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Abstract. Nowadays it's hard to find a product without efenic components, and they are getting smaller afbgr

day. Consequently the printed circuit boards usedh@se products are getting more complex and thitiner tracks.

There are many ways to produce these boards andbtiem is through electrochemical corrosion, liutoes not
produce good results. A better process is withimgjland a CNC machine. There is a lack of CNC maahfior this
purpose, so this paper presents the developmemt GNC milling machine for printed circuit boards tvilow

manufacturing costs for domestic use. The custaamurirements are obtained through a market reseancti then
processed with the use of a QFD matrix to acquiee product requirements. A morphological matrithien used to
obtain all possible solutions for each requiremant! they are analyzed with an algorithm to find lttest concept for
this product. The detailed design comprises thengidlel in a CAD system and the selection of materiahalytical

calculations of the critical components and CAE lgsiz are factors of extreme importance to obtajprecise result.
The FMEA allows an analysis of possible flaws ie final product, which can be eliminated during ¢uot

development. All this to ensure a lean and robesigh, which must absorb all vibration from motarsd allow the
milling of thin tracks. With the detailed designneait is possible to build the first prototype. iidual components
are manufactured and then the mechanical part efttachine is assembled, followed by the electrassembly. With
a functional prototype finished many tests are dimnassure that all customer requirements werdllfedf It's also at
this stage that the mathematical models used alloaglevelopment can be validated.
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1. INTRODUCTION

Printed Circuit Boards (PCB) appeared for the fiiste in the 50’s. Since then, the world went tlgloumany
revolutions on the manufacturing processes. lteeduhe costs of these boards to a level wherastpossible to insert
them into nearly all electronic devices. One ofsthenanufacturing processes is milling. After Secdratld War the
first Computer Numerical Controlled (CNC) machinggpeared. It didn't take time to adapt them to thany
machining machines existent. This is how the fi&lC milling were developed and the industry disred that it was
one of the best processes to manufacture PCBs. theegh it's a good choice for mass production, RI@B milling
for domestic users is not a good economical op@sed on these arguments this paper presentevietogment of a
low cost CNC milling machine for manufacturing d@Bs by domestic users.

2. THEORETIC FUNDAMENTATION

According to Bookeet al. (2001), for a product to be competitive, it ne¢aldave low levels of fail. The costs
caused by these fails make the major cost categoeyproduct production. Lowering these costs cakenthe product
more competitive and more profitable. Studies fothmat 75% of quality costs are originated during tiesign phase,
although around 80% of them are not detected thaifinal test phase or until the product is alyeiaduse.

Rozenfeldet al. (2006) said that the product development is @iittexd important process in the companies. The use
of a Product Development Process (PDP) can hehpdurcing these costs and qualities faults signifiga

The methodology adopted is based on the one pezbbgtRozenfel@t al. (2006) and can be seen at Fig. 1.

There are three phases: pre-development, develdmndrafter-development. Only the development phakdoe
detailed on this paper. The specific phases covenetthe paper are: informational design, concepdealgn, detailed
design, prototype production and product testing.
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Figure 1.Product Development Proci (Rozenfelt et al., 2006

2.1. Informational Design

The objective of this phase is to develop the nooshplete set of information, called product goajuieements.
These specifications will guide the generation @fisons and provide a theoretic base to the dmassthat will be
taken in the next phases.

To collect all necessary information from the pbksiusers of the product, a market research was nadvas
based on a questionnaire answered by studentseflertronic courses. After that, some already exisSBNC machines
for PCB milling where chosen to be analyzed and mamed with the new product being developed. Thecsed
machines can be seen at Fig. 2.

Based on this data, the customer requirements agepgéired and can be seen at Fig. 3.

il

Tool change Manual Manual Manual
Automatic reference No Yes No
Suction system Optional Yes No
Spindle speed [rpm] 25000 5000-60000 24000
Board fixture there isn’'t there isn’'t there isn’'t
Feed velocity [mm/s] 32 127 67
Resolution [mm] 0,006 0,002 0,025
Acoustic insulation Optional No No

Cut illumination No No No
Actuators Step motor Step motor Step motor
Track minimum width [mm] 0,1 0,1 0,4
Working area [mrfi 229 x 305 305 x 254 x 22 300x300
Dimensions [mm] 660 x 460 x 381 508 x 432 x 305 750x750x750
Weight [kgf] - 25 20
Price [US dolars] 8.000,00 9.600,00 10.500,00

Figure 2. Machines chosen to be analyzed and cadpeith the new product
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Customer requirements

Low cost

High precision
PCB fine finishing
Good board fixture

Safety
Durability
Flexibility
Compact
Vibration absorption
Fast

Figure 3. Customer Requirements

The customer and product requirements fill the @uaFunction Deployment (QFD) Matrix. Its objective
according to Rozenfeldt al. (2006), is to present a consensus to the diffggeaduct definitions, establishing relations
between the customer and product requirements.célbsi the QFD Matrix transfers the “what” onto Wb The
outputs from the QFD Matrix are the goal requireteexnd are shown at Fig. 4.

a Prio Proa eq eme ore
1° 17,8% Track minimum width 227
2° 17,7% Resolution 225
3° 13,2% Spindle speed 168
40 9,9% Feed velocity 126
50 9,7% Automatic tool change 123
6° 7,1% Protection against machining dust 91
7 7,1% Board fixture 90
8° 6,6% Working area 84
9o 5,9% Dimensions 75
10° 3,6% Noise insulation 46
11° 1,5% Cut illumination 19

Figure 4. Goal requirements from the QFD Matrix

2.2. Conceptual Design

It's in this phase that the product is idealizédugh ideas free of preconceptions and barriergséhthe problem’s

essence is maintained.
The first step is to make a functional modelindghaf product, which makes possible to represenptbduct by its

functions. This can the seen at Fig. 5.



Proceedings of COBEM 2011
Copyright © 2011 by ABCM

21* Brazilian Congress of Mechanical Engineering
October 24-28, 2011, Natal, RN, Brazil

Energy Ac/DC Start Start Move i
/nc i _ Machine = Energy
conversion motors translation axis referencing
Tool
Support Start tool le
board |
|
Board | Insulate
| noise
1
i Mo
Information Data | | Board Machined
conversion machining board
Protect the Splinter L splinter
user removal
IN
out

The morphologic matrix is used to organize all gassdesign solutions, for each product functioefied at the
functional modeling phase. Then the design team rnake a great number of possible concepts basethese
presented solutions. Figure 6 shows the morphabgmatrix found for this product. All possible captions are then
analyzed and compared to the goal requirementsedf shey fulfill them or not. Based on this criterion each possible
conception is punctuated and the one with the higksult is the best conception for the product $blutions for the

Process

Figure 5. Functional modeling

chosen conception can also be seen at Fig. 6.

Figure 7 shows the final result of the conceptusdigh phase, which is a sketch of the product basethe

solutions used of the chosen conception.

Functions Alternativas de solugio
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Figure 6. Morphological matrix
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Figure 7. Result of the conceptual design phase

2.3. Detailed Design

At this phase the 3D model, the CAE analysis amdahalytical dimensioning are made. Also all materto be
used on each part are selected, as well as thdisatens for the commercial components are define

Since one of the main design premises was the l@anufacturing cost of the machine, the material ctiele
focused on common materials. The main material osethe milling machine is aluminum, because ofieat weight-
cost ratio. It's used specially for the moving pagince with lower weight they will have less teeand the motors
needed to move them will consume less power.

Some parts of the machine were chosen to be andlytiensioned. It started with the cutting forcedese it's the
main dynamic force acting during the machining. Tinedel used is the one presented by Schmitz anth§&008).
The cutting force has a cyclic nature and the marincutting force found was 14,25 N. The spindle ksaat around
25.000 rpm which is a very high velocity and itésecould enter into a state of resonance. To firedaxis critical speed
the mathematical model used is proposed by BudghdsNisbett (2006). This method needs the staficramtion of
the axis with all masses attached to it. To finesthdeformations the Castigliano’s theorem was. (el critical speed
obtained by this method was 155.000 rpm, so nongeste should occur because the operation speéa apindle is
six times lower. Since the cutting force will bartismitted directly to the spindle axis and thiséodoesn’'t have a
constant direction, the axis could fail by fatigdi@ dimension it to an infinite life on fatigue,ethmodel proposed by
Budinas and Nisbett (2006) was used. Some otherscalsould be dimensioned using CAE analysis bectigse
interaction between parts affects the results avdflorces are transmitted. All the linear guidesem@imensioned this
way, because if they deflect too much, the amo@imhaterial removed from the PCB will not be unifor@AE was
also used on the sliding bushings, which could libckey deform too much, since they have no begrito help the
movements. The results showed that the worst cazeeims on the lower guides, which support all mpyarts. They
deflect 0,042 mm, which is only 0,25% of the coppéhnickness that must be removed. The bushingsraet,76e-5
mm, which is insignificant compared to the minimal@arance specified between the shafts and thergsst25,00e-3
mm. Other analyses were made but these two wemadiecritical.

The final design can be seen at Figure 8.
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Figure 8. CNC milling machine final design

2.4, Manufacturing and Assembly

All parts were detailed and sent to manufacturifgthe end, the costs associated with the prototypee U$
2.050,00, that is, 21,8% of the acquisition coghefmachines analyzed at Fig. 2.

The Figure 9 shows some assembly stages and ttaym® fully assembled, but without the electrotienponents
yet.

Figure 9. Prototype assembly stages



Proceedings of COBEM 2011 21* Brazilian Congress of Mechanical Engineering
Copyright © 2011 by ABCM October 24-28, 2011, Natal, RN, Brazil

2.4. Testing and validation

The first tests made were on the belt transmisai@hthe pressure joint used between the motor ahdftts pulley.
It was analytic dimensioned to work without slipgifwo aligned marks were made on the shaft anthempulley to
see if any slipping would occur when the machineuisning. Figure 10 shows these marks and the rissfon
running. It worked for about one hour and the isipa after that showed that there were no slipfietyveen the shaft
and the pulley. The belt transmission was choseraus® if the tool were attached directly to the anothe motor
vibration could interfere with the machining, makiRCBs’ dimensions less precise. This type of trassion absorbs
the vibration and the tool runs smoother. Whilerttechine was running, it was clearly seen thantbeor vibrates, but
the tool assembly doesn't.

Figure 10. Marks made on shaft and pulley to cHecklipping

Repeatability tests were made as well. Its objedsvcheck if the machine stops exactly at the saos@ion after
some cycles. A precision dial gauge was attachetheomachine and it was commanded to move one fakiga
determined distance and then go back. This cyctepsated 15 times for each test. The test is tegpekD times for
each axis. These tests were done with the axisngavitotal distance of 1500 mm, 3000 mm and 6000 Tira results
lied around +0,01 mm and -0,01 mm every time, whigftects in a problem with the repeatability oé timstrument
itself, otherwise this error would be cumulativetlas traveled distances increased. Figure 11 showsthe precision
dial gauge was attached to the machine for each @st. Table 1 shows the measured offsets anlleof each test.

Figure 11. Product Development Process
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Table 1. Measured offsets obtained from the repdayatests

1500 Axis 3000 Axis 6000 Axis

mm mm mm

test S i z test o i z test S i z
1 0,01 | 0,01 | 0,00 1 0,00 | 0,00 | 0,01 1 0,01 | -0,01 | 0,00
2 0,01 | 0,00 | 0,00 2 0,00 | -0,01 | -0,01 2 0,00 | 0,00 | 0,00
3 -0,01 | 0,01 | 0,00 3 0,01 | -0,01 | -0,01 3 0,00 | 0,01 | 0,01
4 0,01 | -0,01 | 0,00 4 0,01 | 0,00 | 0,01 4 0,01 | -0,01 | 0,00
5 0,00 | -0,01 | -0,01 5 0,00 | -0,01 | -0,01 5 -0,01 | -0,01 | 0,01
6 0,01 | -0,01 | -0,01 6 -0,01 | 0,00 | -0,01 6 0,01 | -0,01 | 0,00
7 -0,01 | 0,01 | 0,01 7 -0,01 | 0,01 | 0,00 7 0,01 | 0,00 | 0,00
8 0,01 | 0,00 | 0,01 8 0,00 | 0,00 | -0,01 8 0,00 | 0,00 | 0,00
9 0,00 | 0,01 | 0,00 9 0,01 | -0,01 | 0,01 9 0,00 | 0,00 | 0,01
10 0,01 | 0,00 | 0,01 10 0,01 | -0,01 | 0,00 10 0,00 | 0,01 | -0,01

The tracks on the PCBs may have the thicknessvasd00,1 mm. The machine must be able to make tsacks.
To check this, many tracks were made on a PCBddhs& thin the tracks that the machine could makeewThen
these PCBs were measures using a profile projeétgure 12 shows the PCBs being measured. Soméepislwere
experienced here. One is caused by the PCB itegjéther with the type of tool used. The tool hag shape, and
because of this the machining diameter varies atbaglepth of the machining. This should not begadeal if the
PCB was perfectly plain, which it's not. For each thm of depth, the machining diameter varies 04085 changing
how much material is removed and affecting theksathickness. For thicker tracks it's not notickgltbut for the
thinner ones this may be a problem. Also, the tadtler is a commercial component and was not dedigvith the
machine. It's made for hand jobs and not for threllof work. It's not precision made and can't htihé tool exactly
concentric and aligned with the shaft. This aldeas$ the tracks’ effective thickness. The samplesks made for this
test had thickness ranging from 0,1 mm to 1,00 fMatle 2 shows the measuring obtained from the Gvilsamples.
The mean minimum thickness found was 0,89 mm,tlees the minimum planned, but since the tool ctrétexactly
aligned with the shaft, it sometimes broke the ribst tracks. Suggested minimum thickness for ttashime is 0,15
mm because on these tests there weren’t any blokeks.

Figure 12. Sample tracks being measured with alenafojector

After all these tests some real PCBs were madeddcsw the machine performed on real cases. FiRishows
some of these PCBs.
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Table 2. Measured thickness for the 0,1 mm samatd$

Test1-0,10 mm Test 2-0,10 mm Test 3-0,10 mm
Track Value Track Value Track Value
1 0,088 1 0,089 1 0,088
2 0,095 2 0,097 2 0,085
3 0,094 3 0,087 3 0,095
4 0,085 4 0,088 4 0,091
5 0,089 5 0,085 5 0,089
6 0,090 6 0,092 6 0,090
7 0,089 7 0,089 7 0,088
8 0,088 8 0,096 8 0,095
9 0,077 9 0,095 9 0,088
10 0,091 10 0,091 10 0,077

Figure 13. PCBs made with the CNC milling machinesgnted on this paper

3. CONCLUSION

By using the methodology described in this papevas possible to develop a product that meetseglliirements
needed by the interviewed customers. Besides that,product also has the main characteristics efahalyzed
competitors, but with a much lower cost.

Even using simple metric threaded bars, withoutipien machinery, high levels of repeatability waeguired.
This gave the product the ability to make very ttracks, in the order of tenths of millimeters. $&ehin tracks are
essential when making PCBs for surface mounted ooemts, which are very small.

The main problem was the tool holder, which caottdhthe tool concentric to the spindle axis. Evéthwhe small
misalignments found, some problems like the ruptdineery thin tracks can happen.

Besides changing the tool to one with cylindridsdse, to improve the precision of tracks’ thickneiss tool holder
is the main improvement that can be made to tusntiachine on a product that could really competifé market.
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