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Design of a Keypad Operated CNC Drilling Router
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Abstract— The CNC router can be adapted for drilling and engraving operations based on the imagination and creative skills of the
operator. A CNC router consists of three main parts: a mechanical setup that can move in X, Y and Z directions, a driving circuitry
which includes the stepper motor and a software program that controls the operation of the system. Although, CNC router is
commonly and commercially available, the emphasis is to increase the understanding and encourage developing countries like Nigeria
on the developmental process of the CNC router machine. This work presents the development of a CNC drilling router machine using
a keypad with the aid of Autodesk 3D Max and Proteus 8 software. The CNC router has a liquid crystal display (LCD) which is linked
to the microcontroller. The program of instructions is written in C program compiler. The column strength of the X, Y, and Z axis of
the machine were evaluated to be 508.86N, 1142.5N and 7872.64N respectively while the critical speeds of the various axes were
determined to be 3222, 7234.14 and 49847.78 RPM respectively. The forces due to the guide rails were evaluated to be 890 N on both
the Y and Z axes. This gave a force moment along these axes to be 400.5 and 10.1 kNmm respectively. The stepper motor utilized for
the machine has a 1440 steps/ rev, 500 RPM with 1/8 micro-stepping with a phase current of 3.5A and voltage of 2.45V. It is
anticipated that the developed machine is able to drill plastics and soft wood materials. The development strategy will aid the CNC
router design concept within the developing economy as Nigeria.
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INTRODUCTION

Conventional Computer numerically controlled (CNC) machining is a technology which has set the manufacturing
industry in an entirely new direction [1]. This has also changed the ‘Business as Usual (BAU)’ practice adopted through
the use of conventional machine tools [2]. A CNC router is a computer controlled shaping machine. The tool paths can be
controlled via computer numerical control system. Routing is usually used for high speed cutting, trimming, or shaping,
on wood, light metals, plastics and many other materials. Also, a CNC router can perform machining operations (i.e.
drilling, milling and cutting, engraving) and thermoforming of plastics by automating the trimming process. Schneider,
[3] in 2010 reported that approximately 75% of all metal-cutting process is of the drilling operation. This therefore implies
that drilling machines are one of the most commonly used industrial equipment. CNC drilling machine can be classified as
CNC Printed Circuit Board (PCB) drill, CNC vertical drill, CNC deep-hole drill, drilling centre and other large CNC
drilling machine. CNC machines are generally automated. Automation is the use of control systems and information
technologies in order to reducing the need for human intervention. It is implemented with program of instructions
combined with the control systems [4].

Machining is one of the most versatile and accurate of all manufacturing processes. This is as a result of its capability to
produce a diversity of part geometries and geometric features [5]. Machining is a general term which refers to the
selective removal of material from a part or work piece by a wedge shaped tool [6]. More recent advances in machining
technology have made it possible to replicate extremely small tolerances on a large scale and exhibit superior finishing
characteristics on the machined workpiece material [7]. The geometry of the part is achieved by the linear and rotary
combinations of the workpiece and the cutting tool. For example, milling, shaping, planning, and sawing [4]. Due to the
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relative cost and versatility, conventional CNC machining is still been adopted to manufacture large quantities of high-
quality goods at unprecedented speed [8]. Modern day CNC machine now has new technologies with various milling
features and functionalities [9] to ensure optimum performance.

COMPUTER NUMERICAL CONTROL AND COMPUTER NUMERICAL ROUTERS

Numerical control or numerically controlled (NC) machine tools are machines that are automatically operated by
commands that are received by their processing units. The Electronic Industry Association (EIA) defined CNC as ‘a
system in which actions are controlled by the direct insertion of numerical data at some point’ [10]. The system must
automatically interpret at least some portion of this data. The input signals (NC codes) through the controller are sent to
the machine tool for the execution of the required task. However, for an open loop machine tool, the signals from the
controller to the machine tool receive no information in return while a closed loop machine tool receives information back
due to the feedback mechanism for cutting adjustments. These adjustments help minimize detrimental conditions such as
tool deflection or work piece slip.

The 3-axis CNC router is a computer controlled shaping machine. The Numerical codes (g-codes) that relates to the
Computer Aided Design CAD of the workpiece is generated and sent to the CNC router so that the part designed with the
computer can be replicated. The 3-axis CNC router comprises of the base or table frame, cutting table, x, y and z-axis
linear drive system, y-axis gantry, the cutting tool (spindle), CNC controller and computer system. The trend and
applications of CNC router are well documented in literature [11]. Onwubolu et. al., [12] developed a PC-based computer
numerical control (CNC) drilling machine. The authors adopted a PC as a separate front-end interface for the drilling
machine. The system developed and integrated the customized machine control unit, enhanced parallel port
communication and neural network based optimizer in order to find the best distance optimized sequence of points to be
drilled. Salihmuhsin et al., [13] developed a PCB prototyping system such that it produced a trace line on a PCB board
and drilled the holes on both end of the trace line.

STATEMENT OF PROBLEM

In line with the sustainability agenda of United Nation Environment Program, UNEP, operations and processes are to
produce more from less materials thereby increasing productivity at zero or near zero waste [14]. Furthermore, the growth
of Nigeria manufacturing sector depends largely on its productivity and quality. Productivity level in Nigeria can be
enhanced by having good machining processes which is actually the most versatile and accurate manufacturing processes
and also having the capability to produce diversity of part geometries and geometric features using machines that can be
controlled automatically with the computer. This could improve resource efficiency and sustainable manufacture. It is
therefore envisaged that the CNC controlled toolpath be adopted to reduce human interaction in the drilling of holes since
it is somewhat difficult to manually ascertain the locations of the holes to be drilled. Also, different size holes require the
changing of the drill bit. This process is cumbersome and time consuming for repeated multiple jobs. This could lead to
low productivity hence the need to automate the drilling process through the use of a CNC router.

AIM & OBJECTIVES OF THE STUDY
The aim of this research is to design and produce an animated model of a CNC drilling machine router. The specific
objectives of this study are to:

o Design a computer numerical control (CNC) drilling machine router operated using a keypad.

e Animation of the computer numerical control (CNC) drilling machine router.
o Development of a piece of software for controlling the direction of the stepper motors.
o Simulation of the machine.

RESEARCH METHOD
The Machine Frame
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The mechanical subsystems of the CNC router are those unit components which eventually make up the machine. For
example, the mechanical subsystems comprises of the guide rail and bearings, the drive system, and the frame housing
structure. Each of these systems has a direct impact on the qualities of a CNC. The materials selection for the mechanical
subsystems has a direct impact on performance, precision, repeatability, longevity, and mechanical noise transfer into the
parts.

The CNC machine frames (shown in Figure 1) are made of materials that have strength in order to support the weight of
the gantry and the cutting head and at the same time withstand forces that could result from the cutting processes. Other
design considerations for the machine frame include; the stiffness (to prevent any deflections due to both static forces and
dynamic forces resulting from the acceleration of the tool head) and the total weight of the frame (contributes to both the
static and the acceleration forces). Williams et al., [15] proposed the use of a range of different materials for the
fabrication of the machine frame. This is as result of their exhibition of improved mechanical properties (i.e. modulus of
elasticity, yield strength, and density). The ratio of the modulus of elasticity to density was calculated to give an indication
of stiffness and the ratio of yield strength to density was found to give a strength value relative to weight [16]. The
advantage of building the machine frame with aluminum is the high percentage of the weight-to-strength ratio it exhibits.

Figure 1: 2D Wireframe drawing of the proposed Router

DRIVE SYSTEM

In achieving the transmission of the rotational motion of the stepper motor to the linear movement of the gantry and the
motor of the drill machine, a 0.5’ diameter, 10 threads per turn (TPT) and a 2- start ACME lead screw with an anti-back-
lash nut is utilized. The ACME lead screw is selected due to the several advantages it offers. It include no back-driving
under load, readily available as standard part, low cost, fine leads, unusual diameters, adaptability of custom designed
follower nuts to the lead screw and high loads capabilities. The selected stepper motor has 1440 steps per turn capacity
(i.e. 0.25° per step to complete 1 revolution).

major diameter of screw,D = 0.5 inches

number of threads per inches (TPI) = 10

number of turns per inches = — P X 5¢urns per inches
no of starts 2
precision or steps per inches = 1440 X 5 = 7200 steps per inches

Picth of the leadscrew can be estimated as shown in Equation 1.

. 1 1
pltCh = TPI = 0 =0.1 (1)
Therefore,

Lead = pitch X no of starts = 0.1 x2=0.2 2

1.22687

minor diameter,K; = D —
n

1.22687
10

K, = 05—
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K, = 0.377inches = 9.58mm
minor diameter of the nut thread,K, = D —
1.08253
K,=0.5- o
K, = 0.392inches = 9.96mm
basic pitch diameter,D' = D
D' = 0.5 _ 264954
10
D' = 0.435inches = 11.05mm

1.08253

0.64954

K2
Stress area, A; = 0.7854 {D + 75}

0.377)2
A = 0.7854{0.435 + T}

Ag = 0.1295inches = 3.29mm

GUIDE RAIL AND BEARINGS

One of the machine’s frame subsystems to be considered in the design is the conventional railing system which consists of
a linear motion bearing and shaft assembly which would simply allow unrestricted movement along their lengths. For the
Y and Z-axis, 2 pieces steel shafts of 16 mm diameter and 400 mm length were assembled with four rubber bushings to
aid smooth transition of the motor along the steel shafts. A ball bearing design is incorporated on the X-axis. This is to
reduce the rotational friction and to provide radial and axial loads support along the X-axis. It achieves this by using at
least two races to contain the balls and transmit the loads through the balls. Because the balls are rolling, they have a
much lower coefficient of friction than if two flat surfaces were sliding against each other.

Determining the Column Strength, Critical Speed and Force analysis

For each of the table axis, the column strength and critical speeds under the maximum weight were evaluated and shown
in Table 1. Equations 3, 4 and 5 are adopted to evaluate the column strength, critical speed and Bending moment
respectively along the X, Y and Z-axis.

The maximum load the lead screw can withstand in compression before failure is the Column strength, any compression

load which exceeds this estimated column strength will cause the lead screw to buckle.
_ [Nx14.03x105%xk$]

Cl 1.2 (3)
NX4.76X 10°% K,
C, = X TR k] @)
Where;
C,= Column strength, C,= critical speed, N = fixity type (fully supported frame type being used in this design) = 1.00, L=
length of the lead screw = 23.6inchesor 600 mm , ks = minor diameter of the x — axis lead screw =

0.377 inches

Table 1: Column Strength, The Critical Speed and Force analysis

AXxis Column Critical Speed
Strength (N) (RPM)

X 508.86 3222

Y 1142.5 7234.14
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4 | 7872.64 | 49847.78 |

FORCE ANALYSIS
When the machine is in operation, there are certain forces and moments worthy of consideration in the design of the
machine in order not to stress the machine beyond what it can actually take for optimum performance.

Y-Axis Gantry Assembly

Y-axis precislon steal shaft

Momemt A

\ ﬁ ; Y-akis procision steel shaft
1 . . -

"
7 h Spindie

' e
v i iy
") = "
‘ n ol T
| | & =
1) ™
! X et i n
P |
Gantry Inmotion  ee— /

Momem B

Figure 2: Analysis of the Y-axis assembly Parameters

From Figure 2,

J1 = distance between cutting tool and center between the two — axis precision steel shaft = 400mm

J2 = distance between lower Y — axis precision shaft and bottom X — axis linear precision shaft = 450mm
J3 = distance between lower and upper Y — axis precision steel shaft = 300mm

When the gantry moves by action of the CNC drive system and the spindle cuts, this cutting action opposes the movement
of the gantry resulting in a cutting force (www.cncroutersource.com).

The cutting force being applied at distance J1 results in moment at point A as shown above.

moment A = J1 X (y

where:

J1 =400mm

Maximum expected cutting force, Cs = 150lbs or 667.5N

Moment A = 667.5 X 400 = 267kNmm

It is to be pointed out that the longer the distancej1, the larger will be the moment even if our cutting force remains the
same.

The moment A, resulting here results in 2 forces on the Y-axis precision steel shaft. The forces resulting are labeled as
force A & B, as shown above.

Force A = Force B (for a safe operation of the machine)

momet A 1
Force A = — + (513)

moment A

J3
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where:
J3 =300mm
267000
Force A = 300 890N

It is noted that as the vertical distance, J3 between the two precision steel shafts increase, the resulting forces A and B
reduces.

This aids in reducing the amount of centralized torque which is on the gantry itself.

In finding the second moment B;

Moment B = ]2 X fore A

where:

J2 =450mm

Moment B = 450 x 890 = 400.5kNmm

This moment B could cause the whole gantry to rock due to the cutting force, hence, we aim at reducing it to barest
minimum by reducing J3 so to have equal amount of force on our linear bearings and reduced deformation and chatter of
the machine

Forces and Moment on the Z-axis Assembly

While the machine moves in the Z-axis direction to the right, riding on the Y-axis linear bearing rail, the plunge arm is at
a maximum Z travel and cutting into a material as it moves from left to right. This cutting action taking place produces a
cutting force which opposes the movement of the Z-axis assembly.

This cutting force created causes a moment C as illustrated below:

Moment C = J7 X cutting force

Taking the thickness of the plunger arm as 15mm

Moment C =15 X 667.5 = 10.1kNmm

This moment C causes a torque on the plunger arm in the opposing direction of the cutting force, which in turn, torques
the entire Z-axis assembly. This moment results in resultant forces which are applied to the Z-axis linear bearing rails and
even the Z-axis linear bearings themselves.

As J9 increases in length, the resultant forces decreases.

j‘,.*; Z-axis travel

ST | |
n e—— T
& ) O 1 o 4
J14 é Mmrile ' &s W“} J7 J6
Y |

7
—

Figure 3: Side view of the Z-axis assembly

From Figures 3 and 4:

J1= distance between cutting tool and centre between the two Y-axis precision steel shaft
J4= vertical distance between the upper and lower sets of the Z-axis linear bearing

J5= the length of the spindle attachment plunge arm

J6=distance between the cutting force and %\14
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J7= thickness of the plunge arm
J8=the width of the Z — axis assembly
J9=horizontal distance between the Z — axis line precision shaft

18

MomentC

Figure 4: Front view of the machine

Cutting speed, depth of cut, feed rate are collectively known as cutting conditions of a machine. They form the three
dimensions of the cutting process.

CALCULATION FOR LEAD SCREW ASSEMBLY VELOCITY (IN IPM)
We need to estimate for the desired velocity at which the lead screw assembly is to move. It is often measured in inches
per minute (IPM).
RPM — velocity (.mch/mm)
lead (in/rev)
velocity = RPM X lead
Where:
Lead = 0.2
RPM of the stepper motor = 500 rpm
velocity = 0.2 x 500 = 100 IPM
In the X-axis;
With our lead screw being 23.6 inches in length, pitch of 0.1°” and lead of 0.2, 500 RPM motor would give a rapid feed or
velocity of 100 inch/minute, or taking 14.16 seconds for the full slide travel.
In the Y- axis;
With our lead screw being 15.75 inches in length, pitch of 0.1°” and lead of 0.2, 500 RPM motor would give a rapid feed
or velocity of 100 inch/minute, or taking 9.45 seconds for the full slide travel.
In the Z-axis;
With our lead screw being 15.75 inches in length, pitch of 0.1°” and lead of 0.2, 500 RPM motor would give a rapid feed
or velocity of 100 inch/minute, or taking 9.45 seconds for the full slide travel.
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Motor step/inch calculation
This is regarded as the number of steps the motor runs in order for the nut to move 1 inch on the lead screw in either axis.
The equation for this estimate has put into consideration also the type and size of our lead screw, as well as the micro

stepping.
. , rev 1 , Step
steps/inches = leadscrew's - X — X motor's ——
inch  microstep rev

Where:
The leadscrew’s (rev/inch) = 5 rpi
Motor’s (step/ rev) = 1440 steps/rev
Motor’s microstepping of 1/8

Steps _ oo [ 1) x 1440 = 57,600 imch
=5 X T X = 57,600 steps per inc

8
2.7.1 The motor step per second

This estimate is essential so to specify the clock speed which our computer system must send pulses out so to ensure that
the machine moves at a specific speed. If the clock speed is set too low while machine speed is high could have a negative
effect on the machine’s performance in terms of missed steps or limited speed.
steps inch step 1 minute
Hz = — X - X
second minute inch 60 seconds

SLeDS i Haz = 100 X 57,600 X —
second Az = ’ 60

clock's steps per second = 96,000Hz = 96kHz

THE ELECTRONIC SYSTEM

Stepper motor selection

There are two electromechanical approaches that can be used to drive the mechanical system. There is a servo controlled
and the stepper motor drive approach. The servo systems have a basic drive system with feedback, stepper motors have
multiple methods in which they can be driven. These techniques can be simple or complicated, and it becomes a question
of performance versus cost which determines the type used.

Stepper motors are well known to use between 50 to 100 pole brushless motors. They can accurately move between step
positions because of the high number of poles. Stepper motors move incrementally using pulses of current and do not
require the use of a closed loop feedback system. The high number of poles of the stepper motor helps it in delivering
more torque at lower speeds than of the same size servo motor. Torque reduction of the stepper motor at higher speeds can
however be minimized by increasing the driving voltage of the motor. In this project a motor with 1440 steps/ rev, 500
rpm, 1/8 micro-stepping is used to powering the lead screw.

The PIC 18F452 Microcontroller

The CNC controller is well regarded as the brain of a CNC system. The controller completes the all-important link
between a computer system and the mechanical components of the developed CNC router machine. The primary task of
the CNC controller is to receive conditioned signals from the computer and interpret those signals into various mechanical
motions as required through the stepper motor output. The microcontroller consists of a microprocessor, memory, 1/O
capabilities, and other on-chip resources. The choice of microcontroller is governed by low cost, versatility, ease of
programming, and sizes. The PIC microcontroller 18F452 adopted for this work has Liquid Crystal Display LCD that
displays the X, Y and Z and spindle speed instructions being sent to the machine. The microcontroller is interfaced with
the LCD using the C programming software and the Proteus simulation software.
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RESULTS AND DISCUSSIONS
Machine Animation

The 3D animation of the various modes of movement of the machine was carried out. This was achieved with the aid of
the Autodesk 3ds max animation software. The design stages of the animation process using the 3ds max software are as
shown in Figure 5 for X, Y and Z axes respectively. The maximum machine movements for the simulated router are 600,
400 and 152.4 mm along the X, Y and Z axes respectively.

X axis Movement Y axis Z axis

Figure 5: X, Y and Z- axis movement of the machine

The program of instructions, to interface the stepper motors with the microcontroller was written using the C
programming language software. The Proteus software was used in the simulation of the machine’s component based on
the program of instructions encoded using the C language. Proteus is a piece of software used in simulation of
microprocessors, printed circuit board design and schematic capture. Figure 6 shows the Proteus circuit simulation design.

[ e

sm-0_9
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3
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b » Il B O st |

Figure 6: Snap shot of the Circuit Simulation Design using Proteus

The developed CNC router machine integrated with a microcontroller is designed for drilling operations (i.e. reaming,
counter boring, countersinking etc). The microcontroller is an integral part of the system (i.e. the brain box for the
machine). The programmed microcontroller enabled the CNC router to carry out specific operations. The ease of data
input of the software enables the operator to input the coordinates of the axis with the aid of a keypad. Electric signals are
sent to the microcontroller as soon as the coordinates are inputted using the keypad. This translates the electric signals to
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positional movement along the X, Y and Z axes as the case may be with the aid of the stepper motors. The animation of
the working principle of the CNC machine was developed using the Autodesk Inventor package.

CONCLUSIONS AND RECOMMENDATIONS

The development a low cost CNC router machine described in this work, and to be adopted within the small scale
industries, would increase the understanding of the machine development and strategy in Nigeria. It is anticipated that the
designed CNC drilling router machine could bring about the resource efficiency of the small scale industries if adopted for
drilling of holes on wood, light metals and plastics materials. The workability of the developed CNC drilling router
machine is also exhibited on the result of the simulation obtained. The CNC router machine designed can be useful to
those who are hobbyist and in the small tasks workshops. Further conclusions deduced from this work include:

1. The designed strategy can be adopted to increase the capacity of the CNC router machine. The machine can also

be adopted for engraving tasks.

2. If the developed CNC router machine is integrated with a PC based controller (i.e. a PC controlled CNC software
installed on it), it will have the capability to design and define the shapes that needs to be cut e.g. circles,
rectangles, drill patterns etc.

3. A developed transfer function incorporated into the CNC router machine could aid the control of the spindle

mechanisms.
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