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different time. At least once during the repeated operation of each of the nozzles, at least some of the test marks are erased from
the surface. The test marks that were printed by that nozzle are inspected for a feature that is indicative of the performance of that
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PRINTING HEAD NOZZLE EVALUATION

FIELD OF THE INVENTION

[0001] The present invention relates to printing systems. More particularly, the

present invention relates to evaluation of nozzles of a printing head.

BACKGROUND OF THE INVENTION

[0002] Techniques of inkjet printing that were originally developed for deposition
of ink on substrates to created printed text or graphics have been applied to
additional applications. As one example, inkjet printing techniques have been
applied to depositing metallic conducting material on surface of semiconductor
substrates. Thus, for example, inkjet printing techniques may be applied to deposit
electrical connections on semiconductor-based electronic devices, such as

photovoltaic cells for solar electrical power generation.

[0003] A printing head of an inkjet printer typically includes a large plurality of
nozzles through which the printing fluid (e.g. ink) may be dispensed. The nozzles
are typically arranged in the form of a one- or two-dimensional array. An array of

nozzles typically includes rows or lines of aligned nozzles.

[0004] For at least some applications of inkjet printing techniques, a nozzle of the
array may be expected to be aligned with other nozzles of the array. Thus, each
nozzle used in the application may be expected to deposit printing fluid with a
particular spatial relationship relative to printing fluid that is deposited by other
nozzles used in the application. An example of such an application may include
depositing a line of conducting material on a surface of a semiconductor. In order
that the line of conduction material have a desired thickness, relative motion
between a printing head and the substrate may be in a direction parallel to a row of
nozzles of the array. During the course of the motion, a plurality of nozzles of the
row may deposit conducting material in a synchronized manner on the surface. Due
to the motion, the material that is deposited by each nozzle may be in the form of a

printed line of conducting material. It is expected in this case that each of the
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nozzles of the row (except the first) deposits a line or a layer of conducting material
on top of the previously deposited lines were deposited by the previous nozzles.
Failure to do so consistently and accurately may reduce the quality of the deposited

lines of conducting material.

[0005] It is an object of embodiments of the present invention to provide for
evaluation of nozzles of a printing head so as to ensure that the printing heads

deposits material as part of a printing application in a consistently aligned manner.

[0006] It is further object of embodiments of the present invention to provide for

evaluation of the nozzles using a reusable substrate.

[0007] Other aims and advantages of the present invention will become apparent

after reading the present invention and reviewing the accompanying drawings.

SUMMARY OF THE INVENTION

[0008] There is thus provided, in accordance with some embodiments of the present
invention, a method for evaluating performance of a plurality of nozzles of a
printing head, the method including: repeatedly operating each of the plurality of
nozzles to print test marks on a surface of a substrate, each of the test marks printed
by that nozzle being printed at a different time; at least once during the step of
repeatedly operating each of the nozzles, erasing at least some of the test marks
from the surface; and inspecting the test marks that were printed by that nozzle for a

feature that is indicative of the performance of that nozzle.

[0009] Furthermore, in accordance with some embodiments of the present
invention, inspecting the test marks includes acquiring an image of each of the test

marks and inspecting the acquired image.

[0010] Furthermore, in accordance with some embodiments of the present
invention, the method includes accepting a nozzle of the plurality of nozzles for
inclusion in a group of nozzles of the printing head that are selected for use in a
printing application if the evaluated performance conforms to a predetermined

criterion.

[0011] Furthermore, in accordance with some embodiments of the present

invention, erasing the test marks includes rubbing a wiper against the surface.
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[0012] Furthermore, in accordance with some embodiments of the present
invention, the method includes inserting a wiper foil between the wiper and the

surface during rubbing the wiper against the surface.

[0013] Furthermore, in accordance with some embodiments of the present

invention, the method includes heating the surface.

[0014] Furthermore, in accordance with some embodiments of the present

invention, the substrate surface includes glass or a ceramic.

[0015] Furthermore, in accordance with some embodiments of the present
invention, the feature includes a position of the test mark or a thickness of the test

mark.

[0016] There is further provided, in accordance with some embodiments of the
present invention, a method for evaluating stability of a plurality of nozzles of a
printing head, the method including: repeatedly operating each of the plurality of
nozzles to print test marks, each of the test marks printed by that nozzle being
printed at a different time; and comparing the test marks that were printed by that

nozzle to determine stability of that nozzle.

[0017] Furthermore, in accordance with some embodiments of the present
invention, comparing the test marks includes: acquiring an image of each of the test
marks that were printed by a nozzle one of the plurality of nozzles; and comparing
the images to detect differences between the test marks indicative of lack of stability

of that nozzle.

[0018] Furthermore, in accordance with some embodiments of the present
invention, the method includes accepting a nozzle of the plurality of nozzles for
inclusion in a group of nozzles of the printing head that are selected for use in a
printing application if the determined stability conforms to a predetermined
criterion.

[0019] Furthermore, in accordance with some embodiments of the present
invention, the method includes erasing at least some of the test marks from the

surface at least once during the step of repeatedly operating each of the nozzles.
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[0020] Furthermore, in accordance with some embodiments of the present
invention, comparing the test marks comprises comparing positions of the test

marks or comparing thicknesses of the test marks.

[0021] There is further provided, in accordance with some embodiments of the
present invention, a system for evaluating performance of a plurality of nozzles of a
printing head, the system including: an imaging device for acquiring images of test
marks that were printed on a substrate surface by each of the plurality of nozzles; a
processor configured to detect features of the acquired images, the features being
indicative of the performance of that nozzle; and an eraser device for erasing the test

marks from the substrate surface.

[0022] Furthermore, in accordance with some embodiments of the present
invention, the eraser device includes a wiper for erasing the test marks when the

wiper is rubbed against the substrate surface.

[0023] Furthermore, in accordance with some embodiments of the present
invention, the eraser device includes a dispenser for dispensing a wiper foil such that
the wiper foil is inserted between the wiper and the substrate surface when the wiper

is rubbed against the substrate surface.

[0024] Furthermore, in accordance with some embodiments of the present

invention, the wiper foil includes paper.

[0025] Furthermore, in accordance with some embodiments of the present
invention, the wiper includes a resilient material at least partially surrounded by an

abrasive material.

[0026] Furthermore, in accordance with some embodiments of the present

invention, the abrasive material includes plastic fibers.

[0027] Furthermore, in accordance with some embodiments of the present
invention, the system includes a conveying device for conveying the substrate
surface to one or more of the printing head, the imaging device, and the eraser

device.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0028] In order to better understand the present invention, and appreciate its
practical applications, the following Figures are provided and referenced hereafter.
It should be noted that the Figures are given as examples only and in no way limit

the scope of the invention. Like components are denoted by like reference numerals.

[0029] Fig. 1 is a schematic diagram of a system for printing head nozzle stability

evaluation, in accordance with an embodiment of the present invention.

[0030] Fig. 2 schematically illustrates depositing test marks for printing head nozzle

stability evaluation in accordance with an embodiment of the present invention.

[0031] Fig. 3 schematically indicates printing head nozzle stability evaluation

criteria in accordance with an embodiment of the present invention.

[0032] Fig. 4A schematically illustrates printing head nozzle stability evaluation
using a reusable substrate, in accordance with an embodiment of the present
invention.

[0033] Fig. 4B schematically illustrates a structure of a wiper, in accordance with an

embodiment of the present invention.

[0034] Fig. 5 is a flowchart of a printing head nozzle stability evaluation method in

accordance with an embodiment of the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS

[0035] In the following detailed description, numerous specific details are set forth
in order to provide a thorough understanding of the invention. However, it will be
understood by those of ordinary skill in the art that the invention may be practiced
without these specific details. In other instances, well-known methods, procedures,
components, modules, units and/or circuits have not been described in detail so as
not to obscure the invention.

[0036] Embodiments of the invention may include an article such as a computer or
processor readable medium, or a computer or processor storage medium, such as for

example a memory, a disk drive, or a USB flash memory, encoding, including or
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storing instructions, e.g., computer-executable instructions, which when executed by

a processor or controller, carry out methods disclosed herein.

[0037] In accordance with embodiments of the present invention, the quality of each
nozzle of a printing head is evaluated. As a result of the evaluation, a nozzle may be
accepted for inclusion in a group of nozzles that are selected for use in a printing
application. For example, evaluation of stability of a nozzle may consist of
comparing test marks that were repeatedly printed by each nozzle at different times
(e.g. periodically) by depositing a printing fluid on a surface of a substrate. The test
marks that were printed by a single nozzle at different times may be compared with
one another in order to detect any inconsistent, irregular, or unstable behavior when
printing with that nozzle. In addition, test marks that were printed by different
nozzles of the head may be compared to one another. If analysis of the test marks
shows that the test marks that were printed by one of the nozzles conform to
predetermined stability criteria (as well as any other quality criteria), that nozzle
may be accepted for inclusion in the group of selected nozzles. Conformity with the
criteria typically indicates that the marks printed by a single nozzle are consistent
with one another (e.g. indicating that the nozzle prints consistently and stably), and
that they conform to marks that were printed by other nozzles (e.g. indicating proper

alignment and an acceptable rate of dispensing of printing fluid).

[0038] Criteria for inclusion into the group of selected nozzles may include a value
of a property of a nozzle that is measurable via printed test marks. For example,
nozzle that consistently prints test marks that are laterally displaced from test marks
that were printed by other nozzles of a printing head, or that are laterally displaced
from a desired lateral position for the test marks, may be rejected from inclusion in

the group of selected nozzles.

[0039] Evaluating the stability of a nozzle printing may include comparison with
recorded results of past tests of the nozzle (which may be referred to as the history
of the nozzle performance). Evaluation may include a weighting factor that assigns
varying importance or relevance to tests that were performed at different times. For
example, results of a test that was performed recently may be assigned a greater

importance than results of a previous test that was performed less recently.
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[0040] Typically, evaluation of the test marks includes acquiring and analyzing
images of the test marks b)lf an imaging device (e.g. camera, video camera, or
scanner). Lack of stability may be indicated by differences between images of test

marks that were printed by a single nozzle at different times.

[0041] In accordance with embodiments of the present invention, evaluating a
nozzle may include printing test marks on a reusable substrate. Test marks may be
removed or erased (to be understood as referring to any type of removal of the test
marks) prior to reuse of the substrate. For example, the test marks may be erased
following inspection or imaging of the test marks. Alternatively, the test marks may
be erased when a surface of the substrate has been covered with previously printed
marks to an extent that prevents or makes difficult printing of additional and legible
test marks. Alternatively, the test marks may be erased periodically or in accordance

with predetermined criteria.

[0042] Nozzle evaluation in accordance with embodiments of the present invention
may enable a printer or printing system to select a one or more groups of nozzles
from among nozzles of a printing head. Selection may be implemented as a result of
repeatedly printing onto a substrate and automatically inspecting a pattern of test
marks. The automatic inspection may identify one or more groups of nozzles within
which the nozzles of the group consistently print marks that are aligned with one
another and that are similar to one another (e.g. with regard to the amount of
printing fluid that was deposited to form each mark). One or more of the identified
groups of nozzles may be selected for a use during a printing operation. During the
printing operation, the selected group of nozzles may be operated to deposit a
printing fluid (e.g. an ink or a metallic conducting material) in a coordinated manner

on a substrate.

[0043] For example, nozzle stability evaluation in accordance with an embodiment
of the present invention may result in selection of a group of nozzles (e.g. 10
nozzles) from a row of nozzles of a printing head (e.g. that includes 256 nozzles
having a separation distance of about 70 um between nozzles). The nozzles of the
selected group are identified as capable of consistently depositing a repeatable

amount of conducting material along a single straight line on a substrate. A printing
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application for such a selected group may include operating a the nozzles of the
selected group to deposit a single multi-layered line of conducting material on a
semiconducting substrate, typically during a single pass of a printing head over a

substrate.

[0044] For example, a printing device may generate a linear relative motion
between the printing head and the substrate (e.g. by linear motion of the printing
head, of the substrate, or of both). Typically, the linear motion is in a direction that
is parallel to the row of nozzles. During the linear relative motion, a specific
location on the surface of the substrate may be sequentially found opposite each of
the nozzles of the selected group. All or some of the nozzles of the selected group
may be operated concurrently or sequentially (or both at different times) such that
each nozzle deposits conducting material at the location on the substrate surface that
is currently opposite that nozzle. Thus, after a first nozzle of the selected group
deposits conducting material at a particular location on the substrate, a second
nozzle subsequently deposits more conducting material on top of the conducting
material that was deposited by the first nozzle. Thus, a second layer of conducting
material is deposited atop the first. Thus, the number of nozzles that are operated
during the printing application need not exceed the number of layers of conducting

material that is to be deposited on each printed line (e.g. 10).

[0045] Since, typically, each deposited layer may be solidified prior to deposition of
a subsequent layer, proper alignment of the nozzles may ensure that the width of the
multiply-layered line is approximately equal to the width of a single layer. In this
example in particular, the nozzle jetting directionality (the lateral direction in which
ink is dispensed) may be of particular importance so as not to widen the width of the
line unnecessarily. In this case in particular, each nozzle should deposit its layer as

nearly as possible on top of previously deposited layers.

[0046] Evaluation of the nozzles of the printing head includes performing a printing
operation in which each nozzle, or each nozzle of a subset of the nozzles of the
printing head (e.g. a single row of an array of nozzles), is operated to print on a test
substrate in a predetermined order. For example, during linear relative motion

between the printing head and the substrate, each nozzle may sequentially print a
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test mark in the form of an elongated line segment (or dash). An imaging system
may then acquire an image (or images) of the pattern of the printed test marks.
Analysis of the marks may identify those nozzles whose performance is
significantly deviates from the performance of the other nozzles. Such deviations
may include printing a test mark that is laterally or longitudinally displaced relative
to the positions of test marks that were printed by the other nozzles (e.g. indicating a
nozzle that is aimed differently from the other nozzles), or a test mark that is thicker
or thinner than the other test marks (e.g. indicating a nozzle that dispenses material
at a rate different from the dispensing rate of the other nozzles). The acquired image

may be stored for later comparison with subsequent test results.

[0047] The printing operation may be repeated at predetermined intervals. For
example, a pattern of test marks may be printed at a later time at another location on
the same substrate surface, or on a different substrate surface. As another example,
test marks may be erased or otherwise removed from a substrate surface. Another
set of test marks may then be printed on the same locations on the test substrate.
Images of the subsequently printed patterns of test marks may then be acquired and
analyzed. Analysis of the subsequently acquired test images may include
comparison of the newly acquired results with stored results of previously acquired
test images. A significant change from image to image of the appearance of a test
mark that was printed by one of the nozzles may indicate that the nozzle prints with

variable, inconsistent, unstable, or erratic behavior.

[0048] Typically, a number of nozzles required for an application (e.g. 10 as in the
aforementioned example) may be selected for inclusion in a selected group of
nozzles. The nozzles for the selected group may be selected from among those
nozzles whose behavior (as indicated by analysis of images of the test patterns)
meets predetermined criteria. The criteria may include consistency over time and

that the positions and quality of the marks fall within predetermined limits.

[0049] The number of acceptable nozzles that meet predetermined criteria may be
greater than the number of required nozzles. If the number of acceptable nozzles is
greater than the number of required nozzles, then the nozzles selected for the group

may be those nozzles that performed best during nozzle testing. For example, a
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score may be assigned to each nozzle. The score may be based on analysis of the
test marks that were printed by that nozzle. The score may be calculated on the basis
of a formula that is based on the relative importance of various properties of the
marks (e.g. location with respect to an expected location, properties such as thinness
or thickness of the printed mark, consistency) with respect to a particular printing
application. Alternatively, nozzles for inclusion in the group may be selected from
among the acceptable nozzles on the basis of their spacing or other criteria not
related to the performance of the nozzle during nozzle performance testing.
Alternatively, nozzles may be selected randomly from among the acceptable nozzles
for inclusion in the group. Alternatively, nozzles may be selected from among the
acceptable nozzles on a rotating basis for inclusion in the group (e.g. one set of
nozzles is selected for operation during one printing job, and a different set, which

may partially overlap the first set, may be select for a different printing job).

[0050] If the number of acceptable nozzles is less than the number of required
nozzles, the printing head may be disqualified for one or more applications.
Alternatively, e.g. for an application without stringent requirements, requirements

may be relaxed in order to include a required number of the nozzles in the group.

[0051] Fig. 1 is a schematic diagram of a system for printing head nozzle stability
evaluation, in accordance with an embodiment of the present invention. Printing
head nozzle stability evaluation system 10 includes a printing head 12, an imaging

device 16, and a controller 20.

[0052] Printing head 12 includes nozzles 14 for dispensing a printing fluid (e.g. ink
or conducting material). The dispensed printing fluid may be deposited on a
substrate 18. While printing head 12 deposits printing fluid on substrate 18,
substrate 18 and printing head 12 are moved relative to one another. Typically,

substrate 18 may be moved in past printing head 12.

{0053] Nozzles 14 of printing head 12 deposit printing fluid so as to print a test
mark on substrate 18. The printing is configured in such a manner that printing fluid
that is deposited by one of nozzles 14 is distinguishable from printing fluid that is
deposited by another. For example, each nozzle 14 of a row of nozzles may be

operated one at a time. Each nozzle 14 sequentially deposits a test mark on substrate

10
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18 as substrate 18 is moved past printing head 12. Thus, a series of test marks may
be printed on substrate 18. If the order in which nozzles 14 were operated is known,
the nozzle 14 that printed each test mark may be determined by the position of that
test mark within the series. For example, the marks may be counted starting with a
known reference test mark at one end of the series. Alternatively or in addition,
substrate 18 may be marked with one or more fiducial marks or lines. Each test
mark may be printed on substrate 18 at a (nominally, subject to printing behavior of

nozzles 14) known position relative to the fiducial marks.

[0054] Fig. 2 schematically illustrates depositing test marks for printing head nozzle

stability evaluation in accordance with an embodiment of the present invention.

[0055] Nozzles 14 of printing head 12 are arranged in the form of row 15. Each
nozzle 14 of row 15, in turn, deposits a test mark 26 on substrate 18. Examples of
particular marks 26 that were printed on substrate 18 by particular nozzles 14 are
indicated by lines 17. For example, substrate 18 may include a surface of glass, a
ceramic, or of a semiconductor material. During printing of test marks 26 on
substrate 18, substrate 18 is moved linearly (in a single direction and at constant
velocity) in the direction indicated by arrow 25 relative to printing head 12. The
direction indicated by arrow 25 is substantially parallel to orientation of row 15. The
linear relative motion may be realized by linear motion of substrate 18, of printing
head 12, or of both. Due to the relative linear motion, each mark 26 may be printed
on substrate 18 in the form of an elongated mark (e.g. in the form of a dash or
hyphen).

[0056] For example, in a printing head 12 that includes 256 nozzles 14 arranged in a
row 15, 256 test marks 26 may be printed in a nominally linear arrangement on
substrate 18. For example, if substrate 18 is about 150 mm long, each of the test

marks 26 may be no longer than about half a millimeter long.

[0057] Substrate 18 may be marked with an additional set of test marks 26 one or
more additional times. For example, controller 20 may be configured to move
substrate 18 and printing head 12 past one another two or more times. For example,
a substrate transport device or system may be configured to return substrate 18 to

printing head 12 for printing of an additional set of test marks 26. Additional sets of

11
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test marks 26 may be printed automatically at regular predetermined intervals (e.g.
once per minute), at random intervals, or as initiated by a human operator of printing
head nozzle stability evaluation system 10. For example, each time that substrate 18
is returned to printing head 12 for printing of an additional set of test marks 26,
substrate 18 may be displaced laterally or otherwise such that the additional set of
test marks 26 is printed on a different part of the surface of substrate 18 that were
previous sets of test marks 26. Thus, each set of test marks 26 may be

distinguishable from previously printed sets.

[0058] Substrate 18 may be marked with one or more fiducial marks (or sets of
fiducial marks), such as fiducial lines 27. Fiducial lines 27 may provide a spatial

reference for depositing or evaluating test marks 26.

[0059] Referring again to Fig. 1, after having been printed with test marks, substrate
18 may be transported or conveyed by substrate transport device 13 to imaging
device 16. Substrate transport device 13, schematically represented by a two-headed
arrow, may represent one or more substrate conveyance devices known in the art, or
a combination or series of such devices. Such conveyance devices may include, for
example, conveyor belts, robot arms, fluid (liquid or gas) based flow substrate

conveyance systems, or mobile platforms.

[0060] Imaging device 16 may include one or more video or still cameras, scanners,
or any other devices that are capable of acquiring an image of test marks 26 on
substrate 18. Component devices of imaging device 16 may include imaging devices
that are sensitive to differing spectral ranges. When substrate 18 is conveyed to
imaging device 16, imaging device 16 may be operated so as to acquire one or more
images of the test marks on substrate 18. The resolution of imaging device 16 may
be sufficient to distinguish individual test marks 26 from one another and to resolve
any characteristics of a test mark 26 that may be relevant to selection of its

associated nozzle 14.

[0061] In the event that multiple sets of test marks are printed on substrate 18,
substrate 18 may be transported to imaging device 16 after printing of each set of

test marks, and prior to printing of another set. Alternatively, substrate 18 may be

12
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transported to imaging device only after two or more sets of test marks had been

printed on substrate 18.

[0062] Controller 20 includes a processor 22 and data storage device 24. Controller
20 may represent two or more separate devices. The separate devices may perform
related or overlapping functions, or may be independent of one another. Controller
20 may communicate with, receive data or signals from, and control operation of
printing head 12, imaging device 16, and any other device or system (e.g. a
conveyor or transport device) that is associated with, or is integral to, printing head

nozzle stability evaluation system 10.

[0063] Processor 22 may represent one or more processing devices. The processing
devices may be associated with a computer that communicates with printing head
nozzle stability evaluation system 10, with printing head 12 (or with a printer or
printing device of which the processor is a component), or with imaging device 16.
Processor 22 may generate instructions for controlling operation of printing head 12
and imaging device 16. Processor 22 may be configured to analyze image data that
is acquired by imaging device 16. For example, processor 22 may be configured to

compare images of test marks 26 that were printed at different times.

[0064] Data storage device 24 may represent collectively one or more volatile or
non-volatile, fixed or removable, data storage or memory devices. Data storage
device may be configured to store programmed instructions for controlling operation
of printing head 12 and imaging device 16, and for analysis of image or other data
that is acquired by imaging device 16. Data storage device may be configured to

store image data that is acquired by imaging device 16.

[0065] Image data that is acquired by imaging device 1 may be analyzed by
processor 22 of controller 20. As a result of the analysis, some of nozzles 14 may be
selected for inclusion in a group of selected nozzles. For example, analysis may
include distinguishing images of printed test marks from the remainder of an
acquired image, and calculating characterizing values (e.g. position, orientation,
length, width or thickness, uniformity) that at least partially characterize each test
mark. In the event that multiple sets of test marks were printed on a single wafer,

analysis may also include distinguishing sets of test marks from one another. Each

13
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image of a test mark may be compared with an image of previously or subsequently
printed test mark in order to determine a consistency or stability of the

characterizing values over time.

[0066] After selection of a group of selected nozzles, controller 20 or another
printer controller may operate printing head 12 to deposit or print a pattern on a
substrate. The controller controls operation of nozzles 14 to dispense a printing fluid
so as to deposit the desired pattern. As a result of the selection, the controller may
limit dispensing printing fluid to those nozzles that were included in the group of

selected nozzles.

[0067] Fig. 3 schematically indicates printing head nozzle stability evaluation

criteria in accordance with an embodiment of the present invention.

[0068] Test marks 26 represent an image of marks that were printed by nozzles of a
printing head during linear motion between a printing head and a substrate. Test
marks 26' represent an image of marks that were printed by the same nozzles of the
same printing head and in the same manner, but at another time. For example, test
marks 26 may have been printed at one position on a substrate, while test marks 26'
were printed at a laterally displaced position on the same substrate, e.g. as shown in
Fig. 3. Alternatively, test marks 26 and 26', as shown in Fig. 3 may represent a
juxtaposition for illustrative purposes of two sets of marks that were printed
separately. For example, test marks 26' may have been printed at a linearly or
otherwise displaced position on the same substrate on which test marks 26 were
printed, on a separate substrate, or on the same substrate after test marks 26 were

erased or otherwise removed from the substrate.

[0069] Test marks 26 and 26' may be analyzed. The analysis may indicate whether
or not a nozzle that printed a particular test mark 26 and its corresponding test mark

26' is to be included in the group of selected nozzles.

[0070] Analysis of test marks 26 and 26' typically includes analysis of the relative
positions of test marks 26 and 26'. Line 28 is a representative imaginary line that
represents a nominal position and orientation of test marks 26. For example, line 28

may represent a linear fit (e.g. a least squares or other fit) of a straight line to test
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marks 26. Similarly, line 28' represents a nominal position and orientation of test

marks 26'.

[0071] Alternatively, lines 28 and 28' may represent a fiducial line or a position
relative to a fiducial line that is provided (e.g. etched) on the substrate surface. For
example, test marks 26 and 26' may be printed within an elongated region of a
substrate. The elongated region may be demarcated on the substrate surface by
parallel lines (e.g. fiducial lines 27 in Fig. 2). Test marks 26 and 26' are nominally
printed along an imaginary center line that is midway between the demarcating
lines. (The center line may typically not be actually visible so as to not interfere with
detection and analysis of test marks 26 or 26'.) In this case, lines 28 and 28' may

represent the imaginary center line of the elongated region.

[0072] If a lateral distance between one of test marks 26 and line 28 exceeds a
predetermined lateral distance, or if a lateral distance between one of test marks 26'
and line 28' exceeds the predetermined lateral distance, it may indicate that the
nozzle that printed the mark does not consistently dispense printing fluid in the same
relative lateral direction as do other nozzles of the row. The associated nozzle may

then be excluded from selection for inclusion within the group of selected nozzles.

[0073] For example, outlying test marks 26a are shown as more laterally distant
from line 28 and line 28' than others of test marks 26 and test marks 26',

respectively.

[0074] Analysis of test marks 26 and 26' may include analysis of the size or
visibility of test marks 26 and 26'. The appearance (e.g. width or thickness, or
optical heaviness as characterized by a relative color or gray level of the image of
the mark relative to the image background) of a test mark 26 or 26' may be different
from the appearance of other test marks 26 or 26'. For example, if an imaging device
that is associated with the nozzle selection system has sufficient resolution to
resolve a width of a test mark 26 or 26', the width (e.g. an average or other
characteristic value of the width) may be used to characterize the appearance of test
mark 26 or 26'. Alternatively or in addition, the appearance of test mark 26 or 26'
may be characterized by an optical heaviness of test mark 26 or 26'. Such a

difference in appearance may indicate that the nozzle with the differently appearing
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mark does not consistently dispense ink at the same rate as other nozzles of the row.
Therefore, that associated nozzle may be excluded from inclusion in the group of

selected nozzles.

[0075] For example, invisible test marks 26b are shown completely absent. This
may indicate that the corresponding nozzle does not dispense printing fluid at all (or
very weakly). Heavy test marks 26¢ are shown as thicker than others of test marks
26 and 26'. This may indicate that the corresponding nozzle dispenses printing fluid
at a greater rate than other nozzles of the row. Thin test marks 26d are shown as
thinner than others of test marks 26 and 26'. This may indicate that the
corresponding nozzle dispenses printing fluid at a lower rate than other nozzles of
the row. Thus, the nozzles that correspond to any of invisible test marks 26b, heavy
test marks 26c, or thin test marks 26d may be excluded from inclusion in the group

of selected nozzles.

[0076] Analysis of test marks 26 and 26' may include analysis of the changes in the
position or appearance between a test mark 26 and the test mark 26' that was printed
by the same nozzle. If the appearance (e.g. thickness or heaviness) or position of a
test mark 26 is different from that of its corresponding test mark 26', it may indicate
that the associated nozzle does operate in a stable or consistent manner. For
example, it may indicate that the nozzle dispenses printing fluid at an unstable or
variable rate, or that it dispenses printing fluid in a direction that is unstable or
variable. Therefore, that associated nozzle may be excluded from inclusion in the

group of selected nozzles.

[0077] For example, the appearance of first test mark 26e is different (heavier) than
the appearance of corresponding second test mark 26¢'. This may indicate that the
nozzle that printed first test mark 26e and second test mark 26e' is unstable with
regard to the quantity (or rate of deposition) of printing fluid that is deposited during
printing. Therefore, that nozzle may be excluded from inclusion in the group of

selected nozzles.

[0078] As another example, the lateral position of first test mark 26f relative to line
28 is different (opposite and greater) than the lateral position of corresponding

second test mark 26f relative to line 28'. This difference in relative lateral position
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may indicate that the nozzle that printed first test mark 26f and second test mark 26f
is unstable with regard to a lateral direction in which printing fluid is dispensed
during printing. Therefore, that nozzle may be excluded from inclusion in the group

of selected nozzles.

[0079] A test substrate on whose surface test marks 26 and 26' are printed may be
selected so as to facilitate printing and analysis of test marks 26 and 26'. Thus, the
test substrate may include, for example, a dummy (e.g. with no circuit) silicon
wafer, a glass or ceramic wafer or slide, or an appropriately shaped piece of paper or
cardboard. Additional considerations may further influence selection of a test
substrate. For example, using a dummy silicon wafer in a disposable manner (e.g.
discarding the dummy silicon wafer after its surface has been filled with printed test
marks) may be more expensive than other alternatives. However, use of an
inexpensive disposable test substrate (e.g. paper or cardboard) that differs in its
properties (e.g. density, thickness, or weight) from a substrate for which a printing
system is designed (e.g. a silicon wafer) may introduce alignment or handling
problems. One solution, in accordance with an embodiment of the present invention,
is to provide a reusable test substrate (e.g. with a glass or ceramic surface) whose
relevant properties (e.g. dimensions and weight) are similar to those of a substrate

for which the system is designed (e.g. silicon wafer).

[0080] Nozzle selection in accordance with an embodiment of the present invention
may include depositing printing fluid on a reusable substrate. A nozzle section setup
or system may include a device for erasing or otherwise removing deposited printing

fluid from the substrate prior to reuse.

[0081] Fig. 4A schematically illustrates printing head nozzle stability evaluation
using a reusable substrate, in accordance with an embodiment of the present

invention.

[0082] A system of nozzle selection using a reusable substrate may include printing
head nozzle stability evaluation system 10 with mark eraser device 30. A reusable
substrate 19 (e.g. a flat glass or ceramic plate) may be transported or conveyed to
printing head 12. Printing head 12 may deposit a set of test marks 26 on reusable

substrate 19.
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[0083] Additional sets of test marks 26 may be printed on reusable substrate 19 at
later times. After one or more sets of test marks 26 have been printed on reusable
substrate 19, reusable substrate 19 may be transported to imaging device 16.
Imaging device may acquire one or more images of test marks 26. The acquired
images, or a characterization of test marks 26, may be stored for analysis of test

marks 26.

[0084] Reusable substrate 19 may be reused periodically. Prior to reuse, reusable
substrate 19 may be conveyed to mark eraser device 30. Mark eraser device 30 may
be operated to remove all or sum of printed test marks 26 from a surface of reusable
substrate 19. For example, a controller that controls printing head 12 or imaging

device 16, or a separate controller, may control operation of mark eraser device 30.

[0085] Mark eraser device 30 may be operated to remove test marks 26 from
reusable substrate 19 after each set of test marks is imaged by imaging device 16.
Alternatively, mark eraser device 30 may be operated to remove test marks 26 from
reusable substrate 19 when a surface of reusable substrate 19 has been filled with
test marks 26. Alternatively or in addition, mark eraser device 30 may be operated to
remove test marks 26 from reusable substrate 19 at predetermined intervals, as

indicated by a human operator, or in accordance with other predetermined criteria.

[0086] Mark eraser device 30 may be configured to remove test marks 26 from
reusable substrate 19 by applying mechanical abrasion, rubbing, or scraping to
reusable substrate 19. Reusable substrate 19 may be constructed out of a material
with a surface that is sufficiently hard that the surface of reusable substrate 19 is not
detectibly scratched or otherwise damaged by the abrasion. For example, reusable

substrate 19 may include a glass or ceramic surface.

[0087] One or more surfaces of reusable substrate 19 may include lines or other
markings (e.g. fiducial lines or markings) that are not readily erasable by mark
eraser device 30. For example, the non-erasable markings may have been formed by
an etching or scratching process, may be incorporated into or internal to reusable
substrate 19, or may have been formed by application of a non-erasable or

permanent ink, dye, or paint.
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[0088] One or more techniques may be applied in order to ensure that printing fluid
that is deposited on a surface of reusable substrate 19 to form test marks 26 is
solidified. Such solidification may ensure that ink that is deposited on the reusable
substrate 19 to form test marks 26 remains in position until solidifying (e.g. so as to
inhibit spreading, smearing, or blurring of test marks 26). Solidification may also
facilitate erasing of test marks 26 by eraser device 30. Such solidification
techniques, represented schematically by heating device 31, may include, for
example, heating the substrate or applying electromagnetic radiation to the
deposited printing fluid. For example, reusable substrate 19 may be preheated (e.g.
to a temperature of about 150°C to 230°C) prior to printing on reusable substrate 19
by printing head 12. For example, reusable substrate 19 may be held by to a heated

metal surface or chuck by applying a vacuum.

[0089] Alternatively or in addition to abrasion, a mark eraser device may apply one
or more other techniques for loosening or removing test marks 26 from a surface of
reusable substrate 19. Such techniques may include, for example, applying sonic or
ultrasonic waves, mechanical motion (e.g. vibration or shaking), fluid (liquid or gas)

motion, radiation (e.g. laser light), heat, or chemical agents.

[0090] Mark eraser device 30 includes wiper 32. Wiper 32 may be operated to rub
against a surface of reusable substrate 19. For example, wiper 32 may be pressed
against reusable substrate 19 during relative motion between wiper 32 and reusable
substrate 19. For example, wiper 32 may have a circular cross section (as shown in
Fig. 4A) and may be rolled while in contact with a surface of reusable substrate 19.
As another example, wiper 32 may pressed against reusable substrate 19 as reusable
substrate 19 is conveyed past wiper 32. As another example, wiper 32 may be

rubbed or pressed with a linear motion against reusable substrate 19.

[0091] Wiper 32 may be provided with an outer surface that is designed to remove,
or to facilitate removal of, printed test marks 26 from reusable substrate 19 when
rubbed against reusable substrate 19. For example, the outer surface of wiper 32
may be abrasive. Such abrasiveness may facilitate scraping test marks 26 off of

reusable substrate 19 when wiper 32 is rubbed against reusable substrate 19.
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[0092] Typically, at least a portion of the outer surface of wiper 32 may be provided
by a material. For example, the covering material may be such as to collect particles
of test marks 26 after test marks 26 are erased. The covering material may thus
preserve the cleanliness of, and increase the useful lifetime of, wiper 32. For
example, the covering material may include a removable sheet or foil of a material,
wiper foil 34. For example, wiper foil 34 may include a material such as a thin paper
(e.g. tissue or filter paper) that is thin enough to enable an abrasive outer surface of

wiper 32 to be felt through wiper foil 34.

[0093] Mark eraser device 30 may be configured to continually provide wiper foil
34 for covering or wrapping an outer surface of wiper 32. For example, mark eraser
device 30 may include foil dispenser 36 for providing new (or clean) wiper foil 34.
For example, foil dispenser 36 may be in the form of a roll of foil that is rotatable in
order to dispense wiper foil 34. Alternatively, foil dispenser 36 may dispense wiper

foil 34 from a folded stack or similar configuration.

[0094] Wiper foil 34 wraps at least partially around wiper 32 such that wiper foil 34
is positioned between wiper 32 and reusable substrate 19 during erasing. Thus,
motion of wiper 32 may rub wiper foil 34 against reusable substrate 19 so as to
remove test marks 26. After use, a used portion of wiper foil 34 may be taken up by
foil take-up 38 (e.g. in the form of a roller around which a used portion of wiper foil
34 may be wrapped). Foil that is taken up by foil take-up 38 may be disposed of as

desired.

[0095] Foil dispenser 36 and foil take-up 38 may advance wiper foil 34
continuously during operation of mark eraser device 30. Alternatively, foil dispenser
36 and foil take-up 38 may advance wiper foil 34 periodically or as needed (e.g.
when the portion of wiper foil 34 that covers wiper 32 has become dirty, torn, or
otherwise in need of replacing).

[0096] Alternatively, a foil or other surface for wrapping part or all of wiper 32 may
be wrapped around wiper 32, or another wiping surface, until replaced. For example,
a wiping foil may be replaced manually as needed, or by an automatically operated

dispenser or wrapping mechanism.
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[0097] Printing head nozzle stability evaluation system 10 may include substrate
transport device 13, schematically represented by a two-headed arrow. Substrate
transport device 13 may be configured, for example, to convey reusable substrate 19
from printing head 12 to imaging device 16, from imaging device 16 to mark eraser
device 30, and back from mark eraser device 30 to printing head 12. This series of
conveying by transport device 13 may be repeated periodically so as to enable
repeated printing and imaging of a plurality of sets of test marks 26 at different

times.

[0098] A wiper may be constructed so as to facilitate remove of test marks from the

erasable substrate.

[0099] Fig. 4B schematically illustrates a structure of a wiper, in accordance with an

embodiment of the present invention.

[00100] Wiper 32' represents wiping element of a mark eraser device, such as
mark eraser device 30 (Fig. 4A). Although the construction of wiper 32' is shown
with flat sides (e.g. as would be suitable for use a linear rubbing motion), the
structure of a cylindrical or circular wiper, such as wiper 32 (Fig. 4A) may include

similar components arranged in a concentric manner.

[00101] Wiper 32' may include a core 35. For example, core 35 may include a
metallic or other hard material. Core 35 may be partially or fully surrounded by
resilient element 37. For example, resilient element 37 may include rubber or a
resilient polymeric material. Resilient element 37 may be partially or fully
surrounded by abrasive element 39. Abrasive element 39 may present a rough,
embossed, or ridged outer surface. For example, abrasive element 39 may include a
rough or fibrous material, e.g. similar to material that is found in plastic fiber
cleaning pads. Abrasive element 39 may be partially or fully surrounded by a

replaceable wiper material, such as wiper foil 34.

[00102] Fig. 5 is a flowchart of a printing head nozzle stability evaluation method

in accordance with an embodiment of the present invention.

[00103] Nozzle selection method 40 includes depositing or printing a set of test
marks on a surface of a substrate (step 42). For example, the substrate may be a

reusable substrate or may be intended for a single use.
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[00104] An image of the printed set of test marks may be acquired (step 44). The
image may be saved or stored as acquired (or after application of one or more image
processing techniques. Alternatively, the image may be analyzed in order to extract
parameters or characterizing values that characterize the test marks in the image. In

this case, the characterizing values may be stored.

[00105] If no previous images of sets of test marks were acquired (step 48), or if
the number of previously imaged sets is insufficient for analysis, more sets of test

marks may be printed and their images acquired (returning to step 42).

[00106] If the substrate is reusable, previously printed test marks may be
removed from the substrate prior to depositing more test marks (step 47). Otherwise,
the additional test marks may be printed on a different substrate or on another part

of the same substrate (and step 47 is not performed).

[00107] If a sufficient number of sets of test marks were previously printed and
imaged (and analyzed), the images of test marks (or their characterizing values) may
be compared (step 48). For example, the characterizing values that characterize each
mark may be compared to an average (or other typical) value of that characterizing
value for corresponding test marks in each of the sets. Alternatively or in addition, a
typifying value of the variation in the appearance of corresponding test marks over
time (e.g. a standard deviation or variance of a characterizing value of a test mark in

all of the sets) may be calculated.

[00108] If analysis of the test marks indicates an unacceptable (e.g. in accordance
with predetermined criteria) degree of deviation (from other test marks or from a
standard) or variation for one or more marks (step 50), the nozzles that printed those
marks are rejected from inclusion in a group of selected nozzles (step 52). For
example, a nozzle may be rejected due to lack of stability as evidenced by variation.
A nozzle may be rejected the test marks that were printed by that nozzle deviate
consistently (or occasionally) from a standard that is determined from analysis of
other test marks, or from independent standards or requirements. For example, a test
mark may have a location or appearance that is not consistent with predetermined
criteria (e.g. printed too far from center line or too far or too close to fiducial line,

too heavy or too light).
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[00109] If the calculated degree of variation for one or more marks is acceptable,
the corresponding nozzles may be qualified for inclusion in the group of selected

nozzles (step 54).
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CLAIMS

1. A method for evaluating performance of a plurality of nozzles of a printing head,

the method comprising:

repeatedly operating each of the plurality of nozzles to print test marks on a surface of a
substrate, each of the test marks printed by that nozzle being printed at a

different time;

at least once during the step of repeatedly operating each of the nozzles, erasing at least

some of the test marks from the surface; and

inspecting the test marks that were printed by that nozzle for a feature that is indicative

of the performance of that nozzle.

2. The method of claim 1, wherein inspecting the test marks comprises acquiring

an image of each of the test marks and inspecting the acquired image.

3. The method of claim 1, comprising accepting a nozzle of the plurality of
nozzles for inclusion in a group of nozzles of the printing head that are selected for use
in a printing application if the evaluated performance conforms to a predetermined

criterion.

4. The method of claim 1, wherein erasing the test marks comprises rubbing a

wiper against the surface.

5. The method of claim 4, comprising inserting a wiper foil between the wiper and

the surface during rubbing the wiper against the surface.

6. The method of claim 1, comprising heating the surface.
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7. The method of claim 1, wherein the substrate surface includes glass or a
ceramic.
8. The method of claim 1, wherein the feature comprises a position of the test mark

or a thickness of the test mark.

9. A method for evaluating stability of a plurality of nozzles of a printing head, the

method comprising:

repeatedly operating each of the plurality of nozzles to print test marks, each of the test

marks printed by that nozzle being printed at a different time; and

comparing the test marks that were printed by that nozzle to determine stability of that

nozzle.

10. The method of claim 9, wherein comparing the test marks comprises:

acquiring an image of each of the test marks that were printed by a nozzle one of the
plurality of nozzles; and

comparing the images to detect differences between the test marks indicative of lack of

stability of that nozzle.

11. The method of claim 9, comprising accepting a nozzle of the plurality of nozzles
for inclusion in a group of nozzles of the printing head that are selected for use in a

printing application if the determined stability conforms to a predetermined criterion.

12.  The method of claim 9, comprising erasing at least some of the test marks from

the surface at least once during the step of repeatedly operating each of the nozzles.

13. The method of claim 9, wherein comparing the test marks comprises comparing

positions of the test marks or comparing thicknesses of the test marks.
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14. A system for evaluating performance of a plurality of nozzles of a printing head,

the system comprising:

an imaging device for acquiring images of test marks that were printed on a substrate

surface by each of the plurality of nozzles;

a processor configured to detect features of the acquired images, the features being

indicative of the performance of that nozzle; and

an eraser device for erasing the test marks from the substrate surface.

15. The system of claim 14, wherein the eraser device comprises a wiper for erasing

the test marks when the wiper is rubbed against the substrate surface.

16. The system of claim 15, wherein the eraser device comprises a dispenser for
dispensing a wiper foil such that the wiper foil is inserted between the wiper and the

substrate surface when the wiper is rubbed against the substrate surface.

17. The system of claim 16, wherein the wiper foil comprises paper.

18. The system of claim 15, wherein the wiper comprises a resilient material at least

partially surrounded by an abrasive material.

19. The system of claim 18, wherein the abrasive material comprises plastic fibers.

20. The system of claim 14, comprising a conveying device for conveying the
substrate surface to one or more of the printing head, the imaging device, and the eraser

device.
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