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Abstract

Purpose — This study aims to present a vision-guided robotic system design for application in vat
photopolymerization additive manufacturing (AM), enabling vat photopolymerization AM hybrid with
injection molding process.

Design/methodology/approach — In the system, a robot equipped with a camera and a custom-made
gripper as well as driven by a visual servoing (VS) controller is expected to perceive objective, handle variation,
connect multi-process steps in soft tooling process and realize automation of vat photopolymerization AM.
Meanwhile, the vat photopolymerization AM printer is customized in both hardware and software to interact
with the robotic system.

Findings — By ArUco marker-based vision-guided robotic system, the printing platform can be manipulated in
arbitrary initial position quickly and robustly, which constitutes the first step in exploring automation of vat
photopolymerization AM hybrid with soft tooling process.

Originality/value — The vision-guided robotic system monitors and controls vat photopolymerization AM
process, which has potential for vat photopolymerization AM hybrid with other mass production methods, for
instance, injection molding.

Keywords Vision-guided robotic system, Automation, Vat photopolymerization, Soft tooling process
Paper type Research paper

1. Introduction

The Fourth Industrial Revolution is driving manufacturing industry into intelligent
manufacturing, which means flexible, mass customized production (Zhong et al., 2017).
Additive manufacturing (AM), also commonly referred to as 3D printing, is a prominent
customized-manufacturing technology (Abdulhameed et al, 2019), which can produce
complex customized products from digital model. With the advantages of low lead time and
the ability to produce more complex features, it is applied in a multitude of fields, such as
aerospace (Khorasani et al, 2021), medical applications (Salmi, 2021) and industrial
manufacturing (Haleem and Javaid, 2019). However, AM technologies are incompatible on
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JIMSE the demands of mass production for industry application due to low production speed and

4.9 poor repeatability, which facilitates the development of automated AM (Ashima ef al,

’ 2021). The automated AM is an emerging study, which aims to eliminate the limitation of

the traditional AM by integrating with other technologies.

At first, some researchers combine AM with other processes through robotics

technologies. Keating and Oxman (2013) fix a material extrusion-based 3D printing head

86 and a milling head in the workspace and use a KUKA robot to move building platform

between additive and subtractive process steps. Similarly, Li ef al. (2018) propose a hybrid

additive-subtractive system by switching material extrusion based 3D printing head and
milling head at the end of a 6-axis robot to get better surface quality of workpiece.

After that, some researchers integrate robotic technologies with a variety of types of AM
to enhance its manufacturing ability (Urhal et al, 2019). Typically, the robot-assisted AM
applies multi-axis robot to eliminate the limitation of space in AM process. Barnett and
Gosselin (2015) develop a cable-suspended robot 3D printer with 6°-of-freedom (DOF), which
can print large-scale structure, for instance, a statue with the height of 2.16 meter. Gosselin
et al. (2016) install a material extrusion-based 3D printing head at the end of ABB 6620 6-axis
robot to print large-scale structures by using concrete, which extends AM to the field of
architecture. Wu et al. (2017) employ a 6 DOF robot under the material extrusion-based 3D
printing head to improve its DOF and realize printing without support structure.

In recent years, Internet of things (IoT) technologies are combined with AM, for example,
Barbosa and Aroca (2017) use Bluetooth low energy (BLE) technology to transfer information
of AM printer to mobile application, which enables monitor and intervene in any place.

And artificial intelligence (AI) technologies are also combined with AM to realize
automated AM. Aroca et al. (2017) integrate computer vision technology and
communication interface into a fused deposition modeling (FDM) 3D printer to monitor
printing status and use a custom-made 2D robot to remove the finished workpiece to
enable continuous workpiece printing. Jin et al. (2020) integrate FDM AM with deep
learning (DL) algorithms to detect the delamination of printed workpiece in real-time,
which improves the repeatability of AM. Li et al. (2021) design a detect-remove-replace
system which integrates DL-based vision technology and a 6-axis UR robotic arm in FDM
printer to monitor printing condition and automatic extract finished workpiece. Liu et al.
(2022) integrate robot-assisted post-process based on vision technology into powder bed
fusion (PBF) 3D printing process, which will remove unfused powder around the 3D
printed various-shaped workpieces instead of human.

In this study, we propose a vision-guided robotic system for application in vat
photopolymerization AM. Its goal is integrating visual positioning, communication interface
and robotic technologies into vat photopolymerization AM, connecting multi-process steps
automatically such as vat photopolymerization AM as well as post-washing in soft tooling
process chain (Zhang et al., 2018) to improve working environment and avoid repetitive
movement for operators. The building platform of the home-made vat photopolymerization
AM printer (Ribo, 2020) is specifically designed to be handled by the 6 DOF robotic system
which communicates with the AM printer by communication interface and is driven by visual
servoing (VS) (Siciliano et al, 2008; Pomares, 2019) controller to position the platform
throughout different process steps. The contribution of the study pertains to.

(1) The integration of vat photopolymerization AM, communication interface and vision-
guided robotic technology.

(2) The design and manufacturing of a customized building platform for the robotic
system to facilitate automatic vat photopolymerization printing.

(3) The design and implementation of a VS system for positioning the robot end-effector.
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(4) The definition of performance metrics related to accuracy and precision.
(5) The experimental validation of the obtained designs.

The remainder of the paper is structured as follows: Section 2 presents the main methods used
in this study in relation to the equipment and robotic system designs. Section 3 presents the
redesign of the vat photopolymerization AM printer. Section 4 presents the design of the VS
controller. Section 5 presents the VS control process. Section 6 presents and discusses the
experimental results. Section 7 presents the main conclusion of the paper.

2. System description and methodology

The proposed design is illustrated in Figure 1. A 6-axis robot URbe is attached with a custom-
made end-effector that matches with the new-designed building platform. The VS is a vision-
guided robotics close-loop control technology and is implemented in robotics to control their
motion, which is divided into two schemes: position-based visual servoing (PBVS) and image-
based visual servoing (IBVS). The latter is easy to be realized with a 2D camera (Wu et al.,
2016). In our system, the IBVS controller is applied to locate the position of the new-designed
building platform accurately instead of the 3D printed workpiece so that the manipulation of
the completed job is independent of the 3D printed workpieces. A UR controller is based on
ROS (Ding et al., 2018) and Universal_Robots_ROS_Driver (Andersen, 2015) to control the
robot. All devices are linked by integrated communication interfaces, like RS232, USB and
Ethernet.

3. Redesign of the home-made vat photopolymerization AM printer

To match the goal of automatic vat photopolymerization printing, we redesigned the software
and hardware. On the one hand, a serial communication interface was integrated into the
home-made vat photopolymerization AM printer to send printing status such as “printing job
is finished” and receive remote control commands. On the other hand, the new-designed
building platform with integrated permanent electromagnet was designed to be

New designed
Camera End—_@ff@cro_r building pl%tform
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controller controller

Robot Vat photopolymerization
AM printer
Source(s): Authors own work
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[llustration of the
vision-guided robotic
system
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JIMSE disassembled and assembled repeatedly and accurately. Besides, hardware interaction ports
4.9 were also prepared.
’ As shown in Figure 2, the old building platform is fixed to the alignment system, which is
permanently attached, and workpiece removal is completely manual. However, the automatic
printing requires the building platform to be detachable, repositionable and compatible with
robot. Therefore, the new designed building platform consists of part A, upper mold plate,
S8 lower mold plate, part B and printing platform. The upper and lower mold plates are a couple

of mold plates with micrometer tolerances, which are embedded into the new-designed
building platform. The upper mold plate contains an electromagnet that is used to separate
the upper and lower mold plates, and since the flatness is unknown and might introduce
positioning errors, the electromagnet is engineered to have no contact with the opposite mold
plate. An ArUco marker is printed and fixed on the front of the new-designed building
platform. This marker, or identifier, is used to aid the robot to perceive objective and relocate
automatically. A microswitch is installed on both left and right at the end of part A to define
the limited position of the end-effector. To disable the electromagnet for extraction, the left
and right microswitches form a series circuit which is powered by a 24V power supply. The
guides are designed on both sides of part B to allow the insertion of the end-effector, where the
slots on top of the guides are developed for the interlocking mechanism. To meet the exact
requirements of repositioning, the clearance between the guides and the prongs of the end-
effector is no more than 1 mm. The end-effector consists of a base with a two-pronged fork
attached and a URbe adapter. The UR5e adapter is used to mount the tool on the URbe robot.
And the convex keys are designed on the top of the fork of the base, which is interlocked with
the slots of the guides on part B. The extraction process of the printing platform can be
explained as follows: when the prongs of the end-effector are inserted into the guide holes of
part B, the two microswitches are triggered and output a 24V signal to UR5e robot so that the
URbe robot disable the permanent electromagnet; afterward, part B is separated from the part
A due to gravity and the slots get pulled down over the convex keys. The insertion process is
the opposite of the extraction process.

Upper Lower
mold plate mold plate

B Building platform MINew designed T,

Alignment system building platform Printing platform

Exploded view
Figure 2. Note(s): The difference between the old building platform and the new-
B%forga ansll ﬁft.elfi. designed building platform is the latter is embedded with a homemade
;eia&iinne g set as shown in exploded view
Source(s): Authors own work
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After assemblage, the flatness and parallelism of the printing platform were measured based ~ Robotic auto-
on Standard ISO1101 (Standard, 2004) by using Zeiss Prismo equipped with a VAST XT mation of vat
scanning probe in 20.3 °C. Because if the detachable repeated process causes the building olvmerization
platform to tilt, the initial layers of printed workpiece would deform as illustrated in Figure 3. polym

To verify this assumption, total ten 40 mm diameter discs were printed with the old- and new- AM
designed building platform, respectively, by using photopolymer resin typed FunToDo
Black. The disc circularities were measured using DeMeet-400 CMM. 89

4. Visual servoing

The FLIR 2D camera BFS-U3-3154C-C was fixed on the UR5e robot. Then, the camera was
calibrated to adjust pixels to millimeters. The calibration is based on a 7 X 9 chess board
pattern, square of which is 20 mm X 20 mm when printed on a A4 paper at a ratio of 1:1. When
calibration, the pinhole camera model (Figure 4) was used. This is a widely used technique to
model digital cameras (Zhang, 2004). Based on it, the relationship between the point
(X,, Y., Z,) in the camera frame and the point in the pixel coordinate system (u,v), namely
camera’s intrinsic parameters, can be obtained.

Consider 7 2 [u;(£)v1(t) - - - un(t) vy(t)] being a vector of N image features with
coordinates (u;(¢),v;(t)), i=1,---,N at time ¢ and the constant vector f,” £
[14014 -+ UnaVy ), which contains the coordinates of the same image features on the
normalized image plane (with its origin on the upper left corner) when the desired
configuration between the robotic end-effector and the printer is achieved. The dynamics of
the positioning error e 2 f — f, is then given by Siciliano et al. (2008). Its derivation é is the
velocity error. The relationship between the velocity error and the end-effector velocity can be
established by a Jacobian matrix, as shown in equation (1).

¢ = Lo, (1)

Building platform Building platform
perpendicular tilted

Perfect circle Ellipse

Note(s): Assume the new-designed building platform Figure 3.

is tilted, the initial layers of the printed circle would [Mlustration showing
be an ellipse the result from the

building platform
Source(s): Authors own work
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Figure 4.
The pinhole
camera model

Source(s): Authors own work

where v, is the end-effector velocity screw and L, £ [Lea ... LETNT] is the image Jacobian.
The latter is a 2N X 6 matrix and constitutes a linear mapping between the rate of change of
the positioning error in the image frame and the end-effector velocity screw. Each 2 X 6 row
block L, ; of the image Jacobian is associated to the rate of change of the i feature’s
coordinates and is given by

-1 0 X;
Zi Zo  xy —(1+4)
Le,i = ( ) (2)
0 U =X —%;

where (X,;, Y., Z,;) are the feature’s Cartesian coordinates expressed in the end-
effector frame,

) _Xai _ _(Ml' — Cx)
N7 TR o
Y., v—-C
== 4
Y, 7 7 @)

and C,,C,, f;, , are the camera’s intrinsic parameters. Under the assumption that the left
Moore—Penrose pseudoinverse of L, is full rank (at least three features), the end-effector
velocity command

v, ==L e, >0 ©)

ensures stability of the origin for the solutions of (1). In particular, if L, is square and
nonsingular (exactly three features are chosen and det (L,)#0,Vt >0), the origin is an
exponentially stable equilibrium point of the system in (1).

Although exponential convergence of the positioning error to zero is highly desirable, in
practice more than 3 feature points are selected to avoid singularities (Nayak and Briot, 2020).
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To calculate the image Jacobian, the 3D parameters of the chosen image features have to
be estimated. The fiducial markers method is chosen to calculate the image Jacobian, which is
usually used to estimate the 3D parameters of a point in 3D space with a marker with known
characteristics.

Kalaitzakis et al. (2021) have conducted a study to test the capabilities of some of the most
popular fiducial markers including ArUco, AprilTag and ARTag, where the ArUco marker
was found to have a lower computational cost and greater detection rates in various poses.

The entire VS process from detection of the ArUco, estimation of the 3D parameters and
calculation of the error to driving the robot is depicted in the flowchart in Figure 5. The ArUco
marker’s image of the goal position is acquired and saved manually before starting the VS
controller, and the initial arbitrary robot pose needs to be available, which means the ArUco
marker has to be within the camera’s field of view clearly. After the VS controller runs, the
ArUco marker’s picture is acquired in real-time to estimate Jacobian matrix L,; and error
between ideal position and current position in equivalent normalized coordinate; if the error is
bigger than the threshold, where the translation and angle accuracy tolerance are set as
+1mm and +0.017 vad, respectively, the controller outputs a velocity screw that contains
spatial linear and angular velocities in Cartesian coordinate system to drive the robot to
minimize the error until the error is in tolerance.

5. Scheme of VS process

Instead of doing trial and error of the VS process, a simulation platform was designed in
Ubuntu operating system, and its architecture is shown in Figure 6. The VS-controller is
based on ROS and integrated with a scene created in Unity 3D to display real-time relocation

Acqui a
fi:::;e Transformation found
Yes
Estimate Set the Goal position (u,v) Marker corner position
distances Zi robational coordinates (u,v) coordinates is
from camera to gain of each transformed into transformed into
ArUco marker . nomalized (x,y) normalized (x,y)
velocity . .
Find corners coordinates coordinates
T T
corners of y - v
ArUco Calculate J*_’mb'a" Difference between goal position
Marker matrix (x,y) and marker corner (x,y)

v coordinates (Error) are calculated
Calculate velocity

screw in camera
NO frame
? v

A

Yes Transform velocity
screw to UR base Yes
Estimate frame
transformation from | | l goal reached’
camera frame to
ArUco Marker frame Send velocity

screw to robot

Source(s): Authors own work
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Source(s): Authors own work

results. The UR-controller is built with a real-time kernel for real-time capabilities, and the
URSim is a simulator provided by UR company. The simulation has the benefit of being
interchangeable both in virtual and real robot system by only moving the communication
cable between the real UR5e robot and URSim with the same IP address. When a simulation is
started, the image containing ArUco marker based on camera position is generated, and
converted by the VS script to velocity screw. The UR-controller recognizes and translates it to
commands available for URSim/UR robot, and drives URSim/UR robot to change pose that
will affect new pictures based on the Camera. This process keeps going until the error
between the goal ArUco marker image and the generated image is smaller than set value.
This process is shown in the link https://youtu.be/mZZe8m6wARI.

Finally, the vision-guided robotic system is built between vat photopolymerization AM
printer, VS-controller, UR-controller and UR robot by using communication interface and
electric ports.

6. Experimental results and discussion

6.1 Test scenarios and performance indices

The vision-guided robotic system is tested in the simulation platform of the VS process,
firstly, and validated in detail in realistic scenarios. The performance indices involve 1. the
tolerance of printing part in new designed system, 2. the accuracy of vision-guided robot
manipulation and 3. whether our design enables vat photopolymerization AM process hybrid
with other process in soft tooling process automatically. The experiment process is illustrated
in Figure 7.

6.2 Results

The flatness and parallelism of the printing platform were measured 10 times, respectively.
The average flatness of was estimated to be 278.3 pm with a standard deviation of 1.6 um,
and the average parallelism is estimated to be 355.6 pum with a standard deviation
of 95.36 um.
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Afterward, ten for consistency discs were printed with the old building platform and the new-
designed building platform, respectively, and circularity was measured to quantify the
impact of the new-designed building platform. The discs printed with the old building
platform have an average circularity of 663 um with a standard deviation of 166 um, and
these printed with the new-designed building platform have an average circularity of 799 pm
with a standard deviation of 112 pm.

Debugging and testing of the accuracy of vision-guided robot manipulation took place,
first, in the designed simulation platform with a pre-selected target position, and some
different assumed initial positions were given by changing the starting position of the ArUco
marker. The results showed that the VS-controller immediately stopped the URSim robot
with a high value of the parameter A due to safety limits, but it took more than 2 min to
converge on the target position with a low A parameter. The solution was to make the 1
depend on the distance Z between the camera and the ArUco marker, and the corrected A is
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Figure 7.

The experiment
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frame and the end-
effector velocity
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Figure 8.
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Table 1.

Difference between the
goal position and
actual position

shown in equation (6). Three simulation results of VS process are provided in supplementary
material as Figure S1.

005

t=7

©)
Sequentially, the same tests took place on the real UR5e robot. The results shown in Figure 8
illustrate that the VS-controller can control the robot to converge on the goal position with
three arbitrary initial positions after approximately 25s.

To qualify the error, ten tests took place in ten arbitrary positions. The goal position
(X,Y,Z Rx,Ry,Ry) is (691.1 mm, 50.89 mm, 527.2 mm, 0.059 rad, 1.575 rad, —0.011 rad),
which was measured using the UR PolyScope controller. The obtained difference between the

goal position and actual position is shown in Table 1. The Sis defined as equation (7), which is
displayed the positioning accuracy visually.

=
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Note(s): (el, e2), (€3, e4), (€5, e6), (e7, e8) represent the errors between target positions of
the upper left corner, upper right corner, lower right corner and lower left corner and actual
positions of the ArUco marker in horizontal and vertical directions, respectively

Source(s): Authors own work

Test X/mm Y/mm Z/mm Ry/mm Ry/mm R,/mm S/mm
1 0.02 0.23 -0.15 0.001 0.001 0.002 0.11
2 —0.14 0.4 0.7 0.001 0.006 0.002 0.33
3 —0.16 0.44 0.1 0.001 0.002 0.002 0.19
4 0.01 0.05 —-0.34 —0.001 0.001 —0.001 0.14
5 —0.28 -0.37 0.1 —0.001 0.006 —0.001 0.19
6 —045 —0.01 0.14 —0.001 0.002 —0.001 0.19
7 -0.29 —0.65 0.04 —0.003 0.001 —0.002 0.29
8 —0.14 —0.66 0.19 —0.004 0.006 —0.004 0.28
9 —-0.62 —0.72 0.03 —0.002 0.002 —0.001 0.38
10 0 057 0.57 0.001 0.001 0.003 0.32
Ave -0.21 —0.07 0.14 —0.001 0.002 —0.001 0.24

Source(s): Authors’ own work
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6.3 Discussion
In the measurements of the printed discs, despite having the parallelism of 355.6 um, the 95

detachable new-designed building platform introduced an error of about 116 pum to the vat
photopolymerization AM printed circularity. The low stiffness of the plastic material used in
some parts of the building platform maybe introduces some error.

The results of the accuracy of robot manipulation indicate that the robot could move the
end-effector the requested position within an error of 260 um, which guarantees the smooth
implementation of automated vat photopolymerization AM process.

Based on these results, when completing a printing job in the vat photopolymerization AM
printer, a signal of “job finished” will be delivered to the VS-controller by RS232
communication interface, and then the VS-controller starts to drive the robot towards the
target position based on the acquired picture. After reaching the goal position, the end-
effector tool is inserted into the guides of the new-designed building platform until
microswitches are triggered. Afterward, the UR5e robot receives a 24V voltage signal, and an
appropriate voltage signal is then applied to the electromagnet by UR5e robot to detach the
printing platform. Under the influence of gravity, the printing platform is pulled down and its
slots are interlocked with the convex keys of the end-effector. Subsequently, the UR5e robot
extracts and places the printing platform to the following process step preset station in soft
tooling process, such as a washing station, according to a pre-defined path. Eventually, a new
printing platform will be picked up from where the alternative printing platform was. A new
printing process can be started by signaling a “start” to the vat photopolymerization AM
printer. Ultimately, the vat photopolymerization AM process can be hybrid with other
process steps of soft tooling process automatically. The hybrid process experiment can be
found in the link https://youtube.com/shorts/suaJ-mckq-4?feature =share.

7. Conclusion

A vision-guided robotic system design for application in vat photopolymerization AM was
proposed in this work. A VS-controller was designed to drive the end-effector of an UR robotic
manipulator to the desired workpiece position. The implementation and tuning of the control
loop were facilitated by the designed simulation platform of VS process. Experimental results
demonstrated successful robot control with positioning error less than 300 um. The
importance of manipulating printing platform instead of printed workpieces is the fact that
manipulating the printing process is robust to the variety printed shapes, and thus more
generalizable in its automation application. This study constitutes the first step in exploring
automation of vat photopolymerization AM process hybrid with soft tooling process, which
facilitates vat photopolymerization AM hybrid with other mass production processes. In the
future work, the other processing in soft tooling process such as shape measurement and
injection molding will be integrated with the vat photopolymerization AM process
automatically to realize automated production from drawing to ready-to-use product.
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