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Cooperative 3D printing is an emerging technology that aims to provide scalability to 3D
printing by enabling thousands of printhead-carrying mobile robots to cooperate on a single
printing job and to integrate pre-manufactured components during the 3D printing process.
At the core of the cooperative 3D printing platform is a mobile robot that can carry different
printhead or a gripper. In this paper, we present a mobile 3D printer with a filament
extrusion printhead that can be controlled over the Internet. First, we designed a compact
mobile 3D printer with an extrusion printhead and four omnidirectional wheels. A wireless
communication interface is also developed to send commands to and receive information
from the mobile 3D printer. Successful prints have been demonstrated with two developed
mobile 3D printers printing cooperatively, which shows the promise of cooperative 3D
printing.

1. Introduction

Ever since the invention of stereolithography (SLA) over three decades ago [1], additive
manufacturing (AM) has experienced rapid growth from a rapid prototyping tool [2] to a
serious contender for digital manufacturing [3]. The industry has been making great leaps
on solving the three major issues that stand in the way to an era of digital manufacturing:
printing quality, printing speed, and printing capability. To improve the printing quality,
extensive research has been performed to understand the physics of various 3D printing
processes [4-7] and to optimize the process parameters [8-10]. To increase the printing
speed, numerous new 3D printing processes have been developed, such as continuous
liquid interface production (CLIP) [11], Project Escher by Autodesk [12], multi-beam laser
additive manufacturing (MB-LAM) [13], selective mask sintering (SMS) [14], high-speed
sintering (HSS) [15], selective inhibition sintering (SIS) [16, 17], and binder jetting [18].
To enhance the printing capability, various functional materials have been successfully
printed, ranging from metals [19], exotic polymers [20], ceramics [21], biomaterials [22],
to multiple materials [23, 24].

However, each of the new technologies comes with their own limitations and it remains a
challenge to find a solution that can solve all the three major issues at the same time. One
critical insight for this challenge is that most of the 3D printers “live in a box”, which
creates isolation between different technologies and makes it difficult to combine the
advantages of different technologies to overcome the limitations of individual processes.
Therefore, a solution demands us to think outside the “box”. Cooperative 3D printing is an
emerging technology that aims to get rid of the “box” by putting the printhead on a mobile
platform such that a swarm of mobile robots carrying different printheads can cooperate
with each other on a single printing job. The benefits are multifold: 1. the size of the print
is no longer limited by the “box” of the 3D printer; 2. it breaks down the barrier for many
printheads to work together to improve printing speed; 3. it allows embedding of pre-
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manufactured components during the 3D printing process using a mobile robot carrying a
gripper to improve printing capability; 4. it enables different 3D printing processes (e.g.,
Fused Deposition Modeling (FDM), inkjet, automated fiber placement, etc.) to work
together to overcome the limitations of individual processes; 5. the printing and the post-
processing can both be automated with various mobile robots to enable autonomous digital
additive manufacturing (ADAM).

In this paper, as the first step towards ADAM, we present a mobile FDM 3D printer that
can be controlled and monitored over the Internet. In section 2, the design of the mobile
printer is presented, including the mobile platform, the filament extruder, the circuits, and
the network design for communicating with the mobile printer over the Internet. Tests and
results are discussed in section 3. Conclusions are given in section 4.

2. Mobile Printer Design

In the envisioned cooperative 3D printing platform, thousands of mobile 3D printers will
work together on a factory floor on their assigned printing tasks. To best realize this vision,
a set of requirements need to be satisfied for the design of the mobile printer:

1. Beable to move (XY and rotate) freely and print across an entire factory floor;

2. Has compact dimensions to minimize geometric interference with other mobile robots;

3. Has a positioning accuracy of less than 100 um to be comparable with regular FDM
3D printers;

4. Should be able to print plastic filaments like regular FDM 3D printers;

5. Can carry ~ 1kg of printing material;

6. Should have a modualized design such that the printhead can be easily changed with
other types of printheads (e.qg., a gripper);

7. Be able to perceive its environment through live video camera and sensors;

8. Can communicate and interact with the user over the Internet;

9. Doesn’t rely on battery power such that printing is not interrupted by the need for
charging;

10. Low-cost and within a budget of ~$1000.

A concept model of the mobile print is designed based on the requirements as shown in
Figure 1. The mobile printer consists of four components: a mobile platform, a Z-stage, the
main circuit, and the wireless communication system. It moves in the XY plane using
omnidirectional wheels and the printhead moves up and down along the Z stage as it prints.
The mobile printer connects to the Internet over a Wi-Fi network to send information to
and receive commands from a user interface (Ul) through a web browser.

2.1 Mobile Platform

The mobile platform is the most critical component of the mobile 3D printer. It replaces
the XY stage in a regular 3D printer with a set of omnidirectional wheels to move the
printhead in XY direction.
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Figure 1. Concept model of a mobile 3D printer with a filament extrusion printhead, which is consisted of four
components: (a) the mobile platform; (b) the Z stage; (c) the main circuit; (d) the network system

2.1.1 Initial Design

Many different options exist for omnidirectional wheels, such as 3-wheel or 4-wheel
platforms as shown in Figure 2. There are a few considerations in choosing an appropriate
omnidirectional wheel platform:

1) Mobility: the movement must resemble the movement of a regular XY stage to
simplify the control and the printer design.

2) Load: the platform must be sufficiently powerful to carry the weight of the whole
printer and at least 1 kg of printing materials.

3-wheel/2-motor 3-wheel Omni wheel 4-wheel Omniwheel 4-wheel Mecanum wheel

Figure 2. Different options for omnidirectional mobile platform

Both 4-wheel platforms satisfy our requirements and we chose the mecanum wheels for
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our first design, as shown in Figure 3(a). The first prototype was implemented with four
60-mm mecanum wheels, four NEMA 14 stepper motors with a holding torque of 14
N*cm, and an aluminum body with dimensions of 6 inch by 7 inch.

(a).First design (b). First proto

Figure 3. (a): first design; (b): first prototype of the mobile platform

2.1.2 Analysis of Stepper Torque and Wheel Traction

One of the requirements for the mobile printer is that it needs to be able to carry at least 1
kg of printing materials, which will be driven by the stepper motors. Therefore, it is critical
to determine if the stepper motors can provide sufficient torque. Assuming the weight of
the mobile printer is well balanced among the four wheels, the required torque for each
stepper motor can be estimated as:

T=Fx*r 1)
where r is the radius of the wheel and F is the friction between the wheel and the floor:

F=u(m/4)g (2)

where pis the coefficient of friction, m is the total mass of the mobile printer (including
the printing material), and g is gravity.

The total mass of the printer (taking into account of 1 kg of printing material) of this design
is approximately 3 kg, the radius of the mecanum wheel is 30 mm, and the coefficient of
friction of the mecanum wheel on the ground ranges from 0.6 to 0.8. From equation (1),
we can estimate the required torque for the stepper motor needs to be larger than 18 N*cm.

The moving speed of the robot U can be related to the rotational speed of the stepper motor
o (rpm) by:

w =60xU/(2nr) (3)

The maximum printing speed of the mobile 3D printers is designed to match that of a
regular FDM 3D printer at 300 mm/s. Therefore, we can estimate the maximum motor
speed needs to be larger than 96 rpm. Since the holding torque of the selected NEMA 14
stepper motor is only 14 N*cm, and the running torque at ~100 rpm is usually ~50% of the
holding torque, we replace the stepper motor with a high torque stepper (14HS20-1504S)
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that has a holding torque of 40 N*cm.

This high torque stepper will be able to drive and the stop the motor in the range of the
targeted printing speed. One additional concern is that even though the stepper can stop the
rotation of the wheels, the wheels may still slip on the floor. This leads to inaccurate
positioning if the inertia of robot is too high:

ma > umg (4)

where a is the acceleration of the robot. It can be estimated from equation (4) that if the
acceleration of the robot is kept below g (~6 m/s?), slipping will not happen. There are
three possible solutions to this potential issue: 1). limit the max acceleration of the robot in
the firmware for path planning; 2). increase the coefficient of friction between the wheels
and the floor; 3). use feedback control to compensate.

2.1.3 Positioning

Although we predict slipping will not be a significant issue if we cap the maximum
acceleration of the robot, it still happens occasionally due to imperfect contact between the
wheels and the floor and imperfect alignment of the wheels, which leads to degradation of
printing accuracy over time as shown in Figure 4.

1

Figure 4. Degradation of printing accuracy over time: the printer is printing a square repetitively.

Therefore, a feedback control system is deemed necessary for the positioning. To choose
an appropriate position sensor, a few requirements need to be satisfied:

1. Mobility: the sensor can be carried by a mobile robot and provide location information
relative to the ground;

2. Resolution: the sensor needs to have sufficient resolution for the targeted accuracy
(~100 um).

3. Sampling frequency: we need to be able to query the sensor at a sufficiently high
frequency so that the robot can correct its position in real time.

4. Response time: the sensor can be read in relatively short time and doesn’t significantly
interfere with the operation of the stepper motors.

5. Speed and acceleration: the sensor needs to be able to provide correct movement
information at the max printing speed and acceleration.

6. Cost: the sensor cannot be costly to keep the total cost of the mobile printer below
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$1000.

Among various position sensors, an optical mouse sensor satisfies our requirements. It
takes a series of pictures at very fast rate and determine the relative movement by
comparing the pictures using an optical flow algorithm. We compared two different mouse
sensors: one regular PS/2 mouse sensor and the other a laser mouse sensor. The
specifications are compared in Figure 5(a). We tested the positioning accuracy of the two
sensors by moving them back and forth and compared the readings from the sensors using
a microcontroller with the measurements with accurate calibers. As can be seen in Figure
5(b) and (c), the ADNS-9800 sensor performs better and its positioning accuracy is within
5% in the test.

(b). Mouse Sensor
150.00

(a). Specification

120.00 124.50R 126.21R 127.73% 128.31f 128.59

90.00

60.00

Displacement (mm)

35.39

30.00 29.02
0.00 0.00 6.79
. -1.00 2.00 5.00 8.00 11.00 14.00
Time (s)
ADNS-9800 PS/2 Mouse (c). ADNS-9800 Sensor

Resolution 8200 dpi 1000 dpi 5 10000 99.60
Frame Rate 12,000 FPS 3,000 FPS % 75.00
Speed 150 in/s 28 in/s g 50.00 5008 ¥ 48.66 ¥ 4856 50.58
Acceleration g 20¢g Lﬂ} 25.00 —e—Actual Displacement
Lift Detection Up to 5 mm Up t0 0.75 mm = 000 dooo ~% Measured Displacement by Sensor
Communication | SPI PS/2 Time(s) 0.00 400 800 1200 1600 2000 24.00

Figure 5. (a) Comparison of important specifications between two sensors; (b) Position accuracy test of the PS/2 mouse
sensor by moving the mouse back and forth between 0, 30mm, and 130mm; (c) Position accuracy test of the ADNS-9800
sensor by moving the sensor back and forth between 0, 50 mm, and 100 mm.

In addition to the XY movement, the mobile printer is subjected to one additional degree
of freedom (DOF) — rotation about Z axis due to inaccuracy in the wheels. The orientation
of the robot must be corrected to perform quality printing over time. One of the solutions
is to use an IMU (Inertial Measurement Unit) orientation sensor. We have tested different
IMU sensors, including one of the best sensors on the market, the BNOO055 9-DOF
orientation sensor from Bosch. However, the IMU sensors are not accurate enough to report
the correct orientation of the robot due to the small and slow rotation of the robot during
printing (the robot usually only rotate a few degrees over 20 minutes). Therefore, we came
up with a solution by using two optical mouse sensors as shown in Figure 6. When the
robot rotates, the two mouse sensors will report different measurements in Y direction,
from which we can derive the rotated angle of the robot based on the distance between the
two sensors. The performance of the new solution was evaluated against that of the
BNOO55 sensor with two tests. In the first test, the robot was rotated back and forth
between 0 and 7 degrees and the sensor readings were compared against the actual rotation
of the robot as shown in Figure 7(a). It can be seen that the BNOO55 sensor performed well
in the beginning and gradually drifted off while our solution had excellent performance. In
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the second test, a PID control was implemented on the robot so that the robot always returns
to 0 degree orientation based on the sensor reading. The robot was then manually thrown
off to a random orientation and the readings from the ADNS-9800 sensors and from the
BNOO55 sensor during this process were compared as shown in Figure 7(b). It is clear that
the ADNS-9800 sensors handled the random disturbances very well and always returned
the robot to 0 degree while the BNOO55 sensor could not.

/\ Printhead
/7 N\

ADNS9S800 ADNS9800

Figure 6. (a) lllustration of how the ADNS-9800 sensors are installed on the robot; (b) the actual installation of the two
ADNS-9800 sensors on the robot.
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Figure 7. (a) Test 1: the robot was rotated back and forth from 0 to 7 degrees over time and the readings from the ADNS-
9800 sensors and from BNOOQ55 sensor were compared with the actual rotation of the robot; (b). Test 2: a PID feedback
control is implemented to maintain a zero degree orientation of the robot based on the sensor reading. The robot is then
manually rotated to a random angle and the robot tries to return to the zero degree orientation.

2.1.4 Unibody Design

Two additional issues were encountered as we tried to install the Z stage and the extruder
on the robot. One was that the weight became imbalanced due to the stepper motor for the
extruder as shown in Figure 8. The other issue was that the aluminum body was not strong
enough to support the increasing weight of the robot. Increasing the thickness of the
aluminum plate will make the robot too heavy. Therefore, we redesigned the mobile
platform with a unibody as shown in Figure 9 with a few notable changes:

1651



1. Unibody: We replaced the aluminum plates with a 3D printable unibody to reduce
the number of components. The unibody uses a honeycomb structure to maximize
the strength to weight ratio and also provides mounting holes for other components.

2. Position sensors: two ADNS-9800 sensors were installed under the unibody to track
the location and orientation of the robot.

3. Bowden extruder: the extruder stepper motor was moved to the back of the robot
to balance the weight of the robot.

4. Omniwheels: we replaced the mecanum wheels with the omniwheels to increase
the traction of the wheels due to its larger coefficient of friction on the same surface.

Figure 9. Unibody design of the mobile platform

2.2. /-stage

Similar to the Z-stage of a regular 3D printer, the Z-stage is responsible for moving the
printhead accurately up and down and extrude filaments in coordination with the XY
movement based on the input G-code instructions. An exploded view and an assembly of
the Z stage are shown in Figure 10. The numbered components are described below:
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A NEMA 14 stepper motor with a torque of 14 N*cm draws a current of 0.4 A at
12 V.

An endstop that is used as a reference point for the Z position of the printhead.

A twin-shaft linear guide to guide the linear motion of the printhead in Z direction
using two linear shafts (8x200mm). A leadscrew drive in the middle is used to drive
the printhead up and down.

The two linear bearings provide free motion in the Z axis direction for the print-
head.

An E3D V6 HotEnd used to extrude ABS, PLA, and other plastics.

A 3D printed printhead holder, which can be easily modified to hold different types
of printheads (e.g., an inkjet printhead).

The T8 nut is attached to the print-head and runs through the threaded rod, making
it possible to move the printhead up and down as the rod spins.

The Z HOLDER is a 3D printed structure that holds the motor, linear guide, and
the end stop switch on top of the Z Stage.

(b)

Figure 10. (a) An exploded view of the designed Z stage; (b) An assembled Z stage.

2.3 Main Circuit

The main circuit is similar to a regular 3D printer circuit and controls all basic motion
necessary for 3D printing. The main difference is on the XY movement control which is
based on wheels instead of linear guides. The main requirements for the circuit design are

as below:
1. Translates basic commands (e.g., g-code) into robot movement for printing.
2. Supports at least 6 motors, 1 heater, 1 thermocouple, 6 sensors, 1 fan, and a control
panel.
3. Provides sufficient power to drive the mobile printer (e.g., more than 10 A of
current at 12 to 24 V).
4. Reads sensor information in ~1ms or less (e.g., SPI communication).
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5. Drives all motors simultaneously for coordinated motion (i.e., need to be able to
send signals to all motors at the same time for coordinated wheels control).

Based on the requirements, we adapted the circuit of a regular RepRap 3D printer. An
Arduino Mega 2560 is used as the central controller of the robot and a RAMPS board is
used to control most of the components a regular RepRap 3D printer has, including the
motors, temperature sensor, heater, fan, and control panel. A custom board is designed to
handle the wheels and the sensors as shown in Figure 11. This board is an extension of the
RAMPS board allowing the connection of four extra drivers to control the wheels and a
SPI communication hub to connect the optical sensors. The two boards are separated from
each other and the connection is made by cables.

3 4
4 Wheel 2 Optical

Custom Designed
Motors Sensors

Wheels Control

Arduino Mega

(a) (b)
Figure 11. (a) Schematic of the circuit; (b) Prototype of the circuit

2.4. Network Design

To enable cooperative 3D printing, the mobile 3D printers must be able to communicate.
To simplify the design of the network for the communication among a swarm of mobile
printers, we will connect all individual mobile robots to a central server over a wireless
network, which will collect all the information for central planning and coordination. The
communication system can be divided into three components:

1. Upstream communication: the mobile robots need to send information to the central
server. In this paper, we included three types of information: (a) a live video feed
from a camera mounted on the mobile printer; (b) the coordinates of the location of
robot; (c) collision warning from collision sensors mounted on the mobile printer.

2. Downstream communication: the mobile robots need to receive commands from
the central server. The mobile robot is designed in such a way that it can execute
basic commands (i.e., G-code for our robot) to accomplish its basic functionalities
(e.g., motion, turn on/off live video, etc.). All the intelligent planning and
coordination and other high-level printing strategy will be the responsibility of the

1654



software on the central server, which allows low-cost upgrade of the system (i.e.,
no need to upgrade each individual robots and the hardware infrastructure but only
software on the central server).

3. User interface: although in a complete autonomous setting in the future, human
users will not be needed. In the early stage of this technology, it is still necessary
to provide the users an interface to operate and interact with the mobile robots
remotely.

The upstream and downstream communication are implemented with two Arduino Yun
boards with Wi-Fi connection, which are used to handle upstream and downstream
communication separately with a web-based user interface (Ul) due to the computational
intensity for handling video. The Arduino Yun boards communicate with the central
controller of the robot (i.e., the Arduino Mega 2560) to gather position and collision
information or pass G-code commands as illustrated in Figure 12. The Ul provides
functionalities for:

e user authentication

e displaying the robot position, collision warning, and live video from the camera

carried by the mobile robot

e uploading G-code and AMF files to the robot

¢ real-time interaction with the robot to move the robot one step at a time

e and previewing the print job with a G-code viewer

User Interface User Interface

Receive Live Video Stream Send G-Code

Upstream Downstream
communication communication

Arduino Yun

‘ k Position & G-code
g collision info

Sends collision warning,
location, and live video

Figure 12. Schematic of the network design of the mobile printer (the two computer screens are from the Ul: the left is
showing the live video and the collision warning; the right is a G-code viewer to preview the printing job and also
provides real-time interaction with the robot by clicking the arrow buttons to move the robot)

3. Testing and Results
After several iterations of redesign and testing, several prototype mobile printers were
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developed as shown in Figure 13, in which Figure 13(a) shows a prior design with the
Mecanum wheels and Figure 13(b) the prototyped mobile printer with the latest design.
The total cost of all the components for each mobile printer is ~$500 with wireless
connection (excluding the printed parts, labor cost for manual assembly of the electronics
and the robot, etc.). Therefore, it is very feasible to mass produce these robots for under
$1000 budget per robot. Because of the low cost of the robots and negligible cost for the
infrastructure to support the operation of the robots, it becomes possible to build an
economic digital factory in the future equipped with ~1000 of these robots to manufacture
a wide variety of products for a few million dollars. We performed two simple tests to
demonstrate the functionality of the printer, including the test printing with a single mobile
printer and the cooperative printing of two mobile printers.

(a)

Figure 13. (a) A prior design with Mecanum wheels; (b) A prototype of the latest design with omniwheels (filament spool
not included).

3.1 Mobile Printer Test

This test is to demonstrate the mobile printer works. In the test, we designed a CAD model
for the letter “AM®” and used a standard slicer to generate the G-code file. The G-Code
file’s execution was previewed with a g-code viewer included in the Ul. The G-code file
was then uploaded to the printer over the Wi-Fi network using the Ul.

Snapshots of the printing process is shown in Figure 14. It can be seen the printing was
quite successful. The mobile printer first heated the hot end to the temperature specified by
the G-code file and then started to extrude and print filaments.
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Printing Test

Figure 14. Test of a single mobile 3D printer for printing AM?® using ABS filaments: snapshots at different time of the
printing process.

3.2 Cooperative Printing Test

The true potential of this technology lies in its capability for cooperative 3D printing. In
this test, we used two mobile 3D printers to accomplish a printing job together, one printing
AM? and the other printing LAB. CAD models of the letters were designed and sliced using
a regular slicer and uploaded to the printers wirelessly. Two different color of filaments
were used to demonstrate the benefits of cooperative 3D printing, where multi-color, multi-
material, or even multi-process printing become possible. The printing was successfully
carried out and the snapshots of the printing process are shown in Figure 15.

FINISH'U

Figure 15. Cooperative printing test: two printers prints together, one printing AM? and the other printing LAB, with
different color of filaments
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4. Conclusions

In this paper, we presented a mobile 3D printer for an envisioned cooperative 3D printing
platform, where thousands of mobile robots carrying different printheads can work together
to print various materials as well as assemble pre-manufactured components
autonomously. We first designed a mobile platform and discussed related issues, such as
mobility and positioning. A Z-stage with an FDM printhead was then developed to print
plastics on the mobile platform. The main control circuit was then developed to enable
coordination and control of motion of the wheels and the printing process. Wireless
connection was also developed to enable the remote control and monitoring of the mobile
printer as well as the cooperation between different mobile printers. Testing results showed
that the designed mobile printer worked well. Cooperative printing tests were also
performed to demonstrate the potential of cooperative 3D printing as a step towards ADAM
as illustrated in Figure 16.

Figure 16. lllustration of ADAM, where a plurality of mobile robots work together autonomously to manufacture complex
products with various additive manufacturing processes and digital assembly robots.

5. Acknowledgements

We gratefully acknowledge the financial support from the University of Arkansas, through
the startup fund provided by the Vice Provost Office for Research and Economic
Development. Any opinions, findings, and conclusions or recommendations expressed in
this publication are those of the authors and do not necessarily reflect the views of the
University of Arkansas. We also appreciate the participation of undergraduate students
during the project, including but not limited to: Kenny Neckles, Jacob Hubbard, and Paolo
Vargas.

6. References

1. C. Hull, "On stereolithography". Virtual and Physical Prototyping, 2012. 7(3): p.
177-177.
2. J.-P. Kruth, M.-C. Leu, and T. Nakagawa, "Progress in additive manufacturing and

1658



10.

11.

12.
13.

14.

15.

16.

17.

18.

rapid prototyping". CIRP Annals-Manufacturing Technology, 1998. 47(2): p. 525-
540.

S.H. Huang, P. Liu, A. Mokasdar, and L. Hou, "Additive manufacturing and its
societal impact: a literature review". The International Journal of Advanced
Manufacturing Technology, 2013: p. 1-13.

D. Hu and R. Kovacevic, "Sensing, modeling and control for laser-based additive
manufacturing”. International Journal of Machine Tools and Manufacture, 2003.
43(1): p. 51-60.

W. Zhou, "Lattice Boltzmann simulation of coalescence of multiple droplets on
nonideal surfaces”. Physical Review E, 2015. 92(5): p. 053307.

W. Zhou, F.A. List, C.E. Duty, and S.S. Babu, "Sintering Kinetics of Inkjet-Printed
Conductive Silver Lines on Insulating Plastic Substrate”. Metallurgical and
Materials Transactions B, 2015. 46(3): p. 1542-1547.

W. Zhou, D. Loney, A.G. Fedorov, F.L. Degertekin, and D.W. Rosen, "Lattice
Boltzmann simulations of multiple-droplet interaction dynamics". Physical Review
E, 2014. 89(3): p. 033311.

F. Lin, W. Sun, and Y. Yan, "Optimization with minimum process error for layered
manufacturing fabrication". Rapid Prototyping Journal, 2001. 7(2): p. 73-82.

N. Shamsaei, A. Yadollahi, L. Bian, and S.M. Thompson, "An overview of Direct
Laser Deposition for additive manufacturing; Part IlI: Mechanical behavior,
process parameter optimization and control”. Additive Manufacturing, 2015. 8: p.
12-35.

M. Vaezi and C.K. Chua, "Effects of layer thickness and binder saturation level
parameters on 3D printing process". The International Journal of Advanced
Manufacturing Technology, 2011. 53(1): p. 275-284.

J.R. Tumbleston, D. Shirvanyants, N. Ermoshkin, R. Janusziewicz, A.R. Johnson,
D. Kelly, K. Chen, R. Pinschmidt, J.P. Rolland, and A. Ermoshkin, "Continuous
liquid interface production of 3D objects". Science, 2015. 347(6228): p. 1349-
1352.

Autodesk. Project Escher. 2016 [cited 2017 June 14th ].

R. Patwa, H. Herfurth, J. Chae, and J. Mazumder. "Multi-beam laser additive
manufacturing”. in 32nd International Congress on Applications of Lasers and
Electro-Optics, ICALEO 2013. 2013.

D.S. Hermann and R. Larson. "Selective Mask Sintering for Rapid Production of
Parts, Implemented by Digital Printing of Optical Toner Masks". in NIP & Digital
Fabrication Conference. 2008. Society for Imaging Science and Technology.

H.R. Thomas, N. Hopkinson, and P. Erasenthiran. "High speed sintering—
continuing research into a new rapid manufacturing process". in Proceedings of
17th SFF Symposium, Austin, TX. 2006.

B. Khoshnevis, "Selective inhibition of bonding of power particles for layered
fabrication of 3-D objects”. 2003, Google Patents.

B. Khoshnevis, M. Yoozbashizadeh, and Y. Chen, "Metallic part fabrication using
selective inhibition sintering (SIS)". Rapid Prototyping Journal, 2012. 18(2): p.
144-153.

J. Moon, J.E. Grau, V. Knezevic, M.J. Cima, and E.M. Sachs, "Ink-Jet Printing of
Binders for Ceramic Components"”. Journal of the American Ceramic Society,

1659



19.

20.

21.

22.

23.

24,

2002. 85(4): p. 755-762.

W.E. Frazier, "Metal additive manufacturing: a review". Journal of Materials
Engineering and Performance, 2014. 23(6): p. 1917-1928.

M. Vaezi and S. Yang, "Extrusion-based additive manufacturing of PEEK for
biomedical applications”. Virtual and Physical Prototyping, 2015. 10(3): p. 123-
135.

N. Travitzky, A. Bonet, B. Dermeik, T. Fey, I. Filbert-Demut, L. Schlier, T.
Schlordt, and P. Greil, "Additive Manufacturing of Ceramic-Based Materials".
Advanced Engineering Materials, 2014. 16(6): p. 729-754.

F.P. Melchels, M.A. Domingos, T.J. Klein, J. Malda, P.J. Bartolo, and D.W.
Hutmacher, "Additive manufacturing of tissues and organs". Progress in Polymer
Science, 2012. 37(8): p. 1079-1104.

G. Janaki Ram, C. Robinson, Y. Yang, and B. Stucker, "Use of ultrasonic
consolidation for fabrication of multi-material structures”. Rapid Prototyping
Journal, 2007. 13(4): p. 226-235.

W. Zhou, F.A. List, C.E. Duty, and S.S. Babu, "Fabrication of conductive paths on
a fused deposition modeling substrate using inkjet deposition”. Rapid Prototyping
Journal, 2016. 22(1): p. 77-86.

1660



	Welcome
	Title Page
	Preface
	Organizing Committee
	Papers to Journals
	Table of Contents
	Materials
	Scanning Strategies in Electron Beam Melting to Influence Microstructure Development
	Relating Processing of Selective Laser Melted Structures to Their Material and Modal Properties
	Thermal Property Measurement Methods and Analysis for Additive Manufacturing Solids and Powders
	Prediction of Fatigue Lives in Additively Manufactured Alloys Based on the Crack-Growth Concept
	Fatigue Behavior of Additive Manufactured Parts in Different Process Chains – An Experimental Study
	Effect of Process Parameter Variation on Microstructure and Mechanical Properties of Additively Manufactured Ti-6Al-4V
	Optimal Process Parameters for In Situ Alloyed Ti15Mo Structures by Laser Powder Bed Fusion
	Efficient Fabrication of Ti6Al4V Alloy by Means of Multi-Laser Beam Selective Laser Melting
	Effect of Heat Treatment and Hot Isostatic Pressing on the Morphology and Size of Pores in Additive Manufactured Ti-6Al-4V Parts
	Effect of Build Orientation on Fatigue Performance of Ti-6Al-4V Parts Fabricated via Laser-Based Powder Bed Fusion
	Effect of Specimen Surface Area Size on Fatigue Strength of Additively Manufactured Ti-6Al-4V Parts
	Small-Scale Mechanical Properties of Additively Manufactured Ti-6Al-4V
	Design and Fabrication of Functionally Graded Material from Ti to Γ-Tial by Laser Metal Deposition
	Tailoring Commercially Pure Titanium Using Mo₂C during Selective Laser Melting
	Characterization of MAR-M247 Deposits Fabricated through Scanning Laser Epitaxy (SLE)
	Mechanical Assessment of a LPBF Nickel Superalloy Using the Small Punch Test Method
	Effects of Processing Parameters on the Mechanical Properties of CMSX-4® Additively Fabricated through Scanning Laser Epitaxy (SLE)
	Effect of Heat Treatment on the Microstructures of CMSX-4® Processed through Scanning Laser Epitaxy (SLE)
	On the Use of X-Ray Computed Tomography for Monitoring the Failure of an Inconel 718 Two-Bar Specimen Manufactured by Laser Powder Bed Fusion
	Laser Powder Bed Fusion Fabrication and Characterization of Crack-Free Aluminum Alloy 6061 Using In-Process Powder Bed Induction Heating
	Porosity Development and Cracking Behavior of Al-Zn-Mg-Cu Alloys Fabricated by Selective Laser Melting
	Effect of Optimizing Particle Size in Laser Metal Deposition with Blown Pre-Mixed Powders
	Aluminum Matrix Syntactic Foam Fabricated with Additive Manufacturing
	Binderless Jetting: Additive Manufacturing of Metal Parts via Jetting Nanoparticles
	Characterization of Heat-Affected Powder Generated during the Selective Laser Melting of 304L Stainless Steel Powder
	Effects of Area Fraction and Part Spacing on Degradation of 304L Stainless Steel Powder in Selective Laser Melting
	Influence of Gage Length on Miniature Tensile Characterization of Powder Bed Fabricated 304L Stainless Steel
	Study of Selective Laser Melting for Bonding of 304L Stainless Steel to Grey Cast Iron
	Mechanical Performance of Selective Laser Melted 17-4 PH Stainless Steel under Compressive Loading
	Microstructure and Mechanical Properties Comparison of 316L Parts Produced by Different Additive Manufacturing Processes
	A Parametric Study on Grain Structure in Selective Laser Melting Process for Stainless Steel 316L
	316L Powder Reuse for Metal Additive Manufacturing
	Competing Influence of Porosity and Microstructure on the Fatigue Property of Laser Powder Bed Fusion Stainless Steel 316L
	Studying Chromium and Nickel Equivalency to Identify Viable Additive Manufacturing Stainless Steel Chemistries
	Investigation of the Mechanical Properties on Hybrid Deposition and Micro-Rolling of Bainite Steel
	Process – Property Relationships in Additive Manufacturing of Nylon-Fiberglass Composites Using Taguchi Design of Experiments
	Digital Light Processing (DLP): Anisotropic Tensile Considerations
	Determining the Complex Young’s Modulus of Polymer Materials Fabricated with Microstereolithography
	Effect of Process Parameters and Shot Peening on Mechanical Behavior of ABS Parts Manufactured by Fused Filament Fabrication (FFF)
	Expanding Material Property Space Maps with Functionally Graded Materials for Large Scale Additive Manufacturing
	Considering Machine- and Process-Specific Influences to Create Custom-Built Specimens for the Fused Deposition Modeling Process
	Rheological Evaluation of High Temperature Polymers to Identify Successful Extrusion Parameters
	A Viscoelastic Model for Evaluating Extrusion-Based Print Conditions
	Towards a Robust Production of FFF End-User Parts with Improved Tensile Properties
	Investigating Material Degradation through the Recycling of PLA in Additively Manufactured Parts
	Ecoprinting: Investigating the Use of 100% Recycled Acrylonitrile Butadiene Styrene (ABS) for Additive Manufacturing
	Microwave Measurements of Nylon-12 Powder Ageing for Additive Manufacturing
	Improvement of Recycle Rate in Laser Sintering by Low Temperature Process
	Development of an Experimental Laser Sintering Machine to Process New Materials like Nylon 6
	Optimization of Adhesively Joined Laser-Sintered Parts
	Investigating the Impact of Functionally Graded Materials on Fatigue Life of Material Jetted Specimens
	Fabrication and Characterization of Graphite/Nylon 12 Composite via Binder Jetting Additive Manufacturing Process
	Fabricating Zirconia Parts with Organic Support Material by the Ceramic On-Demand Extrusion Process
	The Application of Composite Through-Thickness Assessment to Additively Manufactured Structures
	Tensile Mechanical Properties of Polypropylene Composites Fabricated by Material Extrusion
	Pneumatic System Design for Direct Write 3D Printing
	Ceramic Additive Manufacturing: A Review of Current Status and Challenges
	Recapitulation on Laser Melting of Ceramics and Glass-Ceramics
	A Trade-Off Analysis of Recoating Methods for Vat Photopolymerization of Ceramics
	Additive Manufacturing of High-Entropy Alloys – A Review
	Microstructure and Mechanical Behavior of AlCoCuFeNi High-Entropy Alloy Fabricated by Selective Laser Melting
	Selective Laser Melting of AlCu5MnCdVA: Formability, Microstructure and Mechanical Properties
	Microstructure and Crack Distribution of Fe-Based Amorphous Alloys Manufactured by Selective Laser Melting
	Construction of Metallic Glass Structures by Laser-Foil-Printing Technology
	Building Zr-Based Metallic Glass Part on Ti-6Al-4V Substrate by Laser-Foil-Printing Additive Manufacturing
	Optimising Thermoplastic Polyurethane for Desktop Laser Sintering

	Modeling
	Real-Time Process Measurement and Feedback Control for Exposure Controlled Projection Lithography
	Optimization of Build Orientation for Minimum Thermal Distortion in DMLS Metallic Additive Manufacturing
	Using Skeletons for Void Filling in Large-Scale Additive Manufacturing
	Implicit Slicing Method for Additive Manufacturing Processes
	Time-Optimal Scan Path Planning Based on Analysis of Sliced Geometry
	A Slicer and Simulator for Cooperative 3D Printing
	Study on STL-Based Slicing Process for 3D Printing
	ORNL Slicer 2: A Novel Approach for Additive Manufacturing Tool Path Planning
	Computer Integration for Geometry Generation for Product Optimization with Additive Manufacturing
	Multi-Level Uncertainty Quantification in Additive Manufacturing
	Computed Axial Lithography for Rapid Volumetric 3D Additive Manufacturing
	Efficient Sampling for Design Optimization of an SLS Product
	Review of AM Simulation Validation Techniques
	Generation of Deposition Paths and Quadrilateral Meshes in Additive Manufacturing
	Analytical and Experimental Characterization of Anisotropic Mechanical Behaviour of Infill Building Strategies for Fused Deposition Modelling Objects
	Flexural Behavior of FDM Parts: Experimental, Analytical and Numerical Study
	Simulation of Spot Melting Scan Strategy to Predict Columnar to Equiaxed Transition in Metal Additive Manufacturing
	Modelling Nanoparticle Sintering in a Microscale Selective Laser Sintering Process
	3-Dimensional Cellular Automata Simulation of Grain Structure in Metal Additive Manufacturing Processes
	Numerical Simulation of Solidification in Additive Manufacturing of Ti Alloy by Multi-Phase Field Method
	The Effect of Process Parameters and Mechanical Properties Oof Direct Energy Deposited Stainless Steel 316
	Thermal Modeling of 304L Stainless Steel Selective Laser Melting
	The Effect of Polymer Melt Rheology on Predicted Die Swell and Fiber Orientation in Fused Filament Fabrication Nozzle Flow
	Simulation of Planar Deposition Polymer Melt Flow and Fiber Orientaiton in Fused Filament Fabrication
	Numerical Investigation of Stiffness Properties of FDM Parts as a Function of Raster Orientation
	A Two-Dimensional Simulation of Grain Structure Growth within Substrate and Fusion Zone during Direct Metal Deposition
	Numerical Simulation of Temperature Fields in Powder Bed Fusion Process by Using Hybrid Heat Source Model
	Thermal Simulation and Experiment Validation of Cooldown Phase of Selective Laser Sintering (SLS)
	Numerical Modeling of High Resolution Electrohydrodynamic Jet Printing Using OpenFOAM
	Mesoscopic Multilayer Simulation of Selective Laser Melting Process
	A Study into the Effects of Gas Flow Inlet Design of the Renishaw AM250 Laser Powder Bed Fusion Machine Using Computational Modelling
	Development of Simulation Tools for Selective Laser Melting Additive Manufacturing
	Machine Learning Enabled Powder Spreading Process Map for Metal Additive Manufacturing (AM)

	Process Development
	Melt Pool Dimension Measurement in Selective Laser Melting Using Thermal Imaging
	In-Process Condition Monitoring in Laser Powder Bed Fusion (LPBF)
	Performance Characterization of Process Monitoring Sensors on the NIST Additive Manufacturing Metrology Testbed
	Microheater Array Powder Sintering: A Novel Additive Manufacturing Process
	Fabrication and Control of a Microheater Array for Microheater Array Powder Sintering
	Initial Investigation of Selective Laser Sintering Laser Power vs. Part Porosity Using In-Situ Optical Coherence Tomography
	The Effect of Powder on Cooling Rate and Melt Pool Length Measurements Using In Situ Thermographic Tecniques
	Monitoring of Single-Track Degradation in the Process of Selective Laser Melting
	Machine Learning for Defect Detection for PBFAM Using High Resolution Layerwise Imaging Coupled with Post-Build CT Scans
	Selection and Installation of High Resolution Imaging to Monitor the PBFAM Process, and Synchronization to Post-Build 3D Computed Tomography
	Multisystem Modeling and Optimization of Solar Sintering System
	Continuous Laser Scan Strategy for Faster Build Speeds in Laser Powder Bed Fusion System
	Influence of the Ratio between the Translation and Contra-Rotating Coating Mechanism on Different Laser Sintering Materials and Their Packing Density
	Thermal History Correlation with Mechanical Properties for Polymer Selective Laser Sintering (SLS)
	Post Processing Treatments on Laser Sintered Nylon 12
	Development of an Experimental Test Setup for In Situ Strain Evaluation during Selective Laser Melting
	In Situ Melt Pool Monitoring and the Correlation to Part Density of Inconel® 718 for Quality Assurance in Selective Laser Melting
	Influence of Process Time and Geometry on Part Quality of Low Temperature Laser Sintering
	Increasing Process Speed in the Laser Melting Process of Ti6Al4V and the Reduction of Pores during Hot Isostatic Pressing
	A Method for Metal AM Support Structure Design to Facilitate Removal
	Expert Survey to Understand and Optimize Part Orientation in Direct Metal Laser Sintering
	Fabrication of 3D Multi-Material Parts Using Laser-Based Powder Bed Fusion
	Melt Pool Image Process Acceleration Using General Purpose Computing on Graphics Processing Units
	Blown Powder Laser Cladding with Novel Processing Parameters for Isotropic Material Properties
	The Effect of Arc-Based Direct Metal Energy Deposition on PBF Maraging Steel
	Fiber-Fed Laser-Heated Process for Printing Transparent Glass
	Reducing Mechanical Anisotropy in Extrusion-Based Printed Parts
	Exploring the Manufacturability and Resistivity of Conductive Filament Used in Material Extrusion Additive Manufacturing
	Active - Z Printing: A New Approach to Increasing 3D Printed Part Strength
	A Mobile 3D Printer for Cooperative 3D Printing
	A Floor Power Module for Cooperative 3D Printing
	Changing Print Resolution on BAAM via Selectable Nozzles
	Predicting Sharkskin Instability in Extrusion Additive Manufacturing of Reinforced Thermoplastics
	Design of a Desktop Wire-Feed Prototyping Machine
	Process Modeling and In-Situ Monitoring of Photopolymerization for Exposure Controlled Projection Lithography (ECPL)
	Effect of Constrained Surface Texturing on Separation Force in Projection Stereolithography
	Modeling of Low One-Photon Polymerization for 3D Printing of UV-Curable Silicones
	Effect of Process Parameters and Shot Peening on the Tensile Strength and Deflection of Polymer Parts Made Using Mask Image Projection Stereolithography (MIP-SLA)
	Additive Manufacturing Utilizing Stock Ultraviolet Curable Silicone
	Temperature and Humidity Variation Effect on Process Behavior in Electrohydrodynamic Jet Printing of a Class of Optical Adhesives
	Reactive Inkjet Printing Approach towards 3D Silcione Elastomeric Structures Fabrication
	Magnetohydrodynamic Drop-On-Demand Liquid Metal 3D Printing
	Selective Separation Shaping of Polymeric Parts
	Selective Separation Shaping (SSS) – Large-Scale Fabrication Potentials
	Mechanical Properties of 304L Metal Parts Made by Laser-Foil-Printing Process
	Investigation of Build Strategies for a Hybrid Manufacturing Process Progress on Ti-6Al-4V
	Direct Additive Subtractive Hybrid Manufacturing (DASH) – An Out of Envelope Method
	Metallic Components Repair Strategies Using the Hybrid Manufacturing Process
	Rapid Prototyping of EPS Pattern for Complicated Casting
	5-Axis Slicing Methods for Additive Manufacturing Process
	A Hybrid Method for Additive Manufacturing of Silicone Structures
	Analysis of Hybrid Manufacturing Systems Based on Additive Manufacturing Technology
	Fabrication and Characterization of Ti6Al4V by Selective Electron Beam and Laser Hybrid Melting
	Development of a Hybrid Manufacturing Process for Precision Metal Parts
	Defects Classification of Laser Metal Deposition Using Acoustic Emission Sensor
	An Online Surface Defects Detection System for AWAM Based on Deep Learning
	Development of Automatic Smoothing Station Based on Solvent Vapour Attack for Low Cost 3D Printers
	Casting - Forging - Milling Composite Additive Manufacturing Thechnology
	Design and Development of a Multi-Tool Additive Manufacturing System
	Challenges in Making Complex Metal Large-Scale Parts for Additive Manufacturing: A Case Study Based on the Additive Manufacturing Excavator
	Visual Sensing and Image Processing for Error Detection in Laser Metal Wire Deposition

	Applications
	Embedding of Liquids into Water Soluble Materials via Additive Manufacturing for Timed Release
	Prediction of the Elastic Response of TPMS Cellular Lattice Structures Using Finite Element Method
	Multiscale Analysis of Cellular Solids Fabricated by EBM
	An Investigation of Anisotropy of 3D Periodic Cellular Structure Designs
	Modeling of Crack Propagation in 2D Brittle Finite Lattice Structures Assisted by Additive Manufacturing
	Estimating Strength of Lattice Structure Using Material Extrusion Based on Deposition Modeling and Fracture Mechanics
	Controlling Thermal Expansion with Lattice Structures Using Laser Powder Bed Fusion
	Determination of a Shape and Size Independent Material Modulus for Honeycomb Structures in Additive Manufacturing
	Additively Manufactured Conformal Negative Stiffness Honeycombs
	A Framework for the Design of Biomimetic Cellular Materials for Additive Manufacturing
	A Post-Processing Procedure for Level Set Based Topology Optimization
	Multi-Material Structural Topology Optimization under Uncertainty via a Stochastic Reduced Order Model Approach
	Topology Optimization for 3D Material Distribution and Orientation in Additive Manufacturing
	Topological Optimization and Methodology for Fabricating Additively Manufactured Lightweight Metallic Mirrors
	Topology Optimization of an Additively Manufactured Beam
	Quantifying Accuracy of Metal Additive Processes through a Standardized Test Artifact
	Integrating Interactive Design and Simulation for Mass Customized 3D-Printed Objects – A Cup Holder Example
	High-Resolution Electrohydrodynamic Jet Printing of Molten Polycaprolactone
	3D Bioprinting of Scaffold Structure Using Micro-Extrusion Technology
	Fracture Mechanism Analysis of Schoen Gyroid Cellular Structures Manufactured by Selective Laser Melting
	An Investigation of Build Orientation on Shrinkage in Sintered Bioceramic Parts Fabricated by Vat Photopolymerization
	Hypervelocity Impact of Additively Manufactured A356/316L Interpenetrating Phase Composites
	Understanding and Engineering of Natural Surfaces with Additive Manufacturing
	Additive Fabrication of Polymer-Ceramic Composite for Bone Tissue Engineering
	Binder Jet Additive Manufacturing of Stainless Steel - Tricalcium Phosphate Biocomposite for Bone Scaffold and Implant Applications
	Selective Laser Melting of Novel Titanium-Tantalum Alloy as Orthopedic Biomaterial
	Development of Virtual Surgical Planning Models and a Patient Specific Surgical Resection Guide for Treatment of a Distal Radius Osteosarcoma Using Medical 3D Modelling and Additive Manufacturing Processes
	Design Optimisation of a Thermoplastic Splint
	Reverse Engineering a Transhumeral Prosthetic Design for Additive Manufacturing
	Big Area Additive Manufacturing Application in Wind Turbine Molds
	Design, Fabrication, and Qualification of a 3D Printed Metal Quadruped Body: Combination Hydraulic Manifold, Structure and Mechanical Interface
	Smart Parts Fabrication Using Powder Bed Fusion Additive Manufacturing Technologies
	Design for Protection: Systematic Approach to Prevent Product Piracy during Product Development Using AM
	The Use of Electropolishing Surface Treatment on IN718 Parts Fabricated by Laser Powder Bed Fusion Process
	Towards Defect Detection in Metal SLM Parts Using Modal Analysis “Fingerprinting”
	Electrochemical Enhancement of the Surface Morphology and the Fatigue Performance of Ti-6Al-4V Parts Manufactured by Laser Beam Melting
	Fabrication of Metallic Multi-Material Components Using Laser Metal Deposition
	A Modified Inherent Strain Method for Fast Prediction of Residual Deformation in Additive Manufacturing of Metal Parts 2539
	Effects of Scanning Strategy on Residual Stress Formation in Additively Manufactured Ti-6Al-4V Parts
	How Significant Is the Cost Impact of Part Consolidation within AM Adoption?
	Method for the Evaluation of Economic Efficiency of Additive and Conventional Manufacturing
	Integrating AM into Existing Companies - Selection of Existing Parts for Increase of Acceptance
	Ramp-Up-Management in Additive Manufacturing – Technology Integration in Existing Business Processes
	Rational Decision-Making for the Beneficial Application of Additive Manufacturing
	Approaching Rectangular Extrudate in 3D Printing for Building and Construction by Experimental Iteration of Nozzle Design
	Areal Surface Characterization of Laser Sintered Parts for Various Process Parameters
	Design and Process Considerations for Effective Additive Manufacturing of Heat Exchangers
	Design and Additive Manufacturing of a Composite Crossflow Heat Exchanger
	Fabrication and Quality Assessment of Thin Fins Built Using Metal Powder Bed Fusion Additive Manufacturing
	A Mobile Robot Gripper for Cooperative 3D Printing
	Technological Challenges for Automotive Series Production in Laser Beam Melting
	Qualification Challenges with Additive Manufacturing in Space Applications
	Material Selection on Laser Sintered Stab Resistance Body Armor
	Investigation of Optical Coherence Tomography Imaging in Nylon 12 Powder
	Powder Bed Fusion Metrology for Additive Manufacturing Design Guidance
	Geometrical Accuracy of Holes and Cylinders Manufactured with Fused Deposition Modeling
	New Filament Deposition Technique for High Strength, Ductile 3D Printed Parts
	Applied Solvent-Based Slurry Stereolithography Process to Fabricate High-Performance Ceramic Earrings with Exquisite Details
	Design and Preliminary Evaluation of a Deployable Mobile Makerspace for Informal Additive Manufacturing Education
	Comparative Costs of Additive Manufacturing vs. Machining: The Case Study of the Production of Forming Dies for Tube Bending


	Attendee List
	Author Index
	Print
	Search



