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Abstract

The article presents automatic films registratigistem for printed circuit board exposure units watimew proposed
processing method, based on the Radon transformafithe conditions and criteria of alignment deiatevaluation

for selected registration marks were defined. Psippan of a mechatronic unit built on a base imaffesn to 2 or 4

movable cameras and 6-axis films positioning devwscdesigned. Align film and panel for a solder k&argets

images processing method, based on the Radon eramstion, was used. Rules for 2- and 4-point filpasition

optimization were created, as wells as marks argistetion algorithms. Experimental results showicapability

and limits of the registration system were presgnte

1 Introduction

The manufacturing process of printed circuit boa(BE€B) is complex. It consists of a
sequence of complex operations. The PCB neverthdtess single-sided, double sided or
multilayer, is a base for electronic componenteigdy and it realizes electrical connections
between them. Manufacturing cycle is conducted irteehnological process consisting of
following stages: exposure, development, etchingldimg assembly, lamination (for multilayer
circuits), drilling, plating, solder mask applyirgnd label printing. The whole process gets even
more complicated when some connections in the layd#i printed circuit board are made using
buried or blind holes. The majority of these stageuire continuous control, which is in most
cases conducted automatically in optical measutewices. Geometry and electrical parameters of
constructed circuit is measured to keep observeatiens within defined tolerance limits in order
to reach the quality of the final product througiplging required corrections to the technological
process. Currently [1] the requirements for HigmEigy Interconnect circuit boards are defined by
an increased number of connections per area urgbmparison with traditional circuits. HDI
technology reduces dimensions, weight and impralestrical qualities. Both minimal track
width and minimal space width begins from 75 pmpimal vias diameter from 150 um, capture
pads diameter from 400 um and soldering pads deabiove 20/crh Complexity of printed
circuit boards can be defined using following equra3]:



OfHoles *
UnitArea
(MinTraceWidth)( MinAnnularRiny MinHoleDiamet)

Parameters presented above are exemplary. Theyilegnvironment and requirements for
circuit boards and also define conditions for thignaent system, which is the subject of this
paper. In an exposure machine operation of tramsfeimage from film onto a requested place of
resist layer which covers a copper laminated ptate,be conducted in 3 modes:

- outer layer,
- inner layer,
- solder mask.

(Area) No (NoOfLayer)s3

Complexitylndex

Each of these modes differently defines the terrappimal position of the film in accordance
to the board and/or the second film. Film to filelation is especially important for the double-
sided exposure, which is mostly used for its proidiig.

For the outer layers drilled holes in the boardwsed as a reference, and the transferred image
must relate to their position. The goal is definedy simply: a hole in the board, and an element
from the picture on the film belonging to that giveole should be positioned with the smallest
possible deviation in relation to each other duergosure process. For quantity criteria we’ll take
position deviation defined like on Fig. 1, wherensssee we can consider this as two deviations in
the direction ofOX and OY axes of Cartesian coordinate system, respectig&lyand dY, or
geometrical sumdPD called process deviation for positioning procedara representing
distance between the center of the hole and theicehthe corresponding element on the film.

dX

Fig.1 Position evaluation of the elements of tha fcircle with bigger diameter) and the hole irethoard (circle
with smaller diameter) with shown deviations dX, @d process deviation dPD.

Since the minimal thickness of the ring surroundimg drilled holes in the board is one of the
most important quality conditions, the positiontieé film has to be strictly related to the position
of the drilled holes in the board during the expesaf outer layers. Taking into consideration the
following plating process, reaching the limits bétacceptable deviation can lead to breakage of
the surrounding ring and disqualification of a gitdoard. It is important to note direct relaon
between total deviation and the size of the circamponents on the film. If the total deviation is
smaller, then the sizes of all elements also carsrballer. In this place it would be right to
mention that even though our considerations areeglan the area of registration and exposure
process, the total geometrical deviations of thalfproduct can also be harmed by: geometry of
the films, etching, lamination, drilling and othmore detailed steps. In fact, registration proeess
only one of the several factors that have a dineitience on the final quality of the product,
namely the circuit board.

In most cases, for the inner layers we have to dghl a panel on both sides covered with
copper and resist (dry or liquid). Also, inner layeostly does not have any drilled holes and in
this case registration has to be made only betweeffilms. For this type of boards, it is required



to have top and bottom film in relation to eacheotgiven by specification, what in the end makes
elements of one film match elements of the othethé case of films’ only registration we can use
the same criteria for evaluating deviations, afkk It was defined on the Fig. 1, we have to
consider three valuedX i dY anddPD.

Exposing solder mask is one of the final operationghe already assembled multilayer circuit
board, when outer layers are already exposed,tragis for the films has to be made in relation
to what was previously exposed, developed and étohnethe panel. Solder mask has a task to
leave open only soldering points for electroniceasisly: placing and soldering. If all elements of
the PCB construction are minimized then also pfacéhe mask has to match existing pattern on
the outer layer and follow precisely conditionsidedl in the specification.

It is evident, from the analysis presented abdvat, tegardless of the mode of exposure the proper
location of the film panel and / or second filmréguired. Evaluation of the registration process
can be done by measuring the parametersiXf dY, dPD (deviations). Activities taken to
minimize deviation values always will refer to timole panel and in fact never to a single
selected point. It is possible to define the follogvcriterion (1):

$dx, dy, da" (% Y PCBmin( dX x), df x)y dF(D,>§)) (1)

Presented criterion (1) describing conditions t@leate registration process shows film
position referring to the whole board area. It takeo account all the points lying on the surface
of the circuit. Nevertheless, we will analyze ordyjtical locations from the standpoint of
technology and board quality requirements. Sogatstof an infinite set of points to analyze we
will always use a discrete set with contents depegndn design and technological conditions.

2 Proposed system

In order to design system, criterion (1) was talem starting point. At the stage of registration

we have to deal with deviations depending on difiiésources:

- Changes of the film geometry depending on the igipi@n of the laser plotter, changing
line into curve and rectangle into polygon — aistis minimized by the proper calibration of
the plotter,

- Changes of the film geometry depending on theirntla¢ stability. Exposure process may
lead to film temperature increase and cooling mect temperature decrease. As a
consequence, we will observe expanding or shrinkintpe film and potential dimensional
instability. Typically, dimensional deviations dmited to a given, defined value,

- Random position deviations of drilled holes in tbanel that depend on the precision
restrictions of a numerically controlled drillingachine and tool (drill bits bending on the
laminated surface of the panel).

For the sake of our analysis we assume that thes filegistration process has to minimize
deviations, with no dependence on the source liegtdre coming from. Measured deviations will
be compensated by applying corrections to the filbsition in a way to minimize their impact
within the predefined tolerances.

The registration system should be a compromise detvihe number of measurement points
on the board, the number of cameras used andrtlfeerteeded to evaluate input data — images
from all sources. Taking into account on one hatiirements and on the other the experience of
production techniques for manual registration, setutions were considered. The first uses two
cameras and two marks on the board layout and.filmthis case the marks are located centrally
in the symmetry axis of two shorter sides of thegbaThe second solution assumes the use of four
cameras and appropriate marks located in the cooie¢he board.

Regardless of the number of marks and number af aameras, film positioning is aimed at
optimization. Optimization has a task of minimizithge position deviations, which depend on both
instable film size and variable location of the @ldmoles used as registration marks.



We assumed that the system can operate in tworelffetolerance modes, respectively:
dimensional deviations (film to board) and alignindaviation. The basic mode is the mode of
DA (Dimensions / Alignment), in which dimensionaldrance (2) and the alignment tolerance (3)
are defined separately. In this mode, the measusygfem will calculate position of the
registration marks on the basis of processed impages from the cameras, and using this data
will calculate separately dimensional deviations lboth the films and the alignment deviations
film to board or film to film. All calculated valgewill be compared with given tolerance values. If
the dimensional deviation is greater than the dsieral tolerance DT ), system will stop
registration procedure and an error message desgthe reason will be presented to the operator.
In the case of crossing the tolerance limit for #ignment deviations AT ), the registration
process will be repeated and new deviations wilttm@pared once more with the given tolerance
values.

'Ap

dX, dXg

Fig. 2. Dimensional deviation and alignment dedati[dX, dY — alignment deviations (L — Left camé&ta- right
camera), PD — process deviation]

Beside basic tolerances mode we have also a ser@dvhich is in fact simplified, using just
one value of tolerance calleeDT (4) (process deviation tolerance). In this mode vhlue of
PDT has a task to define a border for all valuedP&f (Fig. 2) calculated for the every camera
separately. We compare measured distanB&i ( PDR) between the center of the hole in the
board and center of the mark on the film (bothiogle one, depending on the mode), and also
distance between mark on both films, with a predwsfivalue ofPDT. In the PD mode we do
not check separately the tolerances for dimensaodsalignment, unlike the DA mode. Formally,
the principle of tolerance rules with the uselA, AT, PDT can be described in the following
way (meaning of parameters shown on Fig. 2):

- DA - dimensional tolerance

[dXL- dXiE DT )
- AT - alignment tolerance

ax Mj,qu [dYR £ A1 3)

- PDT - process deviation tolerance
max(PDL,PDR) (4)
where max - function to get maximum value from the commardiéd list of values.

In the four point (marks) registration mode, thaibaule and optimization condition (5) is still
valid. We proceed with an alignment of the filmarway that minimizes the value nﬁax(PD),

measured using images from all used cameras, HedcasCQ, CQ, CQ, CQ, where symbols
CQ, ,CQ are representing corresponding 4 quadrants of¥@& coordinate system. Every

cameraCQ belongs to the corresponding corner of the boati associated reference hole and
film marks.



max(PDQ ,PDQ ,PDQ, PDQ) (5)
where PDQ is a value ofPD measured in the corner of the board belonginbeajuadrant .

Movements of the films can be described by parametka flat displacement, represented by
offset and rotation value, corresponding respelstitce movement along th©X axis, movement
along the axisOY and rotation round the zero point ¥0Y system. Modified and generalized
optimization criterion can be written as:

$(dx, dy, ), min( max PDQ, PDQ, PDQ, PD)) (6)
As we can see we search for the valuéd)f, dy, da) that minimizes the maximum deviatid?D

(6) at all points where the position has to befieti This criterion also fits into the system with

two sets of targets as well. In such case in thenab position appropriate deviations will have
following values (7):

dXL=- dXR dYE 0, dYR 0 (7)

Proposed arrangement to allow the positioning mhdiand plate is shown below in Fig. 3.
illustrating the concept of the device for carrymg this idea.

Fig. 3. Concept of the frame to position films graghel before exposure, equipped with cameras tokche
registration target location and critical deviatien

It consists (Fig. 3) of two frames, the lower /@flaupper /2/, containing glass /3/. Top film
/5/ and bottom /4/ has marks placed in the teclgicdéb margin on the axis of symmetry of the
panel's short side for 2 target registration orthe panel corners for 4 targets registration.
Eccentric rollers /18, 17, 16/ move top frame. 8gsi/25/ and rollers /19, 22, 20, 23, 24/
provide play less drive and roller bearings forticat movement of the frame /2/. Panel /5/ is
attached to the panel holder bar 11, also driveedmgntric rolls/12, 13, 14/ supported with a
backlash springs /15/. Image with film targets aotks in the panel is projected thru an optical
path /28, 29/ to image sensors /26, 27/ — CMOS wasn®epending on the type and location
of targets on the panel cameras with optical systewing in the direction, y.

Alignment of the films is a very important operation the exposure process, but not the
only one which has to be done to get a ready exbpaeel. Usually before alignment films
has to be loaded into the frame. During exposudeadignment they are fixed to the glass with
a dedicated vacuum, also, they must be pre-aligneslation to the initial panel location when
loaded. Switching the unit into the proper mode bardone by selecting the given job. Job is
defining not only a mode for alignment but also tigge, count and location for targets, all



tolerances and tolerance mode, and other not aéghmelated parameters like: limits for the
vacuums, time and the way how the panel must besexp Basic operations belonging to the
exposure unit cycle are shown in Fig. 4.

—|//high level representaticn for the exposure machine activities
//Job is representing data definig task to do and all needed parameters
-lint ExposureUnitCycle(){

InitializeUnit();
/N will represent number of exposures to do
int N = SelectlebToDa();

LoadFilms();

for (int 1 = @; 1 < Nj i++){
LoadPanel();
RunRegistrationForCurrentPanelAndFilms();

if (Max(SetOfDeviations())<ProcessTolerance){

ExposePanel();
1

}
UnloadPanel();

if (UserBreak) return;
1

}
UnloadFilms();

1

I

Fig. 4. Exposure unit cycle showing basic operatiparformed during run

Exposure unit cycle Fig. 4 can be terminated assaltr of positioning and exposing assumed
number of panels or by the action of the operatgpedding on external conditions, or by
equipment, taking into account the control paransdike, for example, thermal stability of films
described above. Because the system automaticefifieg the critical tolerances, the need to
interrupt the process of alignment or exposurestasin be transferred to the operator with a
corresponding message describing exceptional dondlit

From the side of film positioning application, it s i important
RunRegistrationForCurrentPanelAndFilnisnction Fig. 4. Detailed activities belonging thuis
action are shown in Fig. 5. It is assumed that teefeegistration the camera will move
automatically to the position of marks accordinghe selected job. Since each camera is equipped
with two axes driven byDC motors, a change in their location is done justspgcifying the

coordinates(xc, yc) for the new target position.

//high level representation for panel te films alignment
int RunRegistrationForCurrentPanelandFilms(){
int counter = @;
MeasureTargets();
if (RepositionCamerasIfieeded())
MeasureTargets();
do {
setFilmsToThestartPesition();
for (int 1 = 1; 1 < NumberOfSteps; i++){
MeasureTargets();
MoveFilmsToNewLocation (i, NumberOfSteps);
}.
MeasureTargets();
StartContactVacuum();
MeasureTargets();
done = (Max(SetOfDeviations())<ProcessTolerance);
while (!done && (++counter < MaxRepetitionCounter));
return 8;

Fig. 5. Alignment cycle to optimize films position

The target measurement process is describeMessureTargetsand is performed using the
cameras. The calculated location of marks is use@vialuate the parameters, for each film
separately. These values are the basis for detegniine displacement for every of 6 axis used to



move films. The initial deviation is divided insidiee functionMoveFilmsToNewLocationsing

the variable i" representing the next iteration and the paramitenberOfStepslefining how
many steps the system should take from a startng the optimal position. Iterative approaching
the optimal location is used to reduce the impdchysteresis, backlash and stiffness of the
mechanical system.

The cycle of positioning shown on Fig.5 may be edpeé if after turning on the contact vacuum
inside the functiorStartContactVacuur(), required during exposure, the resulting positd the
films or panel will be disturbed and final verifta will measure deviations being bigger then
defined tolerances. Contact vacuum is createdsieated space between both glasses and includes
films and panel (Fig. 3). Contact vacuum has ang@ty negative impact on positioning result. In
the exposure process it has a very important fanetiit provides direct contact between the resist
and film. Direct contact is necessary to eliminduwe effect of undercutting or shade, being a side
effect of non parallel rays from UV lamp when expgs

To carry forward the process of alignment, systeased on information from images obtained
from cameras observing films and plate at a gieeation must be able to determine the values of
relative displacements, using marks on the filnts thie hole in the plate. To do so, films and plate
must be adequately represented in the image frermnamera [7].

Fig. 6. A sample set of marks: 1 - for the upplen,f2 - for the bottom film, 3 - for the panel

A sample set of marks is shown in Fig.6. At the sdotation like the hole in the panel, the
bottom film has a mark in the form of a "+"and thgper film mark in the form of an 'x'. Sample
sizes are: a hole diameter of 3mm, the thicknegbefine marks "+" and "x" is 0.254 mm. The
form of marks usually is matching the mode of operaand the type of panels.

2.1 Image based marks position

To read detailed information from each single camsressential for the proper function of the
alignment device. Therefore, for this purpose a ifremtl image processing technique based on
Radon transform, allowing rapid and accurate datetion of straight lines in the image, was
used

The Radon transform (TR) is defined as [6]:

+¥

R,(r)= f(xcog - y'sig x'sig+ y'cap) dy @)
¥
where
X' cosg sSing X
T i )
y -sing cogy vy

The Radon operator maps the spatial donfgir, y) to the projection domai(v,q) , in which g

is the angle and the smallest distance to the origin of the coatirsystem. The discrete Radon
transform is a useful tool in image processingdietecting of lines in digital images.



Major key properties of the Radon transform is thihe in an image is transformed into a peak in
the parameter domain, where the position of thé& pearesponds the line parameter [4,6,9].

Analyzed class of images is characterized by reghapes such as lines and circles (several of
them with a common axis of symmetry). All of therilwclude the possibility of noise captured
directly from images sources, the electronic cametsach have potentially negative effects on
parameters values in the field of RT. Studied claflssnages can be described as a sum of the
individual components:

fxy) = fxy+ f(x Y+ f(x Y (10)

where f(x,y) - a straight lines component of the imagg(x, y)- circles component, and
f.(X, y)- noise (Tab. 1).

Tab. 1. Edge image and its representation in thel®mMain for individual components
Spatial domain Radon domain

f(x,y)

fi(x,y)

f, (X, y)

f. (X, y)

The proposed algorithm consists of two independtges:
- lines detection in the image,



- circle detection (position for circle axis of syminyg.
As it was mentioned earlier, straight lines detacin the imagef (x, y) is limited to the search

finding local maxim (peaks) in the image transfofio. limit the information contained in the RT
coefficients original image is transformed with tee of Sobel filter. Radon transform is applied
to the resulting image containing edges informatilbnthe resulting array of RT coefficients,
depending on the class of the analyzed image, lsedr8 up to 10 local maxims is performed

max-local max,., (Rq(x)) for nT {1, ,1G. Using located anglg and x' values position of
individual straight lines can be calculated, depeg@dn the position of individual marks needed to
proceed with a alignment task the device.

Knowing already, the characteristics of RT paramseter f (x,y) defined by calculated straight
lines parameters occurring in the given images pgassible to calculate the fdg(x, y)+ f.(x V).

Mentioned decomposition of the edge images, théibeg® make in the spatial domain, because
when transforming the discrete image both wayslyding its inverse transformation), some
simplifications can take place (rounding) what negd to a number of imprecision.

The proposed method creates a synthetic imageseqiag straight linesf, (x,y) - replacing

(overwriting) information from the edge image. Résg image is converted using the Radon
transformation. The resulting RT coefficients regem@ concentric circles and noise only.
In order to eliminate componerf{(x, y) we propose to use the classifier based on thermess

of the circle. In the RT domain given circle is icafly defined by two curves, parallel to each
other. Distance in Euclidean space between thenarigrg is equal to diameter of the circle.
While the curve of arithmetic average value in ¢ipatial domain is a circle center. It should be

added that any two values of the curve are endtiff) to designate a point in spatial domain.
Based on the above assumptions, for a classifiqsrqse it has to be determined:

R(x) = RT(f(xy - f(x¥)= RE{xp £ ) @b
The resulting image we transform using Sobel filéerd the result of this operation we interpret as
a graph of several curves B (x) ® F (g),wherek is the index of a point in spatial domain.

Point to find (center of the circle) must meet thiowing criteria
- for eachg coupleF,(g) and F,(g) distance in Euclidean space

- foranygq coupleF,(g,) andF,(q,..)
(% ¥o) = max{iRT( £ () . (0 o))} (12)

whereiRT (% is a inverse Radon transform.
Given point is a center of the circle to find fodiameterd (see Fig. 7).

f(x.y) RT(f(x,y))

(X o,y 0)

Fig. 7. Circle representation in the RT domain



3 Experimental results
The registration method described above and itseimentation, like shown on Fig. 3, was used in
the frame of exposure unit, for positioning thenfiin the outer layer mode. Marks placed on the
films and panel in regard to propose shown in Eig-ollowing results are presented below:
- Results of alignment for the outer layers including images obtained from cameras used to
make final verification,
- Assessment of marks position deviations for thadind panel in relation to the calculated

optimal value,
- Example of verification for the films and panelgament based on images from the
measuring machine OPTEK Video Optical Coordinateaddeing Machine.

(@) O

Fig. 8. Image from the camera Q1; (a) Source imigm the camera, (b) results of the image procegsin

@)

Fig. 10. Image from the camera Q3; (a) Source image the camera, (b) results of the image processi



(@) (b)

Fig. 11. Image from the camera Q4; (a) Source imiage the camera, (b) results of the image processi

For the given alignment and definition of targets,the Fig. 8, 9, 10, 11, images from cameras
placed in quadrants 1, 2, 3, 4, marked®,, Q,, Q,, are shown. Resulting position of films and

panel marks reached during alignment process septed. At this stage, the plate is ready for
exposure. The image on the left is processed aadrittht one shows the result of image

processing together with information describing ¢ateulated coordinates of the marks. Deviation
values in microns measured for all film marks itatien to the holes in the panel are shown in
Fig. 12. All values obtained for the analyzed maaiks presented in table Fig. 12, together with
calculated values odX, dY, dPL limited by predefined tolerances.

Fig. 12. The result of films and panel alignment @oordinates of marks and deviation values (basneed at
the verification stage before exposure for the olager job

Obtained values, like those shown on Fig. 12, amapared with calculated optimum. For each
mark the PD value obtained in the alignment process is contpan¢h calculated optimaPD
and the maximum difference is limited by the vatdidolerance. Optimal position for both films

and marks from our experiment are shown on FicarkB14.

Fig. 13. Calculated optimal position of the bottirm used for verifying alignment of the outer laye



Fig. 14. Calculated optimal position of the toprfilised for verifying alignment of the outer layer

As shown in Fig. 13 and Fig. 14, the correspondipgmal values calculated for theD are
respectively 37 um for the bottom film and 42umtiee top. Both values, when compared to the
deviations obtained after alignment are respegtiddlum and 54 um, what gives 7 um difference
for the bottom film and 12 um for the top. In tlugse, according to the algorithm from Fig. 6,
depending on defined value of tolerance the boalidbe exposed for the tolerancéD greater
than 12 um, and for the smaller ones alignmentlvalrepeated. To move the films to the optimal
position, which will make the difference betweere thalues, obtained in the alignment and
calculated, to equal zero, both films position atijuents must be made with the parameters:

- Bottom film: (dx=11,dy=- 15,da= 1.21%°),
- Top film: (dx=11,dy=- 15,da= 1.21%").
Verification of the alignment system operation daen done by an external optical measuring

device (OPTEK Video Optical Coordinate Measuringchiae). Images obtained from such
system used for the verification are shown on Fig.

(@) (b)

(c) (d) (e)
Fig.15. Images used for alignment external vertfmawith exposed and developed targets (a),(bfdk)for bottom
film obtained from measuring machine (OPTEK) aruldde) of values for quadrants

The verification of the alignment process (Fig. 1¢)only possible after exposure and panel
development. Of course, such action is necessaly ionorder to confirm behavior of the
alignment system, verify internal calibration araidate results. The maximum deviation of the
measured values and the resulting positioning essthan 3 um.



4 Conclusions

The presented system can be used as a tool forpvecise films alignment in the exposure unit,
with user-defined parameters. Cameras and obtamades allow to measure special targets’
positions. Using position of targets measured anliase of image processing, current process
deviations can be calculated and optimal film posias well. Alignment controller will use all
those values to calculate displacement for thesfiland using controller will move them into a
location as close as possible to the optimal. Diesdrprocess will minimize deviation for each of
the films by appropriate corrections, evaluated amdoduced independently for every film.
Control for the alignment system is complex andunes taking into account many factors that
may limit its accuracy, actually not mentioned lwistpaper. As a result, in addition to the basic
alignment function, we get coordinates of film grahel marks that can be used to optimize, in a
broader sense, process of manufacturing multileiyeuit boards.
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