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S. Panyaru This paper aims to explain the design and construction of a new linear delta
Department of Mechanical robot for the fused deposition modelling (FDM) process. The kinematics of the
Engineering, Facultyof robot, including the inverse and forward kinematics, are derived. These
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Muang, Chonburi, 20131 workspace of the designed robot is presented, and the robot performance is
Thailand checked with the conditioning index (Cl). The robot is tested to evaluate robot

accuracy by repeatedly travelling to the required location. The actual travel
paths of the robot are also investigated. The robot is equipped with a filament
spool, extruder nozzle to fabricate physical objects by FDM process. The control
system is computer-based. The control program is developed using a Visual
Basic .NET framework. The program allows the user to control the robot and the
process via a graphical user interface (GUI). The robot system is tested to create
thin-wall objects with four different shapes which are square, cylindrical,
square-based pyramid and rounded gear to illustrate the capability of the
developed additive manufacturing system.
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1. INTRODUCTION

In product development, prototypes must be created to visualise aspects such as shape, to inspect dimensions or
sometimes to do physical testing before mass manufacturing. Many techniques are used to create prototypes, one of
which is additive manufacturing (AM) or 3D printing. AM refers to a group of processes for fabricating physical
objects directly from 3D computer-aided design (3D CAD) involving layer-by-layer stacking [1]. Thus, AM offers
the opportunity of fabricating components without elaborate tooling.

There are several different methods of AM. The most widely used is a process known as fused deposition
modelling (FDM), developed by Stratasys Inc. In the FDM process, filament-based material is fed into the heating
element to melt the material and is then extruded through a nozzle. After deposition, the fused material solidifies
and adheres to the preceding layer. Thus, a new layer is created. The nozzle keeps moving to deposit the subsequent
layers until the process is completed.

Because the layers are formed using a mobile nozzle, the objects can be fabricated not only within a build chamber
but also on any surface outside the confines of a build chamber, such as on a freeform surface [2] or pre-machined
component faces [3, 4]. Another advantage of this process is that it is able to handle multiple printing heads to
fabricate a component with different materials [5].
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The thermal extrusion process in the FDM process enables the use of various types of material, from traditional
thermoplastic such as polylactic acid (PLA) and acrylonitrile butadiene styrene (ABS) to newer materials such as
bioresorbable polymer [6], ceramics [7], metal [8] and composite material [9,10]. FDM is used to build parts for
many applications ranging from large-scale components in the automotive [10] and aerospace industries [11] to
micro-scale objects in medical applications [12].

Because the FDM process uses a mobile nozzle, it requires a mechanism to position the nozzle. There are several
types of mechanisms designed for the FDM process, such as Cartesian, linear delta, polar and SCARA mechanisms.
However, only the first two are currently available on the 3D printer market.

A Cartesian mechanism consists of three linear axes that are perpendicular to each other. The movement of an axis
will not affect the other axes. With a Cartesian arrangement, the print nozzle moves on the X-Y plane and a print
bed moves on the Z axis [13, 14] or the nozzle travels on the X-Z plane and a print bed moves on the Y axis [15].

In comparison, the linear delta mechanism uses parallelograms to manoeuver the nozzle. Therefore, the print bed is
stationary and the print head is located in a 3D space [16, 17].

The Cartesian mechanism is of a simple design, resulting in ease of control. However, the operation speeds are
rather low. This is because some of the moving components have to carry the motor and the components of other
axes, resulting in increased time to accelerate or decelerate the mechanism’s inertia. In contrast, the motors in a
linear delta mechanism are mounted to the frame of the printer. Therefore, the weight and inertia of the moving
parts is low. Consequently, the linear delta mechanism can operate at high speeds and accelerations.

Due to its high speed capability, a linear delta mechanism can be used not only in the conventional FDM process
but also in curved layer fused deposition modelling (CLFDM) [18] in which the nozzle travels with various z-
values rather than a fixed value during the creation of a layer. The main advantages of CLFDM are the
improvement in surface smoothness and the strength of completed objects [19].

At the present time, linear delta 3D printers are available in the marketplace. However, the performance of the
mechanism and how the accuracy of the printer is achieved are not detailed. Therefore, the aim of this paper is to
describe the design and construction of a new linear delta robot that can be used to fabricate physical objects using
the FDM process and to analyse the accuracy of the mechanism. A computer program to control and monitor the
printer is also developed. Although the robots can be employed to fabricate components using CLFDM, the work
herein focuses on conventional FDM.

2. LINEAR DELTA ROBOT CONFIGURATION

The configuration of the robot is illustrated in Fig. 1. The robot has three pairs of columns that are fixed on the
base. Each pair of columns has a carriage that attaches to the end effector by two parallel arms of the same length
via ball joints at each end. Consequently, the motion of the end effector is constrained to three translational degrees
of freedom and is parallel to the base. Therefore, when carriages slide along the columns, the arms will transmit the
movement to the effector, and the effector moves.

Ball joint
Column

Arm

Carriag

End-effector
Fig. 1. Schematic of a delta robot.
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3. KINEMATIC ANALYSIS OF DELTA ROBOT

The kinematic equations of the robot show the relationship between the position of the effector and that of each
carriage. To analyse the kinematic equations, the robot configuration (Fig. 1) is reduced to a simple mechanism, as
illustrated in Figs. 2 and 3.

Three pairs of columns are represented by three vertical cylinders, with their top ends denoted as A (i =1, 2,
3).The midpoint between two ball joints connecting on a carriage is denoted as B;and the midpoint on the effector

is denoted as Py (see Fig. 2(a)). The arms have the length of L (|RB;|=L) (Fig. 2(b)).
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L
—

P
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Fig. 2. a) Kinematic parameters of the delta robot; b) kinematic chain projected on the Y-Z plane

Y

Az

(a) (b)
Fig. 3. a) Top view of the robot; b) top view of the end-effector.

To derive the kinematic model of the robot, two reference systems are defined in the analysis. The global reference
system (O—-XYZ) is located at the centre of the triangle (A Ay Ag) (Fig. 2(a)). The end effector reference
(O—-X'Y'Z") is assigned to the centre of the triangle (P, P, P).

Assuming that the distance from the global reference (O) to A is R (OA =0A, =0OAs =R) (Fig. 3(a)) and the
distance from the effector reference (O’)to B, isr (O'R, =0'R, =O'P; =r) (Fig. 3(b)).

Consider the loop O—B; —R —O"in Fig. 2(b); the vector-loop closure equation with respect to the global reference
(O—XY2Z) can be expressed as:

RB; = (O'R +00") —OB; )
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The position of point O"and B; with respect to the global reference (O ) is:

00 =[x y 2] )
OB; =[Rcos& Rsing  z] ©))
where 6; :A'IT_lﬂ,

and the position of point R, in the platform reference (O") can be represented as follows:

a:;:[rcos&, rsiné, 0]T (@)

By substituting the position vectors (Egs. (2) - (4)) into the vector-loop enclosure equation (Eg. (1)) and using
constrain ‘?B," = L, the kinematic equations of the robot can then be written as:

X2+ (y+r—RP+(z—zf =12 (5)

[x—@(r—R)}2+(y—%(r—R)J2+(z—22)2:L2 (6)

[x—@(R—r)TJr(y—%(r—R))z+(z_z3)2:|_2 ©)

3.1 Inverse position kinematics

Inverse kinematics refers to the use of the kinematics equations to determine the relationship between the positions
of the three carriages ( z;) on their columns and the location of the end effector. By rearranging Eqgs (5) - (7), the

variable z; can be expressed as a function of the position ( X, y, z ) of the effector, as follows:

zlzzi\/Lz—xz—(y—R+r)2 ®)

22=zi\/Lz—{x—?(r—R)}z—(y—%(r—R)jz 9)

z3=uJe-[x—%a—r)f-[y-g«-mf (W)

In this work, the sign = in the equations is assumed to be positive.
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3.2 Forward position kinematics

Forward kinematics involve solving kinematic equations to determine the position of the effector ( x, y, z) when
the positions of the three carriages ( z; ) are specified. The forward kinematics equations are obtained by calculating
the root of the following parameters:

Ez?+Fz+G=0 (11)
x=Az+B 12)
y=Cz+D (13)
where

_ (22—23) B = (232,—25)

CV3R-r) T 2VB(R-T)

2z, -7)-~3(R-r)A b 22 -22 -J3(R-r)B

= 3(R-r) ' 3(R-r)

E=A2+C?+1, F=2AB+2CD-2C(R—r)—2z, and
G=B?+D?-2D(R-r)+(R-r)%+2z2 —2

3.3 Jacobian matrix and conditioning index

The Jacobian matrix is defined as the matrix that maps the relationship between the velocity of the effector and the
vector of actuated joint rates [20]. The velocity equation of the robot can be obtained by differentiating the
kinematic equation (Egs. (5) - (7)) with respect to time, which is written into matrix form as:

v=Ju 14)

where v and u are the vector velocities of the effector and carriages, which are

v=[x y ' (15)
and
u=[z 2, 2] (16)

The Jacobian matrix (J ) of the robot can then be derived as follows:
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\/LZ—XZ—(y—R-l-r)Z \/Lz—xz—(y—R+r)2 '
% () Lie-r)-y
3o 1 (17)
\/LZ —(x—\/g(r—R)j —(y—;(r—R))z \/Lz —(x—\/g(r—R)J —[y—l(r—R)j2
% (-r)-x Lie-r)-y 1

_\/LZ —{x—‘/f(R—r)J2 —[y—;(r—R))z \/LZ —(X—‘/E(R—r)f —[y—;(r—R)jz

The conditioning index (ClI ) is used to evaluate the isotropy of the robot, which can be calculated as [21]:

o — (18)

3742

where |J|| is calculated as:

_ Twil wet
||J||_,/triJ wa)) W=l (19)

where n is the dimension of the Jacobian matrix, and | isthe nxn identity matrix.

The CI has a value between 0 and 1. The robot is in its isotropy configuration if CI equals 1. When the CI equals
0, the robot is in its singularity, where the robot will be out of control.

4. WORKSPACE ANALYSIS

The values of the robot parameters—that is, L, R and r—are required to construct the robot. These parameters will
affect not only the volume of the workspace but also the performance of the robot. In this work, the conditions to
determine the robot parameters are that the robot has a workspace of 200 x 200 x 200 mm and, to ensure that the
robot is far from singularity, the value of the CI within the workspace must not be less than 0.6.

By using an iteration technique, the value of the parameters are computed as L=350 mm, R=178 mm and r=30 mm.
With these parameters, the reachable workspace of the robot is bigger than the required workspace (see Fig. 4(a)),
and the minimum value of the CI within the workspace (represented in the rectangular area in Figs 4(b) to (d)) is
0.62, which is greater than that of the constraint value (0.60). The computed robot parameters satisfy the designed
conditions. Therefore, the robot will be built using these parameters.
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Fig. 4. a) The workspace of the robot; Distribution of Cl: b) X-Y plane; ¢) X-Z plane; d) Y-Z plane.

5. HARDWARE DEVELOPMENT AND CONTROL SYSTEM

The designed robot uses a triangular frame to provide good balance and stability (see Fig. 5). The material for the
top plate is aluminium alloy and that for the bottom plate is steel. Six shafts are fastened to the top and bottom
plates. These shafts are made from steel to provide sufficient rigidity and to protect against frame distortions.

The arms of the robot are made of hollow stainless tube. Each arm has two parallel links connecting each carriage
to the end effector via rod-end ball joints. The end effector is made of aluminium alloy and has a triangular shape.

A carriage is connected to a pair of shafts using linear bearings. Timing belts are attached to the carriages to actuate
the carriages along the shafts. The motors to drive the timing belts are mounted at the bottom of the structure. All
the drive motors are NEMA 23 stepper motors equipped with motor drivers with a resolution of 20,000 step/rev.
These motors can produce high torques at high speeds.

The filament of the material is stored in a spool located on the top of the robot frame. A filament extrusion, which is
a mechanism made up of a motor to rotate a toothed pinch wheel, is installed on the top of the robot frame. The
extruder motors is NEMA 17 stepper motors equipped with motor drivers with a resolution of 1,600 step/rev. The
extruder pulls the filament from its spool through a low-friction Teflon tube to the print head. The print head
consists of a nozzle, a filament heater and a cooling fan. These components are fastened together at the centre of the
effector.

When the filament is extruded through the heater and the nozzle, the molten filament is deposited on the build plate.
The build plate is a heat plate covered by a glass plate. The plate is suspended on four adjustable spring bolts used
to adjust the tilt of the bed to ensure the build surface is perfectly flat.

A limit switch is mounted at the upper end of a pair of columns to provide a setting point for the home position of
the carriages and to prevent the carriages translate out of the robot.

48 /Volume 5(1), 2017 Transactions of the TSME: JRAME



Filament
Extruder motor

. . . X
Build platform Nozzle heater
Fig. 5. The developed delta robot system.
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A programmable logic controller (PLC) is used for the main controller of the robot because it has several digital
inputs and outputs and is highly accurate in terms of timing the steps for the stepper motors. In addition, a PLC can
process multiple tasks at the same time.

A diagram of the robot control system, which is computer-based, is shown in Fig. 6. The control program is written
using a Visual Basic .NET framework. The program allows the user to control the robot via a GUI. To operate the
robot system, the user inputs the paths of the nozzle as in the form of G-code, feed rate and the temperature of the
build platform and filament heater. The program determines the number of pulse steps and the pulse frequency
required to rotate the drive motors and the extruder motor, and it also converts the temperature values to
hexadecimal format. These parameters are sent to the PLC via a serial communication port.

The PLC then generates electrical signals to turn all motors synchronously and creates a setting point for the
temperature controllers so that the temperatures of the heat plate and the filament heater are at the required values
during the building of objects. Two thermocouples, one at the filament heater and the other at the build plate, are
used to send signals for each temperature controller.

As the robot is operating, the PLC sends the current values of the steps of the motors and of the current

temperatures (in hexadecimal format) to the control program so that those parameters are converted to the current
position of the nozzle and the current temperature of the building platform and the filament heater.
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Fig. 6. Diagram of control system.

6. MOTION ANALYSIS

To investigate the accuracy of the robot, experiments in robot positioning were performed. The end effector of the
robot was moved in the X, y and z directions, with linear travel paths at different distances and feed rates. The
distances experimentally measured were compared with the required distances to find the error of the effector
positions.

The experimental setup is shown in Fig. 7. The distances in the x and y directions were measured using the digital
dial gauge with a measuring range of 0-80 mm and accuracy of £0.001 mm. The distance in the z direction was
measured by a laser displacement sensor with a resolution of 1 pum that was installed on the effector.

In the experiments, the effector was travelled at three different feed rates—50 mm/s, 100 mm/s and 200 mm/s—and
different distances—=10 mm, £30 mm and +60 mm. The tests were performed 50 times in each moving direction.
The average values of the measured distances and the errors are shown in Table. 1.

Laser displacement senso

/—Digital dial gauge

Fig. 7. Distance measurement setup.
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The results show that the error of the robot position increases with increasing travel distance and feed rate. For
example, consider the movement in the x direction at a feed rate of 50 mm/s; when the distance is increased from
10 mm to 60 mm, the error increases from 0.033 mm to 0.077 mm. Also consider the movement in the x- direction
at the distance of 30 mm; when the feed rate is increased from 50 mm/s to 200 mm/s, the error increases from 0.052
mm to 0.607 mm. This is to be expected because an increased distance and feed rate results in an increasing
quantisation error of the pulse rate computed for each motor. The average value of the error at the feed rates of 50
mm/s, 100 mm/s and 200 mm/s is 0.037 mm, 0.064 mm and 0.510 mm, respectively.

Table 1: Measured distances at different travel parameters

Feed 50 mm/s Feed 100 mm/s Feed 200 mm/s
Direction | Distance (mm) Distance (mm) Distance (mm)
+10 +30 +60 +10 +30 +60 +10 +30 160
X 10.033 30.052 60.077 10.062 30.078 60.136 10.347 30.607 60.928
-10.031 | -30.054 | -60.075 | -10.064 | -30.073 | -60.135 | -10.351 | -30.606 | -60.931
Y 10.032 30.055 60.074 10.066 30.083 60.132 10.369 30.612 60.933
-10.032 | -30.054 | -60.075 | -10.065 | -30.081 | -60.133 | -10.370 | -30.611 | -60.932
Z 10.001 30.004 60.006 10.003 30.007 60.010 10.087 30.263 60.881
-10.000 | -30.004 | -60.005 | -10.003 | -30.008 | -60.012 | -10.089 | -30.265 | -60.884

In addition, based on observation, the travel paths determined in the experiments show that although the effector
was required to travel on the x-y plane with a fixed z-value; the z-value of the effector was not constant but varied
across the travel path. For example, consider the actual travel path of the effector, which travelled a distance of 60
mm in the x direction. At the beginning of travelling, the z-value was 0 mm but decreased to -1.94 mm (see Fig. 8)
when the effector was located at the middle of the travel path. After that, it increased back to 0 mm when the
effector reached the end position. This is because the kinematics of the mechanism are nonlinear in nature; that is,
the kinematics are in sphere equation with the radius of L, as represented in Egs. (5) - (7). Consequently, the actual
travel path of the end effector was not straight but concavely curved.
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Fig. 8. The actual travel path of the end-effector at different distances.

However, in the FDM process, the z-value of the nozzle has to be constant to produce a straight layer. Therefore, it
is necessary to investigate the technique of controlling the robot to reduce the variation in the z-value of the effector
as it is travelling.
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Based on the tests, when the effector travels a shorter distance, the variation of the z-value becomes smaller. For
example, the deviation in the z-value decreased from -1.94 mm to -0.03 mm when the travel distance was reduced
from 60 mm to 5 mm (Fig. 8).

Therefore, to reduce the variation in the z-value, the effector has to travel within a shorter distance. This can be
done by dividing the travel path into small segments. The length of each segment depends on the allowable
variation in the z-value. The example of travel paths experimentally obtained using different lengths of segment is
illustrated in Fig. 9.

0 5 10 15 20 25 30 35 40 45 50 55 60 pjstance
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Fig. 9. The actual path of the effector travelling a distance of 60 mm in the x-direction on different segment lengths.

7. EXPERIMENTAL TESTS

To demonstrate that the developed robot system can produce real objects, four thin-wall objects having different
shapes—square, cylindrical, square-based pyramid and rounded gear shapes (Fig. 10.)—were fabricated. The CAD
models and dimensions of the models are shown in Figs. 10(a) to 10(d).

/////\B=30

A=50 A= D50

H=50

L

x|
-~

(a) (b) (c) (d)
Fig. 10. 3D model of (a) square, (b) cylindrical, (c) square-based pyramid and (d) rounded gear.

The conditions of fabricating are that a layer thickness is 0.2 mm and a feed rate is 50 mm/min. In the tests, the
variation in z-value was set to not be greater than the layer thickness. Therefore, the length of segment was selected
to be 5 mm, which results in a maximum variation in the z-value of 0.03 mm.
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To fabricate the parts precisely, the CAD models must be offset by a distance of a half of a layer width into the
model. Based on preliminary tests, at the fabricating condition, the average width of a layer is about 0.19 mm.
Therefore, the value of 0.08 mm (0.19/2=0.08 mm) was used as the offset distance. The tool paths were created
from the offset profiles. The final parts of each shape are shown in Figs. 11 (a) - (d).

The dimensions of the actual parts were measured and compared with nominal values from CAD models to assess
the fabricating accuracy. These were the width (A and B) and the height (H) of the parts (see Figs. 10(a) -10(d)).
They were measured using digital vernier caliper with accuracy of £0.001 mm. All measurements were performed
five times. The nominal and average actual values of the dimensions as well as standard deviation (SD) of the
measurements are shown in Table. 2.

The value of dimensions of the actual parts and CAD models are close. The average errors of fabrication objects
with the square, cylindrical, square pyramid and rounded gear shapes are 0.042 mm, 0.057 mm, 0.068 mm and
0.094 mm, respectively.

Although the actual parts were built from tool paths that were offset from the CAD models, there are errors in the
dimensions between the parts and CAD models. This is because in the FDM process, there are other factors that
affect the dimensional precision, such as nozzle and extrusion feed rate, layer thickness, temperature of the building
platform and the filament heater. Therefore, to increase the accuracy of fabrication parts by the FDM process, these
factors have to be investigated.

N
@

(a) (b) (c) (d)
Fig. 11. Final parts of the (a) square, (b) cylindrical, (c) square-based pyramid and (d) rounded gear.

Table 2: CAD and measured values of dimensions of thin-wall objects

A (mm) H (mm) B (mm)

Nominal | Actual SD Error | Nominal | Actual SD Error | Nominal | Actual SD Error
Square 50 50.042 0.011 | 0.042 | 10 10.004 0.002 | 0.004 | - - - -
Cylindrical | 50 50.057 0.019 | 0.057 | 5 5.002 0.003 | 0.002 | - - - -
Square
pyramid 60 60.068 0.016 | 0.068 | 50 50.058 0.004 | 0.058 | 30 30.021 0.019 | 0.021
Rounded
gear 60 60.089 0.023 | 0.089 | 30 30.024 0.003 | 0.024 | 45 45.094 0.047 | 0.094

8. CONCLUSION

In the paper, the design and construction of a new linear delta robot for use in fuse filament additive manufacturing
were detailed. The inverse and forward kinematics of the manipulator were derived. The parameters of the robot
were optimised based on the kinematic equations and condition number in the required workspace. Repeatability
tests were performed to evaluate the accuracy of the robot system. The investigation of the travel path of the
effector showed that the effector should travel within a short distance so that the variation in z-value will be
reduced. To demonstrate the capabilities of the developed robot system, components with four different shapes
were produced. The results reveal that the robot can complete fabrication objects using the FDM process.
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