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Abstract: This study proposed a technicue for constructing 3D features on top of primitive objects by Fused
Deposition Modeling (FDM). The arduino-driven platform was based on a fast and stiff linear Delta robot with
a close-loop control and mcorporated FDM technology. The print head navigated with a camera with real-time
feature extraction algorithm to determine the position and orientation of the printed feature with respect to the
geometry of the primitive object. Minimal or no fixture for the primitive object was required, depending on the
bed-primitive interface friction. With the naturally 3D motion of Delta robots, features could be constructed
layer by layer on top of the leveled or inclined plastic-base commercial products at the same cost. This concept
combined the Additive Manufacturing (AM), positioning and assembly into a single process with high energy,

cost and time saving potentials.
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INTRODUCTION

Fused Deposition Modeling (FDM), commonly called
3D Printing or 3DP (Evans, 2012) was a rapid prototyping
system that produced 3D features by using thermoplastic
extruders to melt and lay tracks of quasi-liquid plastic
filaments layers by layers with mfill patterns for solid
bodies on the build platform or print bed n to the desired
geometry from bottom to the top.

One of the problems encountered in the printing
process of a component was the warping of feature as the
molten plastic cooled down rapidly and started shrinking.
This phenomenon not only caused the geometry
inaccuracy but also the detachment of the printing feature
from the print bed which caused printing failure. Many
priat platforms in the market countered this problem by
using heat print beds on which the plastic slowly cooled
down and created better adhesion between the first layer
and the print platform (Evans, 2012). Other solutions from
commercial printer providers included the use of acetone
to treat printing surface in order to promote the bonding
with ABS or the perf board print bed on which the
perforation increased the mterference strength. Some
recommended the application of the Kapton tape, blue
painter’s tape or glue, depending on the type of plastic
filaments. Another response was the use of raft structure
m which the printer first printed an evenly spaced
platform on which the features were produced. The raft,
removed from the feature afterwards, reduced surface
uregularities i the build platform during the manufacture
and aids the part separation from the bed.

In short, it was clear that during the manufacturing,
the first few layers of the 3D features had to be well-stuck
to the print platform and then had to be detached gently
afterwards. With the temperature of the molten plastic of
around 170-220°C it was likely that they could easily stick
to surfaces of many products. Hence, this study proposed
that instead of producing separated components that had
to be assembled again in many cases it would be more
expedient to print the 3D features onto a base component
or even commercial products instead.

To prove the concept, 3 mam areas had to be
considered. First, the printer head had to be able to be
repositioned with respect to the dimension of the primitive
object by either manual or visual-based algorithm.
Secondly, the printer had to be able to adjust the height
in the z-axis of the printing head so that the crucial first
few layers would be printed on the surface that was not
flatly aligned to the generally x-y printing plane the first
few layers were critical since the built material might not
firmly sit down on the surface 1if the printing head was too
far way or spread out if it was too close. Thus first layer
situation somewhat resembled bonding strength between
the soldering and the board in the direct printing of
electrical circuit (Kin et af, 2009). Lastly, the printed
featured had to have satisfactory bonding strength with
the primitive base.

The object of this study was to test the adaptation of
a 3D printer for the printing on the desired position with
the aid of camera to determine the location accurately. The
effect of the printing plane that 1s inclined was also
considered.
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MATERIALS AND METHODS

The linear delta robot: A Delta robot consisted of three
parallel mechanisms to constram the end effector such
that it was parallel to the base at all time and thus
promised the alignment of the print head to the gravity
field. The Delta robot both revolute and linear types had
drawn much attention in the past two decades due to
their relative advantages including high stiffness, high
accuracy and low moving inertia at the expense of more
complex kinematics, less work space and mterference
between jomts (Y1iu, 2002).

In the project a Delta robot was custom designed and
built to move a print head in 3-Dimensional space. The
linear type robot was chosen due to a higher stiffness in
this application due to the strength requirement to
overcome the accumulate deposition and in-plane
position errors in the built process. The close loop
control system also enhanced the deposition and position
ACCUracy.

The designed Delta robot, CHULA DELTA 3D
PRINTER R100 was driven by three PMDC motors, each
equipped with with 64:1 planetary gear and 12-PPR
encoder. Linear guides with belt drives were used to
transmit the force and motion to the 3D prnted end
effector since they offered good precision at a relatively
low cost (Cunico and Carvalho, 2013). Two laser cut
acrylic plates were used to fix the linear guides in position
as shownin Fig. 1.

When a feature was to be built on top of a primitive
or functional products using FDM technique, the
proposed stiff linear Delta robot would probe a surface
and move the print head in three dimensional space to
maintain the nozzle’s distance. This ensured that the first
layer was perfectly laid on the surface even the platform
was not in good leveling or on an inchne surface. The
resulting bottom surface of the built feature would be
compatible with the surface that it was built on and
ensured a good fit as molten plastic exited the nozzle,
cooled down and formed its track even when the bult
surface 1s not flat.

Processing system: The processing system combined the
power of x64 processor and FPGA with low cost arduino
board to process heavy floating point mathematics at
1 msec realtime servo rate while all safety switches were
monitored at all time. The computing system consisted
of 2 computers, 1 FPGA and two ardumo MEGA 2560
boards. The host computer was windows based which
interfaces to all the USB devices and both Arduino
boards and the realtime computer. The realtime computer
ran the control loop and commumnicated with FPGA at

End plate

PMDC motor with
planetary gear
and encoder

Fig. 1: The custom Delta robot

1 kHz servoing rate. The FPGA commanded motor drivers,
processed encoder signals and handled all switches in the
robot and the manual pulse generator. One Arduino board
was loaded with 3D printer firmware and plugged with
3D printer electronics while the other board was to be
general purpose 1/0s including analog to the system.
The processing system was reconfigurable and
specially designed for a research robotics system. The
major reconfigurable characteristics include modularity,
integrability, customization  and  diagnosibility
{Dashchenko, 2006) which were keys to enable new
techniques and strategies to the 3D printer.

The Delta robot’s closed loop position control used
encoders as feedback sensors. The Inverse Kinematics
(IK) mapped the cartesian position reference into three
joint references which were fed to the jomt controllers.
The PID (Dorf and Bishop, 1998) controller received the
joint references and processed three joint servo loops
simultaneously at 1 kHz to control all joints to follow their
references. The PWM (Alciatore, 2007) motor driver
circuits were also updated at this rate. The encoder
module in FPGA is 16 bit wide where the encoder’s
counter 1s increased to 32 bit wide in the realtime
computer. The resolution of the PWM 1s 14 bit. There was
a software switch for selecting the Cartesian reference
input between 3 options, 3D printer software, manual
pulse generator or built in trajectory.

Robot performance: The performance of the joint
controller was demonstrated in two control performance
1n joint and cartesian spaces.
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Fig. 2: Simultaneous step response
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Fig. 3: Response for an in-plane circular trajectory

Simultaneous step responses in joint space: In this
experiment, the three joints were commanded to track
200 mm step reference with 900 m sec interval and
300 msec delay. The time constant was approximated
at 0.05 sec while the steady state error was within
0.3 mm. The result n Fig. 2 and 3 demonstrated that
there was less interference between joints in control
performance.

Tracking a circular trajectory in cartesian space: The
robot was commanded to track a 0.125 Hz circular
trajectory in cartesian space with 40 mm amplitude. The
reference command was converted to joint references via.
mverse kinematics in realtime. Then the modular PID
controllers were used to control each joint to follow its
reference simultaneously. The tracking errors were within
2 mm. The computer electronics computed all the
mathematics within 50 psec. The tracking control and
trajectory planning were used to increase the tracking
accuracy (Bouhal et al., 1999), especially in this layered
manufacturing. The processing system was actually
designed to enable highly complex algorithm in the close
loop setting.

Fig. 4. Visual routine: a) An RGB mnage taken by the
camera; b) The hue image; ¢) The red feature
detected in HSV image and d) The extracted
feature

Visual routine: A feature on a primitive product could be
detected by color with color based tracking technique
(Weijer and Schmid, 2006). A camera normally generated
an image in RGB format (Fig. 4a). This RGB image could be
converted mto HSV color spaces (Fig. 4b). The feature
could be easily extracted from this Hue image by
specifying the color range of a feature. The resulting
image was a black and white image (Fig. 4c). Then blob
analysis (Ming and Ma, 2007) was used to determine the
object’s parameters including the centroid and the
bounding box. These parameters were further processed
to determine cartesian position of a feature (Fig. 4d).

The cartesian position of a feature relative to the
camera was determined using camera projection model.
The perspective projection (Hutchinson ef al., 1996) was
used to map the image position (u®, v*) in to the cartesian
position, “X, relative to the camera. The projection model
in Fig. 5 showed the relation between the actual position
in three dimensional space and its projection in image
plane (u*, v"). Which Equation 1 that mapped the image
coordinate to the cartesian position is:

waff] o

Intrinsic parameters of the camera including the
focal length A could be determined using the technique
proposed by Zhang (1999) the z-position could be
determined if the actual size of a feature was kmown. As
the feature was stationary, the robot was mstructed to
carry the camera to look at the feature in 4 different
views (Fig. 6) the mmages were then analyzed to find
the z-position without a priori known of a feature. Once
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Fig. 5: The projection model

Fig. 6: The red feature in different views, [xy z] =
[8.41-11.56 173.36]: a) (15, 0, 0) view point; b)
(0, 15, 0) view point; ¢) (-15, 0, 0) view point and d)
(0, -15, 0) view poimt

the z-position was determined the robot kinematics could
be used to determine the z-position m realtime while

the x and y-position were determined from (Evans,
2012).

Printed products: In this study, the biopolymer plastic
polylactic acid or PLA was used while the primitives were
acrylic. Test printing comprised of 3 cases, printing on a
flat x-y plane, printing on an inclined swface and
centering of a circle on a primitive.

First, the G-code of a thin gear symbol was printed on
a flat x-y plane. This printing was used as the baseline
comparison with the second case which printed on a 25°
mclined plane. The previous G-code of the gear symbol
was projected onto the mclined plane with height
compensation such that the previously round gear
became elongated along the slope and became an oval
based shape (Fig. 7a). For both plat surface cases the
bonding strength of the features and the primitive seemed
to be similar. For the last case a thin cylinder with
specified diameter was printed onto a regular base,
commercial button magnet holders to show the centering
ability of the robot (Fig. 7b).

@

e
Printed logo

A commercia
nameplate

A printed feature

Fig. 7. Some printing results: a) A G-code gear symbol
printed on an inchine plane and b) A FDM thin
cylinder printed on refrigerator magnet holder

RESULTS AND DISCUSSION

During the printing of primitives on top of existing
products, there were several points that had been noted
as the keys for success. First, the printer head had to be
able to be repositioned with respect to the dimension of
the primitive object by either manual or visual-based
algorithm. In tlis case, the printing location on the
existing prinitives could be manually navigated with the
aid of an HD camera, installed mto the end effector which
could determine the build location on the primitives by
visual-based algorithm.

Secondly, the printer had to be able to adjust the
height in the z-axis of the printing head for good
deposition of the crucial first few layers. In this case, the
existing primitive product was simply placed on the base
with mimmal such as drafting tape or no fixtures,
depending on the friction between the prunitives and the
printing surface bed while the robot moved the print head
in three-dimensional space over the product to deposit
the molten plastic. For primitive products with inclined
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surface to be printed on the robot had the ability to probe
the inclined plane which was then used to control the
height of the print head over the print surface to make
sure that the printed first layer was well-aligned to the
inclined plane of the primitive surfaced. As the control of
a Delta robot was close loop the process could be
smoothly executed.

Thirdly, the printed featured had to have satisfactory
bonding strength with the primitive base. At present the
simply printed PLA products on acrylic were not load
bearing structures and could usually be sheared out with
no damages to the 3D feature afterwards whether they
were tall structures jutting out of the plane with or without
rafting or simply thin embossing. For primitives with
rough surfaces, the molten plastic would fill in the surface
cavities, producing the uneven surfaces that could be
easily fitted back onto the primitive.

However, it was expected that the primitive 3D
features mterface strength could be improved with the
proper selection of materials and process parameters. For
stop gap the bonding strength could be increased with
the additional application of glue or adhesive to the base
or across the raft structures. This would be a very simple
process as the 3D features had been well positioned on
the primitives.

With this process, new features could be added to
existing products such that the 3D feature manufacturing,
positioning and assembling were combined into a single
process. The advantages included the energy, time and
cost reductions if the base objects were of simple
configuration made from commercial products such as
plates or pipes that could be locally bought and easily cut
to shape. Then, the 3D features were printed on top with
no need for the printing of large base objects beforehand.
Moreover, the primitive objects could be functional
products that consisted of several assembled components
and cheaply available in the mass markets with
generally  good sustainable
manufacturing (Haapala et al, 2013) the printed 3D
features would provide the added-on values and
individual customization with much less negative impact
than the printing of whole substituted parts as well as
much less assembling than printing of individual freeform
(Sass et al., 2005) or embedded elements (Willis et al.,
2012) that had to be assembled.

With this concept there were many improvement
possibilities, ranging from the process itself and the
applications. First, the appropriate pairing of base and 3D
printed feature materials (Marcincinova and Kuric, 2012)
had to be investigated. At present, the simply printed
products of the PLA-acrylic were not load bearing
structure. While this attribute was not necessary in simple

consideration  for

prototypes or embossing, interface strength could be
improved with the proper selection of materials and
process parameters with measurements (Lee et al., 2007)
and proper benchmarking with the focus on the first few
layers.

If the fused layer thicknesses were controlled and
properly varied within the layer by slicer algorithm, the
height of 3D feature on inclined plane could be slightly
adjusted in each layer and leveled tops could be achieved.
In this case, the parameters that affected the quality of
finished product such as surface finish (Anitha et al.,
2001) had to be taken in to account. The positioning of
printer head on the primitives for this proposed process
could be done manually or with visually-based algorithm.
The process could be combined using the collaborative
robots or COBOT approach (Peshkin ef al., 2001) with the
aid of a back-drive robot.

As the primitive bases such as plate or other solid
shapes, might need some machining beforehand the 3D
printing head could be integrated into a reconfigurable
such that the products could be
manufacturing from the base object in one continuously
process (Perez et al., 2014) not to mention the 3D sensing
for generating 3D ready-to-print model (Figueroa et al.,
2013), providing visual aid to the manufacturing of 3D
cellular constructs (Yoo, 2014) or even more daring
applications to bio-printers (Ho et al., 2015) such as the
accurate deposition of materials i vivo.

machine tools

CONCLUSION

The highly reconfigurable CHULA DELTA 3D
PRINTER R100 mncorporated FDM technology into a fast
and stiff linear Delta robot with close-loop control such
that it could constructed 3D features on top of existing
products with 3 main concerns for the final printed quality
the repositioned of the printer head the height adjustment
of the printer head and the bonding strength between the
primitives and the printed features.

Of these three topics, the first 2 mvolved the
performance of the robot/printer. As the resulting
accuracy and range of movement could be achieved with
the design and selection of components they would
be known for each specific assemblage. However, the
bonding strength involved the quality,
primitive materials and operational conditions, specific
manufacturing parameters to ensure a sufficient bonding
strength for each primitive-feature pairs had to be
customized and hence, might be the priority for concern

filament

in the wide-scale implementation of the proposed
technique.
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Despite these concerns the 3D printing of features on
commercial products would be a very cost-effective
means of adapting existing goods to answer new demands
or gain additional functions. It was also another method
of product personalization; printed logos and labels, etc.
could be easily added to specific manufacturing pieces or
batches in the production limes or at distribution
locations.
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