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bstract. Printed electronics is a new technology for manufactur-
ng electronic structures using standard printing processes. One
merging application area is in microelectronics packaging, where
rinting the interconnections allows manufacturing modules in min-

ature size. The basic principle is that the integrated circuits are
olded into a background material such that the connection pads
re left visible on top. After the background substrate has hardened,
he wiring is printed on top of the module by using conductive ink.
ypically, however, there are unidealities in the manufacturing pro-
ess that result in the components and their connection pads being
lightly displaced. This article describes an alignment and adapta-
ion system that adapts the wiring bitmap to match the displaced
omponents on a per-module basis. Moreover, the adjusted bitmaps
an be combined together to enable printing of several modules at
he same time. © 2010 Society for Imaging Science and
echnology.
DOI: 10.2352/J.ImagingSci.Technol.2010.54.5.050306�

NTRODUCTION
he current trend in the electronics manufacturing is the

ncreasing awareness of environmental implications of pro-
uction and logistics. At the same time consumers are more
emanding and looking for products to serve their needs.
urther, the electronics industry is investing significantly on
echnologies that would allow miniaturization of electronics
ssemblies. The key point in satisfying these needs is to have
manufacturing technology that is environmentally friendly

nd allows miniaturization of electronics assemblies with a
igh level of flexibility in demand supply networks. One of

he most prominent new technologies satisfying these needs
s printed electronics.

Printed electronics is an additive process and a relatively
ew area of research, which uses traditional printing devices

or interconnecting or manufacturing components. One of
he fundamental technologies is ink jet printing, which relies
n the principle of the drop-on-demand ink jet, but utilizing
lectrically functional liquids. An example of an application
f this technology uses conductive nanoparticle and dielec-
ric inks to create interconnection circuits between the con-
ection pads of the integrated circuits (ICs) and the discrete
omponents that have been molded into the background
urface.1 In this article we call this concept a printed module.

Also at: DropAim Oy, Tampere, Finland.

eceived Dec. 23, 2009; accepted for publication Apr. 30, 2010; published
nline Aug. 19, 2010.
062-3701/2010/54�5�/050306/15/$20.00. t

. Imaging Sci. Technol. 050306-
ne such module is shown in Figure 1 (left), where there are
our ICs molded into the background. The next step in the
rocessing would be to print the wiring—shown on the
ight—on top of the module.

One of the most significant challenges in printed mod-
les is the accuracy of the manufacturing process. Inaccura-
ies in the component placement process, molding process
elated movement, and molding material shrinkage and
ending all create errors in component locations. The latter
ategory is typically the most significant one, and also the
ost unpredictable.2

The unpredictability of the deformation of the module
s the main reason why the traditional inspection
pproaches3 for printed circuit board (PCB) manufacturing
re unsuitable solutions for this misalignment problem. In
CB manufacturing the background materials are rigid,
hich allows only translation and rotation. In our case, the

ubstrate may shrink or expand causing the components to
ove with respect to each other. In addition to the complex-

ty of the transformation, most existing approaches concen-
rate on quality control instead of dynamic correction. In
ur case the interconnection structure resides as an image in
omputer memory, which makes it easy to correct prior to
rinting.

This article addresses the problem of aligning individu-
lly modified print patterns by describing an adaptation sys-
em, which uses computer vision for detecting the true lo-
ations of the connection pads and modifies the bitmap to
e printed accordingly. The material is partially based on
hree earlier conference articles. First, we proposed a system
hat acts as a front end for the complete system, i.e., detects
he locations of the connection pads of the ICs from a high

igure 1. A sample four-IC module �left� ready for printing the connec-

ions on the right.
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esolution color image.4 Next, we studied the design of the
ack end for the system that couples the intended positions
f the ICs and their connection pads with the measured

ocations.5 Finally, an algorithm for adjusting the bitmap
utomatically was proposed.6 In addition to the unified and
ore detailed description of the correction system, this ar-

icle extends the study to printing multiple modules simul-
aneously. By photographing the individual modules sepa-
ately, the alignment algorithm can be used to create a print
le that covers an arbitrary number of modules, enabling the
rinting of a panel of electronics modules at the same time.

YSTEM DESCRIPTION
igure 2 illustrates the operation of the proposed alignment
ystem. The processing begins with the acquisition of the
mage of the real situation, where the components may have
rifted away from their intended locations. This image is
onsidered as a transformed version of the original design
ata. In order to find the required correction, a set of rel-
vant features (in our case the connection pads of the ICs)
nd their locations are detected from the image (see the
ection Front End). The true coordinates of the objects are
assed to the next block (see the section Back End), which
earches for a transformation between the two coordinate
ets (i.e., combines the knowledge where the objects are with
he knowledge where they should be). As a side product, we
et full statistics of the displacements, and can monitor the
anufacturing process.

Once the displacements of all objects have been tracked,
he next task is to adjust the print files of the following layer
o match accurately with the true component placement.
he constraints for the adjustment are twofold: all IC con-

Detect
features

Match features
with design
features

Ideal situation

Real situation

Disp

Real feature
locations

Designed
feature locations

Figure 2. Diagram of
acts must match the intended point in the print file, while c

. Imaging Sci. Technol. 050306-
he contacts for the following layers should stay as they are.
he latter condition is required in order not to propagate the
rrors further to the following layers. This simplifies subse-
uent processing and may also speed it up, since the follow-

ng layers can be aligned exactly to a low resolution printing
rid, thus, enabling the use of a lower resolution. The cor-
ection procedure is described in the section Correction.

The system can be easily extended into printing of mul-
iple modules at the same time. Since the alignment system
orrects the displacements at the IC level, it is equivalently
ble to manage displacements of multiple modules at the
ame time. The extension to panel printing is described in
he section Printing Multiple Modules Simultaneously.

The hardware setup is illustrated in Figure 3. Our solu-
ion uses Canon EOS 5D digital camera with a Canon MP-E
5 mm macrolens. The camera has been mounted on the
rinter rack of iTi (Imaging Technology International) XY
DS2.0 ink jet printer. The rack also includes the print

ead, a UV-light source (for curing of the printed material),
nd other printing related equipment. A vertically adjustable

Figure 3. The hardware setup used in the experiments.

Create
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Print
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re used for controlling the focus and magnification of the
mages. A translucent glass with a led ring has been installed
round the space between the objective and the target in
rder to illuminate the target area and to avoid distracting
eflections from the surrounding environment. The camera
s connected to a PC, which operates the camera and runs
he correction software. The printer table below the rack is

obile and uses vacuum to hold the printed modules in
lace.

RONT END
he front end part of the system aims at detecting the ICs
nd the connection pads on them. The locations of the de-
ected connection pads are sent further to the back end that
ouples the data with the corresponding design data and
nds the transformations that each of the ICs has
xperienced.

The block diagram of the front end is shown in Figure
. In the whole system diagram (Fig. 2) front end covers the
etect features block. There are three major steps in front

nd. The first step, IC extraction, separates the ICs from the
ackground. The next step, connection pad finding, aims at
nding the connection pads from the detected IC areas. This

s done in two stages: the first step is a preliminary search
tep to extract the connection pad candidates. The first step
ses a low-level logical operation, which is computationally
ery fast. This step is necessary because the following step is
oo complex to do for all image pixels. The final step, clas-
ification, looks into the candidate areas more thoroughly to
elect only candidates that are actual connection pads. In the
ollowing, we will describe these three phases in detail.

C Extraction
ach IC has individually drifted away from its intended po-
ition. The first thing to do is to separate the ICs from the

odule background. The reason for the detection of the IC
ocations is that it allows restricting the further connection
ad candidate search only onto the IC areas. This, in turn,
peeds up the processing and also removes possible false

atches in the background area. If the computational com-
lexity is not a critical issue, this step can also be omitted.

Single modules are aligned on larger module panels,
hich ensures that every time an image is acquired, the ori-

ntation of the target module can be assumed to be approxi-
ately the same as that of the previously printed module.

Find pad
candidates

Extract ICs

Find pad
candidates

Acquired image

Figure 4. The block
he method doing the IC extraction is based on this fact: a

. Imaging Sci. Technol. 050306-
emplate of the IC layout is manually drawn on a single
odule image and stored for comparison with latter mod-

les. The data include a cropped RGB (red, green, blue)
mage of the IC layout with location information of each IC.
his template can be used to detect the ICs of the subse-
uent modules printed after the first one: The image of the
rst module is used as a template and matched with that of

he latter modules. The manually drawn locations of the ICs
n the first module now serve as approximate locations in
he subsequent images.

In order to speed up the IC detection, both the template
mage and the camera image can be heavily downsampled.
n our experience, downsampling ratios as high as 10–15
with respect to the 12.8 Mpix camera images) still give
cceptable accuracy. After downsampling, the resized mod-
le template is matched to the resized image. The matching

s made such that the square error of the corresponding
ixels in the template and the image is minimized.7 Knowing

he IC locations in the template image and the location of
he best match in the target image, we can determine the
oordinates of the ICs.

The complete IC extraction procedure is described in
lgorithm 1. The algorithm takes in the module image I and

eturns the coordinates of the ICs in it. The algorithm also
ses a template image T of each IC. The template images
ave been acquired beforehand in a system calibration
hase.

Algorithm 1 Extracting the ICs

Calculate score image S�x0,y0� proportional to negative of the square sum of
errors I�x0 + x , y0 + y�− T�x , y�, where x and y span the dimensions of T

Find IC coordinates �x0,y0� that maximize S�x0,y0�

An example of the template module is shown in Figure
(a). Fig. 5(b) shows the result after matching the template
ith an image taken from another module. The IC borders

an be determined from the corresponding ones in the tem-
late image after the template is positioned to the point with

he maximum match. Due to different IC misalignment
haracteristics between the calibration module and the mod-
le under processing, the extraction result may still have
ome error. However, this is not an issue as the exact IC
orders need not to be known and the errors in the IC

ocations occur in significantly smaller scale compared to the

Classify
objects

Classify
objects

Combine
coordinate data

Detected pads & ICs

m of the front end.
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odule dimensions. The most important thing is that all the
onnection pads should remain inside the detected IC areas.
his can be ensured by adding a small margin outside each
etected IC border.

(a)

(b)

igure 5. A module layout template �a� with known IC coordinates is
atched against the downsampled camera image �b� in order to detect

he ICs. The module locations inferred from the manually annotated coor-
inate data are shown in �b� with dashed rectangles.

Figure 6. Mask used in the modified logical level method.
r

. Imaging Sci. Technol. 050306-
inding Connection Pad Candidates within the IC Areas
onnection pad finding aims at segmenting feasible candi-
ates for IC connection pad locations. The segmentation
tep should return preferably too many candidates because
he following step uses a more accurate classification algo-
ithm that removes the false matches.

Connection pad extraction is based on the visual ap-
earance of the connection pads. Because of their metallic
aterial, the connection pads are very reflective and thus

ppear brighter than their surroundings in the image. The
ppearance is made further distinguishable by circular light-
ng around the camera objective. This way the reflective con-
ection pads look rather donutlike and are hard to be con-

used with any other objects on the ICs.
Because of the appearance of the connection pads, the

ame template matching method to highlight the connection
ad candidates can be used as in the IC extraction stage.
fter matching the template, the connection pads appear in

he image as bright, round objects against a darker back-
round (assuming that we denote better match with higher
ntensity). Thus, an intuitive solution for pad finding is a
lob detector that highlights the objects and extracts the fore-
round by thresholding. Usual approaches for highlighting
he objects include the Laplacian of Gaussian or some mor-
hological operation (such as the tophat transformation).7

owever, a method called logical level thresholding8 essen-
ially performs both highlighting and thresholding in a
omputationally efficient manner, and seems to produce the
est result in our case.

Logical level thresholding was originally proposed for
xtraction of text from document images. Therefore, it is
imed at extracting character strokes or long curves with
imilar thickness and brightness. Since our application is
lightly different, we apply a modified version of the original

ethod. The basic idea is to look for valleys at all eight
ossible directions (45° apart) around a single image pixel.
he directions can be interpreted as masks, so in our case it

s adequate to modify those masks. While the original
ethod uses masks that resemble lines, our single mask sim-

ly resembles of the letter “O,” see Figure 6. The squares
epresent neighborhoods which, in fact, overlap each other.
he requirement for an object candidate is that all neighbor-
oods marked with a black square have a mean intensity,
hich is at least a given number of units lower compared to

he mean intensity of the neighborhood in the center.
After the previous step plenty of objects still remain in

ddition to the connection pads in the binary image. The
ext step is to use the morphological properties of the found

eatures to eliminate obvious false connection pads. This is
one by fitting the shapes with ellipses and filtering them
ut based on the length of the minor and major axis of the
llipses thus removing all elongated shapes. With this way we
an control the area and roundness of the objects which are
o be approved as connection pads.

The final stage of finding the connection pad candidates
s to generate the coordinates of the found objects. The point

epresenting the location of the found pad candidate is taken

Sep.-Oct. 20104
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o be the corresponding local optimum point in the template
atched image. Each object in the thresholded image pro-

uces a single coordinate pair with this manner. If the set of
oordinates includes two or more objects that are located
loser each other than the minimum known distance of two
onnection pads, only the one having the largest value in the
emplate matched image is taken into account.

There is a step by step algorithm description listed in
lgorithm 2. The algorithm takes in the module image I and

eturns a set of coordinate pairs indicating the locations of
he connection pad candidates in the image. A predefined
emplate image T is used like in IC extraction. Parameters
eeded in logical level thresholding are the stroke width (size
f the pencil in the original context) and a relative threshold
alue telling how much brighter/darker the processed local
rea has to be on average when compared to the neighboring
reas. These two parameters highly affect the number of
onnection pad candidates that the algorithm produces. The
nly parameter in shape filtering is the limit for the size of
he fitted ellipses. In our experiments we used stroke width

(a)

(c)

Figure 7. Finding connection pads candidates in IC
image has been matched with a connection pad
thresholding and shape filtering. All the candidates
qual to 1.4 times the diameter of a connection pad, a

. Imaging Sci. Technol. 050306-
hreshold value, which is approximately 4% of the range of
he values in the template matched image (with 8-bit images
his is equal to ten), and allowed ellipse minor/major axis
ength of [1.0,1.75] measured in terms of connection pad
iameters. Using parameter values dependent of the size of

he connection pads prevents us from having to tune the
arameters each time a new type of connection pad is
resented.

Algorithm 2 Finding connection pad candidates

Calculate score image S�x0,y0� proportional to negative of the square sum of
errors I�x0 + x , y0 + y�− T�x , y�, where x and y span the dimensions of T

Apply modified logical level thresholding for S

Filter out unrealistic shapes from the resulting binary image

Inside each remaining object, find coordinates of the corresponding local optimum
in S

Discard duplicate �and near duplicate� coordinate pairs

An example result of the connection pad candidate
nding step is illustrated in Figure 7. This module is a dif-

(d)

(b)

er one. �a� shows the original IC image, in �b� the
te, and in �c� there is the result after logical level
strated in �d� with crosses.
numb
templa
are illu
Sep.-Oct. 20105
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cult case for the detection because it is dirty from earlier
rinting tests (after which the ink was removed). Fig. 7(a)
hows the original image of one IC, and Fig. 7(b) is the
orresponding component after template matching (the
emplate was a connection pad captured from another mod-
le). Fig. 7(c) is the result after logical level thresholding and
hape filtering. It can be seen that a high number of connec-
ion pads remain undetected on areas where the points are
ensely packed. The reason for this is that after template
atching [Fig. 7(b)] the connection pads get bulged (due to

mall pitch and dirt) and finally get thrown away in the
hresholding step [Fig. 7(c)]. Traces of old ink can also been
een in the middle of the IC. Enough of this ink gets de-
ected as connection pad candidates, as the color of the ink
s similar to the color of the connection pads. The final
etection results are shown in Fig. 7(d)

lassification
s seen in Fig. 7, the connection pad candidate finding step
ay return more false matches than there are true connec-

ion pads. However, the amount of data is now significantly
ower compared to where we started. This makes it possible
o use a high-end binary (two-class) classifier for classifying
ach connection pad candidate into a true connection pad
r a spurious object. For this purpose we use artificial neural
etworks (ANNs).9

ANNs were selected as the classifier because of their
exibility. They can be trained by showing examples of con-
ection pads and typical candidate objects that are not con-
ection pads. The training process is always run when a new
odule with new connection pad appearance is introduced

like we did in the experiments Experiment 2: Printing Ten
ulti-IC Modules and Experiment 1: Connectivity Test, for

xample). Experiments have shown that a single module
ith a couple hundred connection pads and approximately

he same number of spurious objects is adequate to com-
lete the training.

The ANN used in the classification is a fully connected
eedforward network with 243–25–1 structure. In other
ords, the network has 243 inputs, one hidden layer with 25
eurons, and a single output neuron telling whether the in-
ut pattern is a connection pad or not. Size for the input

ayer is chosen such that the ANN can take in size 9�9 RGB
mages of connection pad candidates �9�9�3=243�. Im-
ge size 9�9 is chosen as it is rather small but can still
epresent the connection pad with an adequate resolution. A
roper size for the hidden layer giving the best performance

ogether with the ability for the classifier to generalize was
elected by training the ANN multiple times with different
mount of neurons on the hidden layer and then measuring
ts performance, following the well-known approach called
etwork pruning.9

A general pattern recognition ANN has one an output
euron for each class. The values of the output neurons give
onfidence levels for the input object belonging to a particu-
ar class. In the case of a binary classifier it is possible to use
single output neuron instead of two. We use this single d

. Imaging Sci. Technol. 050306-
euron solution together with hyperbolic tangent as the out-
ut neuron’s activation function. This makes the ANN out-
ut to be a single scalar on the interval (�1,1), where posi-
ive outputs indicate connection pads and negative outputs
ndicate spurious objects.

Before feeding to the ANN, each object image is resized
nto the required 9�9 size (by using bicubic resampling)
nd blurred. Blurring suppresses the noise in the images,
hus, giving the ANN a better performance and capability to
eneralize. It also makes the classifier more invariant to
mall shifts in the input image. The blurring is done by
onvolving the images with a Gaussian convolution kernel.

After the network has been constructed and trained (by
sing a training algorithm like scaled conjugate gradient
ack-propagation10), the classification step still needs a suit-
ble decision boundary, i.e., a threshold value of the connec-
ion pad confidence level that can tell whether an object is a
onnection pad or not. The most obvious solution is to a
hreshold value equal to zero. However, we can exploit the
nowledge about the number of real connection pads on the
odule/IC by picking up only the most likely connection

ads such that the number of positive classifications is at
ost a fraction of the true number of connection pads. The

igher the fraction, the more false positives (spurious objects
lassified as connection pads), and the lower the fraction, the
ore false negatives (connection pads classified as spurious

bjects) will be included.

Algorithm 3 Classifying connection pad candidates

For each subimage J around points �X,Y� in I

- Resize J for ANN input

- Blur J

- Calculate and store ANN output for J

Sort ANN outputs

Classify at most M objects with largest nonnegative ANN outputs as connection pads

Classify remaining objects as spurious objects

A good compromise is to restrict the amount of positive
lassifications to be at most 80% of the amount of true
onnection pads. Justifications for the particular percentage
as been presented in our earlier experiments.4 Notice that

he reason for using this kind of restriction is that we need
o avoid getting too much false positives. Later in the back
nd part we will see that the false positives are more harmful
han false negatives.

As a conclusion, an algorithm description of the classi-
cation step is listed in Algorithm 3. The algorithm takes in

he module image I and the coordinates (X,Y) of the de-
ected connection pad candidates. It uses a pretrained ANN
hat contains information on two parameters needed: the
nput image size and the convolution kernel used in blurring
he input images. The algorithm also uses a parameter M,
hich determines the maximum number of positive classi-
cations allowed. In our experiments these three parameter
alues correspond to 9�9 RGB image, Gaussian with stan-

ard deviation of 0.1 pixels, and 80% of the total number of

Sep.-Oct. 20106
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onnection pads on the particular module, respectively. No-
ice that in the training stage of the ANN, exactly the same
reprocessing steps are done to the input images as when
ctually using the ANN.

Figure 8 shows an example of the classification result
hen the 80% rule has been applied on each IC. Classifica-

ion results of two different ICs are illustrated in Fig. 8(a).
igs. 8(b) and 8(c) show the histograms of the ANN outputs
ogether with the decision boundaries. The connection pad
andidates that produce network outputs above the decision
oundary are considered as connection pads and those that

1 2

(a)

-0.9 0 0.90

5

10

NN output

Fr
eq
ue
nc
y

IC 1

(b)

-0.9 0 0.90

5

10

NN output

Fr
eq
ue
nc
y

IC 2

(c)

igure 8. An example of the connection pad classification. In �a�, white
ircles denote pad candidates classified as connection pads and black
rosses denote those classified as spurious objects. �b� and �c� show the
istograms of the ANN outputs for all connection pad candidates. The
hade of the bars indicate the true class of the points �black=true connec-
ion pad, white= true spurious object�. Overlapping parts of the black
nd white bars are indicated with gray. The highest bars have been

runcated as they have approximately 80% of all the hits. Black dashed
ines indicate the decision boundaries used in generating �a�. These are
alculated as described in Algorithm 3.
roduce outputs below the boundary as spurious objects. f

. Imaging Sci. Technol. 050306-
In the case of the IC number one in Fig. 8(a), many of
he connection pads have been completely left undetected in
he earlier stage. Hence, all the candidates producing positive
utput are classified as connection pads. Like seen on the
istogram in Fig. 8(b), this produces seven false positives
spurious objects classified as connection pads). All the posi-
ive classifications in the case of the IC number two are true
ositives like those that can be seen on the histogram in
ig. 8(c). In this case, only the most obvious candidates are
lassified as connection pads such that the amount of posi-
ive classifications does not exceed 80% of the true amount
f connection pads in that IC. There are plenty of false nega-
ives (connection pads classified as spurious objects). How-
ver, this will not become a problem as will be seen in the
ext section.

ACK END
he purpose of the back end part of the process is to cover

he next two blocks in the system diagram in Fig. 2. These
locks are match features with design features and create
orrected design data. The process is described in the follow-
ng three subsections: Pairing the Point Sets, Determining
he IC Transformations, and Correction.

The general idea of back end is the following: First, we
eek for a one-to-one correspondence between the detected
nd the designed connection pads. Second, a transformation
odel is formulated for each IC that transforms the dis-

laced connection pads to their correct locations. Finally, the
ctual print pattern is adjusted in order for it to match with
he true component placement. The constraints for the ad-
ustment are twofold: all IC connection pads must match the
ntended point in the print file, while the contacts for the
ollowing layers should stay as they are. The latter condition
s required in order not to propagate the errors further to the
ollowing layers.

airing the Point Sets
etermining the displacements of the connection pads starts

y finding a correspondence between the connection pads in
he design and the ones detected from the module image.
his is done for each IC separately. Since the front end result
ay have missing connection pads as well as false ones, the

oal is to find well-matching subsets of both input sets.
The point pattern matching algorithm of Chang et al.11

s used for finding the correspondence between the detected
nd designed connection pads, which are now considered as
wo two-dimensional point sets. Although not the most ef-
cient one in terms of time complexity, the method is robust
gainst point sets with both missing and extra points as well
s against point sets having local similarities in point loca-
ions. These are key advantages in our case when comparing
o several other algorithms.

Generally, the point pattern matching algorithm finds a
ransformation between any two point sets. The resulting
ransformation is a similarity transformation, which trans-

2
orms a point �x1 ,y1��R in the first set into a point
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x2 ,y2��R2, which is as close to the corresponding point in
he second set as possible,

�x2

y2
� = s�cos � − sin �

sin � cos �
��x1

y1
� + �tx

ty
� , �1�

here �� �0 ,2�� is the rotation angle, s�R+ is the scale,
nd tx , ty �R are the translation terms.

At this point, we are not interested in the transforma-
ion parameters provided by the point pattern matching al-
orithm because the IC transformations are rigid (Rigid
ransformation is like similarity transformation but the scal-
ng term being equal to one. In other words, rigid transfor-

ation only consists of rotation and translation.), not simi-
arity transformations. Instead, the optimal transformations
re used for inducing the point pairs separately by trans-
orming the design data of each IC. After this the two point
ets are paired using the Euclidean distance as the criterion.

rule of thumb is that every connection pad in the design is
aired to the closest object detected in the connection pad
andidate finding step in front end as long as it is not more
han 5 �m away. This way also the connection pads that the
ront end classifies as a poor match are paired.

As an output, the coupling of the pads returns informa-
ion whether the design connection pads were linked to
ome true connection pad or not. Missing pairs usually in-
icate that some of the connection pads could not be found

rom the module image, for example due to dust or other
ccluding objects.

etermining the IC Transformations
fter the correspondence between the detected connection
ads and the designed connection pads has been established,

he next thing to do is to determine the IC transformations
nd the errors that these transformations bring into the lo-
ations of the connection pads. This is done in two steps.
irst, a global alignment transformation is determined. Sec-
nd, the optimal IC transformations are determined.

Let us first consider the global alignment of the printed
attern. The purpose of the alignment transformation is to
otate and translate the design into the same coordinate sys-
em with the module in such a way that the print pattern
pproximately matches the module. The alignment transfor-
ation is thus a rigid transformation. As there are not any

lignment marks, three different strategies for the alignment
re proposed:

(a) Do the alignment such that the costs of the final
correction of the design data will be as low as pos-
sible. In the sequel, we call this alternative the mean
distance approach.

(b) Do like previously but favor small-pitch areas such
that the correction is made easier on areas with
closely located connection pads.

(c) Minimize the distances for all connection pads on a

single IC (so-called calibration IC). Because the o

. Imaging Sci. Technol. 050306-
connection pad distances within an IC are exact, the
match for the calibration IC will be very accurate.
We will call this alternative the single IC approach.

Algorithm 4 Finding IC transformations

Assign a weight for each connection pad according to the chosen alignment scheme

Find the parameters of the optimal alignment transformation
�XD, YD�→ �XM, YM�
Apply inverse alignment transformation for �XM,YM� to obtain �XA,YA�-coordinates
of the detected connection pads aligned with the design

For each IC:

- Find the parameters of the optimal IC transformation
�XD�i� , YD�i��→ �XA�i� , YA�i��, where index i refers to the coordinates of the
connection pads on the IC

All three approaches can be represented in a single
ramework: weighted least-squares. Setting the weights equal
ives the mean distance approach. Giving more weight on
onnection pads with close neighboring connection pads re-
ults in the second of the proposed strategies. Setting the
eights to unity for the calibration IC and zero for others
ives the single IC approach.

Next, we need to determine the parameters of the rigid
ransformation that carries out the alignment in an optimal
ay. Unfortunately, the least-squares solution for the rigid

ransformation—especially in the weighted case—is non-
rivial. Such a solution has been proposed by Schaefer et al.12

nd Müller et al.13 However, their solution is slightly invalid,
hich can in some cases result in a rotation matrix that
erforms reflection instead of rotation. This can be avoided
y using the determinant condition introduced earlier by
meyama14 for the unweighted case.

After the alignment has been done, the IC transforma-
ions are determined, again, by using the solution for the
ptimal rigid transformation (without weighting). The
hole procedure is described in Algorithm 4. The algorithm

akes in a set of design connection pad coordinates (XD,YD)
nd a set of detected connection pad coordinates (XM,YM).
hese two sets have equal amount of points and they have
een sorted in the pairing step such that the corresponding
oints form a pair. The algorithm returns the parameters
rotation and translation) of each IC transformation. Also
he parameters of the alignment transformation are returned
ecause these will be useful in the actual printing phase (see
he section Printing Multiple Modules Simultaneously).

The pairing of the connection pads after applying the
lignment transformation is illustrated in Figure 9. In this
xample, we used the single IC approach as the alignment
ethod. The calibration IC with nonzero weights is the IC

hown in Fig. 9(a). Because there is no distortion in the IC
imensions, the match is perfect. However, the mismatch in

he IC in Fig. 9(b) is clearly visible because of the compres-
ion of the background substance, which becomes even

ore severe for ICs residing further away from the calibra-
ion IC. In this case, the two blocks are roughly 9 mm away
for reference, the block width is about 2 mm). Note that

ne connection pad does not have a pair due to the dust
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article in Fig. 9(b). This, however, is not a problem as the
etermined overall IC transformation is sufficient for con-
ucting the correction of the interconnections.

orrection
fter the IC transformations have been discovered, the re-
aining step is to adjust the wiring diagram to match the

ndividual module. First, displacement vectors

1 ,�2 , . . . ,�N �R2 are calculated as the difference between
he designed connection pad locations and those mapped
ith the IC transformations. Here N denotes the total num-
er of connection pads on the module. Each displacement
ector defines the required displacement for a corresponding
ire end in the wiring diagram to match the right connec-

ion pad.
The correction method we have proposed6 processes the

ata on the bitmap level and does not employ any informa-
ion about the structure of the design data; for example, the
iring and the dielectric layers are treated equally. The
ethod is based on a displacement function d :R2→R2,
hich determines the amount of correction needed in hori-

ontal and vertical directions for each point in the original

(a)

(b)

igure 9. Pairing the design data with the detection result. The figures
how the match with the true locations of the connection pads. �a� shows
part of the calibration IC, and �b� is a part of another IC.
iring diagram. b

. Imaging Sci. Technol. 050306-
The derivation of the displacement function follows the
dea of blobs.15 Each wire end or design connection pad
hould create a smooth blob or bump onto the displacement
unction. Certain requirements are set for each bump. The

ost obvious requirement is that the ends of the wires
hould be translated onto the true connection pads, i.e., the
ump heights are equal to the displacement vectors

1 ,�2 , . . . ,�N. A secondary criterion is smoothness, in the
ense that the wiring should not have sharp corners or
iscontinuities that might harm the functionality of the
odule. Finally, the bumps should have a finite support, i.e.,

he correction for each connection pad should take place
nside a limited area.

An example of a function satisfying the requirements set
or the bump model is a particularly chosen biquadratic
olynomial. In this case the definition of the N bump func-
ions bi �i=1, . . . ,N� evaluated at point �x ,y��R2 can be
ormulated as

bi�r� = ��
r4

Ri
4

−
2r2

Ri
2

+ 1��i , when r � Ri ,

0 , otherwise,
� �2�

here r=	�x−xi�2 + �y−yi�2 is the distance of point �x ,y�
rom the ith design connection pad �xi ,yi�. Parameter Ri is
he correction radius allowed for the wire end connected to
he ith connection pad.

Since the amount of required correction varies in differ-
nt areas of the module, it is reasonable to make the correc-
ion radii Ri adaptive and dependent on the correction dis-
ance. This can be achieved, for example, simply by setting
he radius proportional to the connection pad displacement:

i =a
�i
, where the constant a�R+ is so called smoothness
arameter. The larger the parameter a, the larger the correc-
ion area and the smoother the correction. An example
ump is shown in Figure 10.

The second step is to create the actual displacement
unction d by adding all the individual displacements to-
ether. Simple summation is not adequate since we want to
reserve the bump properties (height, smoothness, and finite
upport) in the displacement function. This can be achieved

0

1

0

1
0

0.5

b
x

0

1

0

1
0

1

b
y

igure 10. An example of smooth bump created with piecewise biqua-
ratic polynomial with �xi ,yi�= �0.5,0.5�, �i= �0.51�T, and a=0.4
making the correction radius Ri equal to 0.45�.
y introducing a weighting function wi for each bump bi,
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wi�r� = � 1

2r2Ri
2 − r4

−
1

Ri
4

, when r � Ri ,

0, otherwise.
� �3�

he weight is zero outside the correction radius Ri and goes
moothly toward infinity when approaching the bump
enter.

By using the weighting functions and the individual
umps, the actual displacement function is defined as

d�x,y� =

�
i

wi�x,y�bi�x,y�

�
i

wi�x,y�
. �4�

he definition is simply a weighted sum of all the bumps bi.
or simplicity, we have omitted two special cases when d is
ndefined: when �x ,y� is one of the connection pads �xi ,yi�,
e should define d�x ,y�=�i, and when �x ,y� is outside the

adius Ri of any correction point �xi ,yi�, we should define
�x ,y�=0. An example of a combined displacement func-

ion is shown in Figure 11.
After a displacement function has been established, the

ctual correction can be done. Figure 12 shows the stages of

igure 11. A part of the displacement map used in Fig. 13 �only hori-
ontal displacement shown; the vertical component of the displacement
ap is similar�.

(a) (b) (c)

igure 12. Illustration of the correction process. �a� shows the connection
ads and wiring before correction. In �b�, the wire ends have been
rased and in �c� the wire ends have been redrawn using the proposed
ethod.
he correction. In Fig. 12(a) there is the original wiring

. Imaging Sci. Technol. 050306-1
itmap. The connected dots indicate the wire end points
ithout correction and the desired target locations. The first

tage of the correction—illustrated in Fig. 12(b)—is to erase
he falsely oriented wire ends. The erasing is limited to only
hose pixels that have nonzero displacement according to the
isplacement function. After the wire ends have been erased,
ach erased wire pixel is remapped according to the displace-
ent function. Figure 12(c) shows the corrected wiring in

he example case.
The algorithm description of the complete correction

rocedure of the wiring bitmap is given in Algorithm 5. The
lgorithm takes in the original wiring bitmap, the coordi-
ates of the connection pads, and the displacement vectors.
t returns the corrected wiring bitmap. The smoothness pa-
ameter is needed in the first step when calculating the cor-
ection radii around each connection pad.

Algorithm 5 Correcting the wiring bitmap

Calculate correction radii

Evaluate displacement function inside each correction radii

Construct corrected wiring bitmap by remapping the wire pixels according to the
displacement function

An example result of applying the correction method is
hown in Fig. 13. Fig. 13(a) shows a part of the module
eady for printing. However, due to component drifting, the
onnection pads have translated, and printing the design
itmap directly will result in failed connections, see
ig. 13(b). Note that this displacement cannot be corrected
y translation because that would increase the errors on
ther components of the module (this is actually the mean
istance fit minimizing the square errors of all the wire ends

n every IC). The correction results are shown on Fig. 13(c).
he displacement function used in the example is the par-

icular one seen earlier in Fig. 11. As expected, the connec-
ion pad pattern is clearly visible.

RINTING MULTIPLE MODULES SIMULTANEOUSLY
major advantage in using an online print pattern genera-

ion system is that it enables the printing of multiple mod-
les with a single printing run. By detecting the locations of

he modules and the module components, it is possible to
utomatically apply the alignment rotations of each print
attern and then to catenate the patterns into a single large
anel.

One of the advantages of ink jet printed electronics as
n electronics manufacturing method is the scalability of the
rintable area. This valuable asset becomes more efficiently
tilized when printing in panels. After minimizing the total
rinting time as well as the amount of operators’ manual

abor, and after taking better advantage of the available
rinting area that the printer can cover on a single run, the
dvantages gained when being able to print multiple mod-
les at same time seem to be indisputable. The improve-
ents in performance lead to a better printing quality to-

ether with savings in time, energy, and material.
Sep.-Oct. 20100
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In case of multiple modules, the print pattern correc-
ion is run separately for each module. First, the modules are
ndividually photographed. After this the images are pro-
essed for detecting the modules and, finally, corrected print
atterns are generated for each module. If the lateral shift
etween the module images is precisely known, a single large
rint pattern can be put together. This print pattern covers
ll the modules at once and it can be used similarly to con-
entional patterns with only one module on them. There is a
hotograph of multiple modules on a slotted plate used for
pproximate positioning of the modules in Figure 14(a). The
orresponding print pattern—which has been created by in-
ividually running the correction system on each module
nd then catenating the resulting print patterns—is shown
n Fig. 14(b).

The first issue to be noted when compiling a large print
attern is the rotational error, which becomes more and
ore significant as the dimensions of the panel increase. In

ur case, the width of the panel in Fig. 14(a) in the head
ovement direction is about 22 cm. Thus, a rotational

(a)

(b)

(c)

igure 13. Original module ready for printing is shown in �a�, and the
imulated printing result without correction in �b�. The simulated result after
orrection is shown in �c�.
rror of 1°, for example, would cause a disparity of c

. Imaging Sci. Technol. 050306-1
2 cm� sin�1°��3.8 mm at the right end of the panel.
he disparity scales almost linearly near 0°. Thus, a negli-
ible looking rotational error of 0.01° would still result in
8 �m error, which is in the order of the pitch of the con-
ection pads.

Conventionally, the rotational error in the print pattern
s manually compensated by rotating the printer table and,
hus, errors larger than 0.01°—like in the previously worked
ut example—are easily created. This suggests that it would
e nearly impossible to print the panel in Fig. 14 with the
onventional method. However, by using the print pattern
eneration system, the relative locations and orientations of
he modules on the panel are automatically determined by
sing the alignment transformation estimated in the section
etermining the IC Transformations. Further on, an accu-

ate rotation function of the printer table is made completely
edundant.

The last thing to do before the layout of the print pat-
ern covering the whole panel is fully determined is to com-
ensate the camera rotation. Obviously, as the connection
ad locations have been measured from the camera image,

he rotation of the camera affects the estimated alignment
otations of the modules. One method for finding the cam-
ra rotation is to take multiple images from a static control
oint such that a small amount of translation to a given
irection (i.e., the direction of the printer head movement)

s applied between each image, see Figure 15. The trajectory
f the control point in the images forms a straight line. The
irection of this line in the camera view can be compared
gainst the direction of the applied translation. The differ-
nce between these two directions gives the camera rotation.
his kind of camera calibration step obviously needs to be
arried out only once, i.e., after mounting the camera.

XPERIMENTAL RESULTS
n our earlier articles, we have considered the compensation
f error on a single module level.4–6 In this section we con-

22 cm

(a)

(b)

igure 14. �a� shows a 2�5 panel of modules. �b� shows the wiring
hat is going to be printed on top.
entrate on printing multiple modules in one printing run,

Sep.-Oct. 20101
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hile compensating possible intramodule errors simulta-
eously. The experiments consist of two parts: First we con-
ider printing five modules that are used for testing the con-
ectivity of the printed patterns. The second experiment
tudies printing the interconnections of ten multi-IC mod-
les simultaneously.

xperiment 1: Connectivity Test
he first experiment considers printing of five modules to-
ether with the verification of the electric functionality of
he result. The wiring is printed on a special daisy chain

odule that is designed especially for connectivity testing.
he connection pads are chained together and should create
n integral connection between test points.

The modules used and the corresponding wiring image
re shown in Figures 16(a) and 16(b), respectively. The con-
ection pads differ from the ones in Experiment 2 (and in
arlier discussion) by their size, shape, and color. They are
lso located all around the IC, not only on the edges. The
iameter of the connection pads is about 220 �m, which
akes them a significantly larger than the ones in the later

xperiment �40 �m�.
As the test module consists of only one component,

here occurs no component drifting that would make the
rint pattern not to match the module layout. In this experi-

Camera view

Translation

igure 15. The angle of camera rotation can be determined by translat-
ng a static target in the X-Y-stage horizontally. The camera angle can be
etected from the horizontal and vertical displacements in the camera
iew.

Figure 17. Printing result of the first experiment. Das
be and where the print pattern is initially aligned. Th

in Fig. 18.

. Imaging Sci. Technol. 050306-1
ent, component misalignment is artificially created by not
ligning the print pattern optimally on the module but by
sing a fixed point on the background on the printer table to
lign each print pattern. The displacement function based
orrection is run separately for each module and a single
rint pattern is finally put together and printed.

Figure 17 shows the printing result, where multiple
hotographs have been catenated as a panorama image
howing all the printed modules. The dashed line squares
ndicate the places where the print patterns have been
ligned to. The error created by the intentionally careless
odule placement is corrected by detecting the true connec-

(a)

(b)

igure 16. �a� shows the type of module used in the first experiment. �b�
hows the wiring image, which is going to be printed on the module.

e squares show where the modules are expected to
le inside the solid line square can be seen in detail
hed lin
e modu
Sep.-Oct. 20102
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ion pad locations and by using the displacement function
orrection as described. The area surrounded by the solid
ine square in Fig. 17 is shown in larger scale in Figure 18.
ll the printed modules were verified to be electrically func-

ional, as desired.

xperiment 2: Printing Ten Multi-ic Modules
n the second experiment, the wiring is printed on multi-IC

odules such that ten modules are printed simultaneously.
he module design is the one illustrated back in Fig. 1. The
odule is square shaped with each side 17 mm long. The

iameter of the connection pads is 44 �m, and their pitch is
ypically 40–70 �m. The modules are printed in a panel in
similar manner as in the first experiment. The panel layout

s the same as was already seen in Fig. 14. In this experiment,
he detection of the connection pads is more challenging
han in the first experiment. This is because of two reasons.
irst, the connection pads are now smaller in size. Second,
he same modules have already been used in previous test
rintings and there are distracting ink traces on their
urface.

Table I summarizes the connection pad detection results
or all ten modules. The second column from the left shows
he number of connection pad candidates resulting from the
tep described in the section Finding Connection Pad Can-
idates Within the IC Areas. In all there are 409 true con-
ection pads in each module and typically half of the pad
andidates are false. The third column shows the number of
rue connection pads that are missed already in the candi-
ate finding phase. The obtained candidates are classified
ither as connection pads or spurious objects by using an
NN classifier. The fourth and fifth columns show the num-
er of positive and negative classifications that were correct,
espectively. By using this information, the performance of
he binary classifier can be determined by examining the
ensitivity and specificity of the classification result, which

igure 18. Zoomed printing result of the second module on the left in
ig. 17.
re the two last columns in Table I. p

. Imaging Sci. Technol. 050306-1
Consider the results shown in Table I. Sensitivity char-
cterizes the classifier’s ability to find true positives, while
pecificity characterizes its ability to rule out false matches.
ensitivity is calculated as the ratio of the number of true
ositive classifications and the total number of actual con-
ection pads among all the candidate objects. The number
f true positive classifications in our experiment sums up to
137. There are altogether 10�409=4090 actual connection
ads but 301 of them are missed in the candidate finding
tep so only �4090−301�=3789 of the actual connection
ads gets to the classifier. Thus, the total sensitivity of the
lassifier is 3137/3789�82.79%. Specificity, in turn, is cal-
ulated as the ratio of the number of true negative classifi-
ations and the number of actual spurious objects among
he candidate objects. The total number of true negative
lassifications in our case is 6870 and the total number of
purious objects is 10,738−3789=6949 (all candidate ob-
ects minus the ones that are connection pads). Thus, the
verall classifier specificity is 6879/6949�98.86%.

Since the classier specificity is of more interest to us
han the sensitivity, we limited the number of positive clas-
ifier outputs to be at most 80% of the number of true
onnection pads like explained in the section Classification.
s there are 409 connection pads on each module, at most
27 positive classifications are made in all ten cases (Notice
he phrasing at most, as objects with negative classifier out-
ut are discarded even if they would fit inside the 80% mar-
in.). From the specificity values of Table I it can be clearly
een that false positives are rare. The sensitivity values, on
he other hand, are naturally determined by the 80% rule.
he reason why the actual values are slightly above 80% is

hat the 80% is calculated with respect to the true number of
onnection pads (409) while in calculating the actual sensi-
ivity the number of undetected connection pads is first
ubtracted.

The printing result of the second experiment is shown
n Figure 19. The image has been created by catenating the
ndividual module images after a rotation of �0.19°, which
s the angle between the camera and the printer table deter-

ined during the calibration of the camera (see the section
rinting Multiple Modules Simultaneously). Black color is
sed for filling the spaces such that the layout of the image
quals the layout of the panel. All the modules have unique
rientations. Even the whole jig holding the modules seems
o be slightly rotated because the operator placed the jig

anually on the printer table. All these unidealities are com-
ensated by the correction system that creates the print

mage.
A close up of the printing result is shown in Figure 20.

he image shows the result from the area of one IC. Like in
ll the other ICs, the wire ends meet the right connection
ads. The thinnest parts of the wires consist of only one line
f ink droplets. For this particular printer and droplet size,
he scale of the used modules is close to the smallest pos-
ible. In the picture, small horizontal artifacts in the printing
uality can be seen. These occur due to failures in individual

rinter nozzles.
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ONCLUSIONS
n this article, we have presented a method for dynamic
daptation of interconnections in printed electronics. In par-
icular, we concentrate on the estimation of displacements in
onnection pad locations, and furthermore, correction of
hese displacements. The correction can be extended into
imultaneous printing of multiple modules, which allows
asier and faster printing of larger volumes of printed

Table I. Detection results for ten modules. The m

Module Candidates Undetected T

1 1074 28

2 1012 32

3 1070 31

4 1147 22

5� 1048 37

6 1168 18

7 1188 20

8 1010 39

9 1012 48

10 1009 26

Tot. 10738 301

Figure 19. The printing

Figure 20. A close up from the printing result.
odules.

. Imaging Sci. Technol. 050306-1
Experimental results indicate that the method can suc-
essfully adapt to unpredictable displacements of the com-
onents, as long as the displacements are within a reasonable
ange. The displacement allowed for a component before the
orrection fails depends on the module layout and the pitch
f the connection points on the ICs. Although this may be
onsidered as a limitation of the proposed method, practice
as shown that serious faults in component placement or
olding process of the modules need to take place before

he correction fails.
As a conclusion, significant improvements in the manu-

acturing yield can be expected after integrating dynamic
orrection into the printing system. The fact that misalign-
ent of the structures is a critical bottleneck preventing

arge scale application of printed electronics in miniature
ize makes the application area very significant for the future
f electronics industry.
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