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ABSTRACT: Printed circuit boards (PCBs) can be produced by chemical or mechanical methods.
Continuous copper paths are difficult to print in the chemical method and breaks may occur in copper
paths. In addition, this method is harmful to human health and the environment, as various chemicals
are used. In the mechanical method, PCB is processed with computer-controlled numerical workbenches
(CNCQC). Although prototyping can be done quickly and without harming the environment with these
benches, the desired results may not be obtained. Reasons for unsuccessful machining in CNC machines;
manufacturing and assembly errors in the production of benches, the use of low quality mechanical and
electronic components, and the reference of a single point especially for the Z-axis of the part connected
to the benches. In this paper, a precise and stable PCB Router is presented to make fast, cost-effective
and successful PCB machining. In order to minimize the vibration and oscillations of the PCB Router
caused by manufacturing and assembly errors, the dimensions of the router were kept low and metal
material was preferred for the router body. Precision is ensured by quality motor drivers and stepper
motors. The PCB Router is controlled by an original control board. This card is equipped with a multi-
point referencing feature for the Z-axis. Thus, homogeneous machining in the Z-axis for the entire
surface of the PCB can be realized by performing referencing operations on the PCB connected to the
workbench as many points as the user enters. With the developed router, PCBs with rectangular and
circular patterns were engraved at cutting depths of 0.030 mm and 0.050 mm with 0.20 mm and 0.30 mm
diameter milling tools with a 30-degree tip angle, respectively. Moreover, a 16-terminal integrated circuit
element was successfully engraved at a cutting depth of 0.040 mm with a 0.34 mm diameter V-tip with a
30-degree tip angle. Homogeneous milling was achieved utilizing the proposed multi-point referencing
feature. Each milling operation was completed in approximately 30 min - 45 min.

Keywords: Printed circuit board, Computer-aided design, Computer-aided manufacturing, CNC, 3-Axis Milling
1. INTRODUCTION

There are various methods for the production of printed circuit boards (PCB) [1]. These methods can
be grouped under two headings. The first method; It is based on etching the copper with various
chemicals, and the second method is based on engraving the copper with Computer Aided Numerical
Control (CNC) benches [2]. It is difficult to print continuous copper paths with the first method [3].
Besides, as the various chemicals are used, they have negative effects on human health and the
environment. In the second method, production is made with PCB CNC Router devices without
harming nature and humans [4], [5]. Rapid prototyping can be done with these benches, also called PCB
Routers. PCB Router machines work on a 3-axis (XYZ) [6], [7]. In these benches, besides the drive motors
that provide movement in 3 axes, there is 1 Spindle motor that enables the engraving of copper from the
PCB plate and 1 cutting tip/milling tool connected to this motor. Each motor is driven by a motor driver
and these drivers are controlled by a control card [8].

Madekar, K. J. et al. [9] produced a mini CNC machine with a developer board with an ATMEGA
328 controller. In this way, they tried to reduce the cost. However, the output of a processed PCB sheet
was not included in their work. In addition, their workbenches are not suitable for PCB processing, as
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they use wooden materials on the chassis or the body of their workbenches like Yildirim et al. [10].
Shilpa et al. [11] also introduced a 3-axis CNC PCB machine with low cost motivation. Although they
presented a more rigid body than Madekar, K. J. et al., a processed PCB image was not included in their
work. Mahesh Raut et al. [12] presented a prototype-level desktop PCB machining bench. The machine
they offer has rudimentary mechanics and is therefore inadequate for machining PCBs. Apart from these
studies, Vegard Sterkersen [13] carried out a hybrid study by combining mechanical and chemical
methods. In his work, he etches/corrodes the PCB with a chemical, not mechanically removing. In none
of the studies presented within the scope of the literature review, dynamic zeroing in the Z axis or multi-
reference process was not mentioned. However, this feature is very critical for machining PCBs by
mechanical method. Otherwise, the cutting tip breaks in Figure 1 and, accordingly, the unsuccessful
machining in Figure 5 are obtained.

(b)

(© (d)
Figure 1. The cutting tips used for machining PCBs on a CNC machine without multi-point referencing.
(a) V-tip before the milling, (b), (c) and (d) images of the broken V-tips after the milling under the
microscope from various angles

Although solutions such as laser processing in Figure 2, using a vacuum table in Figure 3 and
increasing the quality of the table surface to which the PCB will be attached in Figure 4 were tried to
prevent tip breakage in Figure 1 and unsuccessful PCB processing, positive results could not be
obtained.
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(a) | (b)

Figure 2. Commercial CNC machines used for laser processing of PCBs

The workbench in Figure 2a is a costly solution and has burnt on the PCB. It is difficult to configure
the characteristics of the laser for different PCB machining. On the workbench in Figure 2b, there are
serious reflections from the PCB surface. This not only hinders the processing of the PCB, but also
damages the laser machine.

Figure 3. Vacuumed table production

In Figure 3, a vacuum table is machined to prevent swelling of the PCB when the PCB is attached to
the table and to connect the PCB plate to the bench more easily. Although the vacuum table pulled the
PCB homogeneously, problems were encountered due to the heterogeneous distribution in the Z axis.
On top of that, the surface quality improvement solution in Figure 4 was tried, but this solution did not
yield any results. Again, there are height differences in the Z axis. These differences pose a problem in
removing the thin copper layer (1 oz) from the PCB surface.

Figure 5 shows PCB circuits designed in various geometries. Figure 1a and Figure 1b show the
geometries that are tried to be printed by chemical means, and the Figure 5c, Figure 5d and the Figure 5e
show the geometries processed on an industrial 3-axis CNC Router [16]. As can be seen from the image,
there are breaks in the copper roads in these Figures.

Copper thicknesses on PCB plates can vary between 0.5 — 2 0z (0.035 mm — 0.070 mm) [14], [15]. The
homogeneous etching of this copper at every point of the PCB plate is the key to successful engraving.
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However, this cannot be achieved in most PCB Routers. In order to achieve homogeneous engraving or
successful machining, engravings of the same depth must be made all over the PCB connected to the
router table. Otherwise, the cutting tips break, the copper paths of the electronic circuit break or the PCB
cannot be engraved to the desired thickness. In addition, most PCB Routers remain idle or at best are
used for rough machining such as wood, plastic or metal, out of purpose.

Dial indicator is at
clearance distance

L Al
e

\»LI‘L LY
o/ ks /

[

position on stock surface position on stock surface position on stock surface (C)
Figure 4. Increasing the surface quality and obtaining a homogeneous height on the surface by
machining the surface to which the PCB will be attached with an end mill with low depth and low

lateral shifts. (a) Table surface machined with a flat end mill, (b) Table surface obtained after machining,
and (c) Checking the table surface after machining with a dial indicator
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: (e)

Figure 5. The geometries processed on the PCB surface by chemical and machining methods. (a) and (b)

geometries printed by chemical methods, (c), (d) and (e) milling with a single point zeroing/referencing
with a 3-axis commercial router

In this research, it is desired to carry out successful PCB processing in order to avoid the
unsuccessful engravings in Figure 5. For this, it is aimed to prevent possible imbalances with a small
router, to protect the accuracy and sensitivity in these movements with step motors for the axis
movements of the router, and to perform successful processing by performing a multi-point zeroing
process instead of a single point, unlike most existing PCB Routers.

One of the key points of the study is the multi-point zeroing solution. Because in most routers, the
PCB connected to the bench is referencing from a single point. This situation leads to tip breakage due to
the insertion of the cutting tip insert too deep at different points of the PCB, as in Figure 5c, Figure 5d
and Figure 5e, or Failure processing of copper tracks due to inability to reach the desired depth. In this
study, a solution to this problem was sought by zeroing at multiple points before starting the PCB
engraving process.

2. MATERIAL AND METHODS
2.1. Design and Modeling

Computer aided design programs were used to model the PCB Router. In Figure 6, the preliminary
model designs for the various components of the machine are given respectively.



3-Axis PCB Router 991

(a) main frame (b) Sigma profiles (c) Stepper motor (d) Bearing

o

(e) Holder (f) Linear bearing (g) Brushless spin motor  (h) Holder for motors
Figure 6. Preliminary models of various PCB Router components made through the computer aided
design program

Using the components in Figure 6, the PCB Router was assembled in Figure 7 on the computer aided
design program.

(b)
Figure 7. PCB Router preliminary design. (a) Preliminary design including body, shafts, holders,
bearings and couplings, (b) Preliminary design to which spindle motor and sigma profile table are
added.

The model and assembly drawings presented at this stage constitute the first stage of the study.
After this first stage, the following parts were modeled and produced for the chassis of the router using
the models in Figure 6 and Figure 7.

The assembly image of the parts was created by using the computer aided design program of the
designed body models. At this stage, all the fasteners used in the assembly image were taken from the
library of the relevant design program. The compatibility of the designed parts with each other was
checked at the first stage, and the parts that did not fit into the assembly were modeled with alternative
dimensions and replaced with other parts. The router body assembly, in which a virtual environment is
created using the parts in Figure 8, is given in Figure 9.
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-

Figure 8. Parts designed for the router frame in the second step

4

Figure 9. Mounted view of the designed frame parts



3-Axis PCB Router 993

2.2. Production and Assembly

After the solid modeling of the body parts was completed, the production of these parts was started
with various methods. Since there is too much burr on the edges and corners of the parts while
aluminum plate is produced by laser cutting method, it has been decided to use machining methods
instead of laser cutting method. After the parts were produced with the machining method, the
assembly phase was started. The components of the machine body, whose production has been
completed and whose mounting holes have been drilled, are given in Figure 10.

Figure 10. Parts produced for the router body

With the assembly of the mechanical parts of the PCB Router and the axis motors, the assembly
steps in Figure 11 were followed, and the assembly of electronic components in the bench mechanics
was started after the bench mechanics in Figure 12 were created.
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(viii)

Figure 11. Machine mechanics via assembly steps
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Figure 12. PCB Router after production and assembly stages

The processing area of the PCB machine is given in the technical drawings in Figure 13.
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Figure 13. Technical drawings of the PCB machine and its processing area
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2.3. Electronic components of the PCB router

Basic components of router electronics; control card and motor drivers. Power supplies are sub-
components. Other essential components of machine electronics are motor drives. These drivers, which
will work in harmony with the control card, can be practically connected to the control card with various
expansion cards. For bench electronics; the application diagram of the control card, motor drivers,
power supplies and motors is given in Figure 14.

24V DC Power
Supply

Spindle Motor
Power Supply

Arduino

USB Cable PC

o A

230V DC Power Supply

Spindle Motor

Figure 14. The basic components diagram of the PCB Router electronics

The original development board in Figure 15 was used as the control board [17]. Mach3 control
cards are used in most of the 3-axis CNC machines in the market [18]. The reason for using an original
control card in this project; is to bring the multiple reset feature to the PCB Router. Because the desired
results could not be obtained in the multi-point reference applications we made on Mach3 and other
non-original cards.

GND Pin
Serial Output TX
Serial Input RX

Reset Button

Serial
Programming
Pins

ATmega 328

External -
Power Input || i

Reset Pins
3.3V Pin
5V Pin

Analog Pins
Power Inputs  (1-5)

Figure 15. The original control card to be used in the control of axis movements [17]

Figure 16 shows the control unit with integrated axis motor drives. The drivers of the control unit,
which are disassembled in Figure 16a, were updated with more sensitive ones and mounted on the
control card with the same expansion card, and motor-driver connections were made.



3-Axis PCB Router 997

Motor Drivers

Expansion Board

Original Control
Board

Precision Motor
Drivers and
Axis-Motor
Connections

‘ !—-V Z, Reference

Connections

(b)

Figure 16. Electronic control unit

2.4. Multipoint Referencing

One of the most common problems in PCB milling in routers is that the entire surface of the copper
plate on which the engraving will be made cannot be homogeneously. This problem may occur due to
various reasons such as the material to be processed is not connected to the workbench in properly,
swelling occurs in the connected part, or the material surface is uneven. In the present study, the multi-
point referencing or zeroing feature has been added to the router workbench, which was developed to
overcome this problem. With the multi-point referencing feature, before starting the engraving process,
the distance between the engraving tip and the copper plate is measured, and reference values are taken
from the points desired by the user. A height mapping is made on the basis of these references.

The reference value (Zo) for the Z axis may not be the same at every point of the plate. When multi-
point referencing is performed, the router engraves each region of the PCB plate not at the same depth,
but according to the reference values it receives from the relevant points determined by the user. Thus,
since the depths of the copper paths on the PCB are equal, short circuits as a result of less engraving
between the paths or disconnections as a result of excessive engraving are prevented. At the same time,
cutting tips breakage is largely prevented.

In Figure 17, height mapping images related to the multi-point zeroing process performed within
the scope of this study are given. In Figure 17a, the PCB surface to be engraved was determined and this
PCB surface was divided into an 8x8 (row x column) matrix. Figure 17b shows the process of
sequentially referencing from a total of 64 points of the 8x8 matrix. Figure 17c shows the height map of
the PCB surface referenced from 64 points in total. Here, regions with a lower height compared to other
points with a blue hue, and regions with a relatively higher height with a red hue are indicated. As can
be seen from Figure 17c, height differences are noticeable in a certain PCB area. The points that make up
these differences are the multiple reference (Zo) points on the surface of the same PCB during the
processing of the PCB. While processing the PCB, milling is carried out by taking these points into
consideration.
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Figure 17. Multi-point referencing interface
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Table 1 gives the height differences on the surface of the PCB connected to the router table with
dimensions of approximately 51x31 mm. If multiple referencing is not performed, these heterogeneous
height distributions cause tip fractures and breaks in the continuous copper paths as shown in Figure 5.
However, with the method used in this study, the height differences given in Table 1 can be tolerated.
Homogeneity can be improved by increasing the number of reference points, but this will increase the
processing time. In addition, possible vibrations in the router and the milling tool quality have an impact
on the PCB processing. These limitations will be addressed in future work. In the PCB image in Table 1,
the height of the point in the red square is 0.002 mm

Table 1. Heterogeneous height distribution on the PCB surface

PCB Surface Reference Point Heights (mm)
] }j{‘_ S ,i 0.152 0.185 0.211 0231 0.242 0.246 0.240 0.224

.. 0106 0148 0179 0205 0223 0231 0231 0220
| 0.091 0.132 0.163 0.185 0200 0207 0.204 0.190

| 0.058 0.103 0.134 0.161 0.179 0.193 0.195 0.188
o 0049 0087 0114 0138 0153 0163 0165 0.156
S 0023 0059 0087 0112 0132 0147 0154 0.152
0020 0049 0071 0.093 0.108 0.119 0.125 0.120

0.002 0.037 0064 0084 0.099 0108 0.112 0.113

3. RESULTS
3.1. Testing and Analysis

For the multi-ponit referencing, the probes are connected to the PCB plate and the engraving
tool/cutting tip as seen in Figure 18. When the cutting tip touches the PCB plate, the probes are short-
circuited and the circuit used for referencing is completed. A signal is given from the relevant pin of the
control card to the probe connected to the cutting tip. This signal is grounded through the other probe
connected to the plate surface when the cutting tip touches the plate surface. This process is also called
as short circuit test within the scope of the study. The short-circuit test is repeated at various points on
the PCB surface as many as the number entered by the user, and the Z-axis of the Router is zeroing as a
result of each test. Thanks to this zeroing process, the same depth of processing can be achieved for the
entire surface of the PCB.

Figure 18. Connections to plate surface and insert for multi-point reference

After providing the PCB Router with multi-point referencing capability, various geometries and
electronic integrated circuit in Figure 19 were successfully processed. Images of the processing process
are given in Figure 20.
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Figure 19. Circuits to be extracted G-Code with the electronic circuit production program. (a)
circular, (b) square geometries and (c) electronic integrated circuit to be used as SMD-DIP converter.

In Figure 20, the circuits with the g-codes are engraved on the PCB and processed mechanically. As a
result of the process, both circuits were checked for breaks and short circuits in the copper paths. No
disconnection or short circuit was found during the controls. Especially the successful processing of
different geometries forms the basis of his future studies. In this way, the PCB Router has been
successfully tested.
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(d)
Figure 19. PCB engraving process and the outputs obtained at the end of the engraving. (a) Package
converter, (b) and (c) planar square and (d) circle geometries.

To numerically verify the homogeneous distribution on the PCB surface, the thickness of the copper
tracks was measured with a digital caliper on the PCB in Figure 19c. Similar measurements were taken
from various regions of the PCB. The measurements are shown in Figure 20.
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Figure 20. Testing for homogeneous distribution

For the test phase, first of all, the relevant electronic circuits were designed from the electronic circuit
design programs and the gerber outputs were taken. After these gerber outputs were transferred to the
CAM programs used to generate the g-code, the necessary production parameters/limitations were
entered into the related program and the g-codes were obtained.

As can be seen from the output images in Figure 19, successful PCB milling proceses were carried
out. There is no breakage or any short circuit on the copper paths for the PCBs in Figure 19. These PCBs
were processed with the parameters in Table 2. The values of the processing parameters in Table 2 were
determined by the experience gained from the experimental applications and the information obtained
from the expert opinions.

Table 2. Key parameters of various PCB milling with the developed router machine

Feed / Plunge / Height Map
Tools (V Passes / Rapid -Matri-x
No PCB Pass Movement Depth Cut Dimensions
shape)
overlap Speed [rows x
(mm/min) columns]
p SMDDIP - Dias03dmm, 17013 g, 000 /980 -0.040 mm 2x2
Chip Tip angle: 30° mm
Quadratic Dia: 0.20 mm, 1/015 o o
2 PCB Tip angle: 30° mm %80 / %40 / %80  -0.030 mm 8x8
3 Circularpcp 21 030mm /015 040/ %80 20,050 mm 8x8
Tip angle: 30° mm

The key machining parameters of the PCB engravings and the values selected for these parameters are
given in Table 2. It was observed that less burrs remained in PCB-1 and PCB-3 compared to PCB-2. This
may be due to manual referencing at the beginning or the depth cut. PCB-3 production took 33.20
minutes. PCB-2 was completed in approximately 47 minutes. Since the surface area of the PCB-1 is
smaller than the others, the time record was not kept. In the future, PCB processing with different and
various cutting tips is considered. Because the cutting tip is one of the most important factors affecting
the engraving quality. Another important factor is the zeroing on the Z-axis. Also in the future, manual
zeroing for the starting point is also planned to be automatically provided before the height map is
generated.

In this study, a PCB router was developed with a cost effective solution. The developed PCB
machine was cost analyzed by comparing it with various routers in the market. Table 3 is presented for
cost analysis.
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Table 3. The cost analysis list

PCB Machines Type Cost (€)
WEGSTR PCB [19], [20] Commercial 3874.89
VOLTERA V-ONE [21] Commercial 4797.29
CUBE 3D XR PRO [22] Commercial 4299.00
PCB ROUTER DESKTOP [23] Commercial 1556.64
R-CNC [24] Hobbyist/personal use ~ 601.36
PCB-CNC [25] Hobbyist/personal use ~ 513.10
Our PCB Machine Laboratory 471.92

4. CONCLUSIONS

In this study, a 3-axis precision router has been developed for successful PCB processing. Electronic
circuits in various geometries are processed with this machine. The PCB workbench works by taking
reference from multiple points. Thus, engravings can be made at homogeneous depths in the Z axis
across the entire PCB surface. Thanks to the multiple referencing, tip breakage and copper path breaks
are largely prevented. Although breakage can still be observed at 10-degree V-ends, the breakage rate is
much lower at wider angle V-ends, and in this study, successful PCB machining was performed with
80% feed and 40% plunge speed ratios between 0.035 mm - 0.07 mm depths without breakage. In
addition to the feed rates, to determine the cutting tip and the engraving depth are the key factors in
PCB machining.
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