.‘ergi-cL—L\‘ni+n.§)
, m
Right: 2% - )

[0039] A magnitude constraint on the normal vectors may be added to make the solution

unique. The constraint may be defined by the following expression:
ni+n;=1 (10)

[0040] Combining Equations (6) to (10), the following optimization problem may be

formulated:

. 2 m 2
min (Z;;Fi(ﬂixmj + M Yey + 05 = W)+ I (Mg gy F M2V +05) +

Ny Mq.8p.0F

2 2
mp . — — my . . — <
Zz:i(n?.xR,! Ny¥gy €, L) +Zh:1(n2%,h Ny Yyn CL) )

(11)

[0041] The expression of Equation (11) may be written in a matrix form:

10
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2
- 1 0 Xpq Yra ] W
1 0 Xpm r ¥r,m 7 c T,f';:V
1 0 Xpa Y51 B 0
' 1 0 Xy Yomg| | * 0 2 4 2
min A N stongtn; =1 (12)
0 1 ~Yr1 R1 | ng L
0 1 "-yR,an xR,mR L11., L
0 1 —¥r1 x| TH O
| O 1 “}’L,ml‘ xl,,mL E :_%_:
A 2
Or:
minflA-z - bl sst. nf+ni=1 (13)

[0042]  Equation (13) represents a constrained least squares problem, which can be solved
using various methods. As an example, the problem can be solved by performing QR

decomposition on the matrix A through Householder transformations.

[0043] For the purpose of explaining the QR decomposition through Householder

transformations, variables 4, z, and b may be generalized as follows:

@y T Gy . Zy by
oo b L E=|H], b= (14)
amn e a’mn Z?’! b"'l

[0044] The QR decomposition decomposes matrix A into two matrices, Q and R. @ is a

matrix with orthonormal columns and R is an upper-triangular matrix with non-zero diagonal.

The problem thus may be converted to the format of Equation (18) below.
A z2b (15)

11
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Q ‘R “Zppp = b (16)
Q1 QR z,, =@ b (17)
Rz, =Q  b=h (18)

[0045]  Let’s introduce matrix 4 and make its elements identical to matrix A:

A=A (19)

[0046] Fori =1 to n, carry out the following steps:

vy =w+ sign(wy) - l(w)ll- ey; w=d,,,; (20)
b =
ORI @D
Ly 04,41
H, = i 22)
Ops1-i1 Loprme = 2(ug 1)
A:=H,- A, overwrting the values of A for next iteration (23)

[0047]  As aresult, the following matrices are obtained:

Hy,Hyyuoy H, (24)

[0048] The matrices of (24) may be used to calculate R and b through the following

expressions:

R=H, Hy, ..,Hy, H,+ A (25)
o7

b=H, Hy,.. H, Hy b (26)
Q'T

12
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[0049] The values calculated using Equations (25) and (26) may be substituted into

Equation (18), which then can be written in the following expanded form:

o . [ b, ]
1 N2 Mmoo Ty
0 my Ty Tyl[Cs b,
0 T P a o
33 34 CL bg.
0 7y =
o |[™ by
-'nz..
0 0 0 0 5

27)

[0050] Equation (27) can be solved for the four unknowns ni, nz, cr. and cg through back-

substitution:

b
n, = Z3

-

Ad

5 - R
ny = 5 Peg ¥Ry

Toe

5 b AUTTR 3 £ P & =y

¢, = 27 Vg ¥Ny TP g ¥y

»
You

o~
B kO =P g SNy T Ny

CB""

3
Foo

(28)
29)
(30)

G

[0051]  Finally, the offsets of the payload expressed in the end-effector coordinate system

may be calculated as:

:%2””%_%+%)+W*(ﬂ%+%

2

W L
Yo =1 ¥ ("CB '5'3) — 7y * (¢ 3

8, = atan(—ny,n,)

13

(32)

(33)
(34)
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[0052]  where x. and y. are coordinates of a reference point on the payload, e.g., the center
of the payload, and 6. is the orientation of the payload, all expressed in the end-effector

coordinate system.

[0053] The resulting information may be used to detect an unacceptable, e.g., excessive,
misalignment of the payload on the robot end-effector, and react accordingly, e.g., by aborting
the robot motion. The resulting information may also be used to compensate for misalignment of
the payload on the robot end-effector by adjusting the position of the robot end-effector when the
payload is delivered so that it is delivered properly to the specified location regardless of the

misalignment.

[0054] As an example, if the robot can control the orientation of the end-effector, the
misalignment of the payload on the robot end-effector can be completely compensated for by
adjusting the destination position of the robot end-effector according to the following

expressions:

Kadj = » Yadj =, eadj = -0 (35)

[00SS5]  where Xadj, Yadj are Cartesian coordinates and Oaqj is orientation of the robot end-
effector in the adjusted destination position, and Xsm and ysn are Cartesian coordinates of the
robot station, all expressed in the robot coordinate system. The adjusted destination position of

the robot end-effector may be obtained in terms of polar coordinates as follows:

Tadj = , Padj = , Oadj = -O¢ (36)

[0056]  where ragj, $adj are polar coordinates and Bagj is orientation of the robot end-effector
in the adjusted destination position, and rsm and ¢stn are polar coordinates of the robot station, all

expressed in the robot coordinate system.

14
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[0057]  If the robot cannot control the orientation of the end-effector, e.g., because the end-
effector is mechanically constrained to point radially, the misalignment of the payload on the
robot end-effector can be compensated only partially for by adjusting the destination position of

the robot end-effector according to the following expressions:

Xadj = 5 Yadj = (37)

[0058]  where Xagj and yaqj are Cartesian coordinates of the adjusted destination position of
the robot end-effector in the robot coordinate system, and Xsn and ysw are Cartesian coordinates
of the robot station in the robot coordinate system. The adjusted destination position of the robot

end-effector may be obtained in terms of polar coordinates as follows:

2 2 .
radj =V — X T Yeo ¢adj = ¢stn - asm(xc /rsm) (38)

[0059]  where ragj and ¢agj are polar coordinates of the adjusted destination position of the
robot end-effector in the robot coordinate system, and rswm and ¢sw are polar coordinates of the

robot station in the robot coordinate system.

[0060] In summary, the method for determining a position of a polygonal payload on a
robot end-effector and, if configured so, for utilizing the position for delivering the payload to a

specified location may include the following steps:

» The robot moves a payload through one or more sensors, which are configured to detect edges
of the payload.

e The direction of motion changes at least ones between the edge detection events so that at
least three points on at least two edges, which are not parallel, are detected.

» The robot controller captures (directly or indirectly using available position measurements)

the position of the end-effector when any sensor detects any edge of the payload.

15
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e The robot controller converts the captured end-effector positions to points on the
circumference of the payload in the end-effector coordinate system.

e The robot controller estimates the location of a reference point on the payload in the end-
effector coordinate system.

e If configured so, the controller estimates the orientation of the payload in the end-effector
coordinate system.

e If configured so, the controller adjusts the destination (e.g., extended) position of the robot to
deliver the payload to a specified location (regardless of the payload misalignment).

e If configured so, the controller adjusts the orientation of the end-effector in the destination

(e.g., extended) position of the robot to deliver the payload with a specified orientation.

[0061] It should be noted that although the present invention is described based on a
selected example embodiment, the invention may be practiced in a variety of alternative

embodiments. In particular, the following should be noted:

e Although the above examples discuss a rectangular payload, the payload may have any
polygonal shape.

e Although the above examples utilize a pair of sensors per station, one, three or any suitable
number of sensors may be used.

e Although the above examples discuss the estimation of the payload location during an extend
move, the estimation may be performed during a retract move or any other move.

e Although the above examples show a motion path based on four via-points (direction
changes), any suitable number of via-points, including a single via-point, may be utilized.

e Although the above text presents the use of via-points as an example method for producing
the motion path, any suitable method for producing the motion path may be used.

e Although the example calculations determine the position of the payload on the end-effector
and then use this information to adjust the extended position to deliver the payload to a
specified location, the adjusted extended position may be determined directly.

e Although the above examples show a robot with an end-effector constrained to point radially,

the robot may have an articulated end-effector (actively controlled wrist joint).

16



WO 2020/009919 PCT/US2019/039723

o If the robot has an articulated end-effector, the end-effector may be maintained in an
orientation parallel to the direct path to the station to minimize payload rotation.

o Alternatively, if the robot has an articulated end-effector, the end-effector may be rotate
during motion to obtain the best estimate of the location of the payload on the end-effector.

o Although the above examples discuss a robot with a single arm with a single end-effector, the

robot may feature multiple arms and multiple end-effectors.

[0062] An example method 200 is shown in Figure 9 which includes moving a payload
through a motion path proximate at least one sensor (see block 202); detecting edges of the
payload such that at least three points on at least two edges are detected (see block 204); and
capturing a position when the at least one sensor detects at least one edge of the payload (see
block 206).

[0063] An example apparatus may comprise an end-effector configured to move a payload;
at least one sensor configured to detect edges of the payload; and a controller 34 comprising at
least one processor 36 and at least one non-transitory memory 38 including computer program
code, the at least one memory and the computer program code configured to, with the at least
one processor, cause the apparatus to: move the payload through a motion path proximate the at
least one sensor; detect the edges of the payload such that at least three points on at least two
edges are detected; and_capture a position when the at least one sensor detects at least one edge

of the payload.

[0064] An example may be provided in a non-transitory program storage device, such as
memory 38 shown in Fig. 2 for example, readable by a machine, tangibly embodying a program
of instructions executable by the machine for performing operations comprising moving a
payload through a motion path proximate at least one sensor, detecting edges of the payload such
that at least three points on at least two edges are detected, and capturing a position when the at

least one sensor detects at least one edge of the payload.

[0065] Any combination of one or more computer readable medium(s) may be utilized as
the memory. The computer readable medium may be a computer readable signal medium or a

non-transitory computer readable storage medium. A non-transitory computer readable storage
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medium does not include propagating signals and may be, for example, but not limited to, an
electronic, magnetic, optical, electromagnetic, infrared, or semiconductor system, apparatus, or
device, or any suitable combination of the foregoing. More specific examples (a non-exhaustive
list) of the computer readable storage medium would include the following: an electrical
connection having one or more wires, a portable computer diskette, a hard disk, a random access
memory (RAM), a read-only memory (ROM), an erasable programmable read-only memory
(EPROM or Flash memory), an optical fiber, a portable compact disc read-only memory (CD-
ROM), an optical storage device, a magnetic storage device, or any suitable combination of the

foregoing,.

[0066] It should be understood that the foregoing description is only illustrative. Various
alternatives and modifications can be devised by those skilled in the art. For example, features
recited in the various dependent claims could be combined with each other in any suitable
combination(s). In addition, features from different embodiments described above could be
selectively combined into a new embodiment. Accordingly, the description is intended to
embrace all such alternatives, modifications and variances which fall within the scope of the

appended claims.
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CLAIMS
What is claimed is:
1. A method comprising:
moving a payload through a motion path proximate at least one sensor;

detecting edges of the payload such that at least three points on at least two

edges are detected; and

capturing a position when the at least one sensor detects at least one edge of

the payload.

2. A method as in claim 1 wherein the at least three points on at least two edges are

not parallel.

3. A method as in claim 1 wherein the at least one sensor is configured to detect the
edges of the payload when direction of motion changes between edge detection

events,

4. A method as in claim 1 wherein the capturing further comprises capturing, directly
or indirectly using available position measurements, the position when the at least one

sensor detects the at least one edge of the payload.

5. A method as in claim 1 further comprising converting captured end-effector
positions to points on a circumference of the payload in an end-effector coordinate

system.

6. A method as in claim 5 further comprising estimating a location of a reference

point on the payload in the end-effector coordinate system.

7. A method as in claim 5 further comprising estimating an orientation of the payload

in the end-effector coordinate system.

8. A method as in claim 7 further comprising adjusting a destination position of a

robot to deliver the payload to a specified location.
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9. A method as in claim 8 further comprising adjusting the orientation of the end-
effector in the destination position of the robot to deliver the payload with a specified

orientation.
10. An apparatus comprising:
an end-effector configured to move a payload;
at least one sensor configured to detect edges of the payload; and

a controller comprising at least one processor and at least one non-transitory
memory including computer program code, the at least one memory and the computer

program code configured to, with the at least one processor, cause the apparatus to:

move the payload through a motion path proximate the at least one

sensor;

detect the edges of the payload such that at least three points on at least

two edges are detected; and

capture a position when the at least one sensor detects at least one edge

of the payload.

11. An apparatus as in claim 11 wherein the apparatus is a vacuum chamber

comprising a plurality of stations attached to a circumference of the vacuum chamber.

12. An apparatus as in claim 11 wherein the apparatus comprises two sensors per

station.

13. An apparatus as in claim 10 wherein the at least one sensor comprises an optical

through-beam sensor or an optical reflective sensor.

14. An apparatus as in claim 10 wherein the at least one memory and the computer
program code are configured to, with the at least one processor, cause the apparatus to
convert captured end-effector positions to points on a circumference of the payload in

an end-effector coordinate system.
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15. An apparatus as in claim 14 wherein the at least one memory and the computer
program code are configured to, with the at least one processor, cause the apparatus to
estimate a location of a reference point on the payload in the end-effector coordinate

system.

16. A non-transitory program storage device readable by a machine, tangibly
embodying a program of instructions executable by the machine for performing

operations comprising:
moving a payload through a motion path proximate at least one sensor;

detecting edges of the payload such that at least three points on at least two

edges are detected; and

capturing a position when the at least one sensor detects at least one edge of

the payload.

17. A non-transitory program storage device as in claim 16 further comprising a
program of instructions executable by the machine for performing operations
comprising converting captured end-effector positions to points on a circumference of

the payload in an end-effector coordinate system.

18. A non-transitory program storage device as in claim 17 further comprising a
program of instructions executable by the machine for performing operations
comprising estimating a location of a reference point on the payload in the end-

effector coordinate system.

19. A non-transitory program storage device as in claim 17 further comprising a
program of instructions executable by the machine for performing operations
comprising estimating an orientation of the payload in the end-effector coordinate

system.

20. A non-transitory program storage device as in claim 19 further comprising a

program of instructions executable by the machine for performing operations
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comprising adjusting a destination position of a robot to deliver the payload to a

specified location.
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