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ABSTRACT
Additive manufacturing (AM) technologies have been widely

used to fabricate 3D objects quickly and cost-effectively. How-
ever, building parts consisting of complex geometries with mul-
tiple curvatures can be a challenging process for the traditional
AM system whose capability is restricted to planar-layered print-
ing. Using 6-DOF industrial robots for AM overcomes this lim-
itation by allowing materials to deposit on non-planar surfaces
with desired tool orientation. In this paper, we present collision-
free trajectory planning for printing using non-planar deposi-
tion. Trajectory parameters subject to surface curvature are
properly controlled to avoid any collision with printing surface.
We have implemented our approach by using a 6-DOF robot arm.
The complex 3D structures with various curvatures were success-
fully fabricated, while avoiding any failures in joint movement,
holding comparable build time and completing with a satisfac-
tory surface finish.

1 Introduction
Several popular additive manufacturing (AM) methods are

based on computer controlled material deposition on a planar

surface [1–3]. The use of planar layers simplifies the hardware
needed to carry out 3D printing. Independent X and Y drives
are used to move the deposition head in the horizontal plane to
create a layer. The Z drive is used to move the deposition head
up and down to create new layers. Each axis can be moved inde-
pendently and error compensation methods can be developed for
each axis. Cartesian configuration used in traditional 3D printing
machines enables high stiffness. Even low cost 3D printing ma-
chines provide good accuracy and simplify the planning process.

Constructing a part using only planar horizontal layers lim-
its the capabilities of the additive manufacturing processes based
on material deposition. Performing material deposition using 6-
DOF articulated robot arms can significantly expand the capa-
bilities of the additive manufacturing processes by allowing ma-
terial deposition on complex non-planar layers. The following
three examples illustrate the benefits of using non-planar layers:

1. Additive manufacturing using composites: Many composite
parts have thin three-dimensional shell structures because of
weight constraints. Achieving the right fiber orientation is
critical to the proper functioning of these parts. Printing
them using the conventional planar-layer material deposi-
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tion process orients fibers in the plane of the layer. This
often leads to undesirable fiber orientation. Printing such
parts will require the ability to position the fibers along a
3 dimensional curve. The capability to deposit the material
along non-planar layers is needed to meet this requirement.
We envision that a sacrificial scaffold can be created and
composite layers can be deposited on top of the scaffold to
create parts with the desired fiber orientation and function-
ality.

2. Reducing Overall fabrication time in printing of large parts:
Many part geometries require the use of a certain build direc-
tion to minimize the staircase effect in a conventional planar
layer based process. This in turn may lead to the printing
of a large number of layers and can be a very time con-
suming process. Non-planar layers present more options for
minimizing the staircase effect. There are several different
types of geometries that can be printed much faster using
non-planar layers while minimizing staircase effects on the
curved surfaces. Time savings can be significant in the case
of large parts by (1) lowering the build time and (2) reduc-
ing the need for post processing by minimizing the staircase
effect.

3. Repair of complex parts: Repairing complex parts requires
depositing material on non-planar surfaces and then shap-
ing the deposited material. Robotic 3D printing may enable
near-net deposition. The same robot that is used for material
deposition can also be used for grinding and sanding. This
can significantly simplify the overall process. Being able
to deposit material on curved surfaces will enable a higher
level of automation in the repair of complex parts. The use
of robots in material deposition can also enable in-situ addi-
tive manufacturing on prefabricated structures.

The extruded filament from the nozzle is rotationally sym-
metric along its axis and hence only five degrees of freedom are
needed to position and orient the deposition head on a point on
a surface. However, to avoid collision of the deposition head
with the surrounding features of the surface requires additional
degrees of freedom. 6-DOF arms will enable us to perform de-
position on complex surfaces.

As discussed earlier, material deposition using a 6-DOF
robot arm can significantly expand the capabilities of addi-
tive manufacturing. However, this requires addressing several
challenges. Planning collision free trajectories along complex
curved surfaces for 6-DOF robots is a computationally challeng-
ing problem. Performing deposition along curved surfaces re-
quires adjustment of process parameters continuously to ensure
that defect-free parts can be produced. This requires construct-
ing a model that relates process parameters to deposition perfor-
mance.

The purpose of our research is to generate a feasible trajec-
tory for conformal printing by using non-planar material depo-

sition. Trajectory planning includes path and hatching pattern
generation, tool orientation calculation and trajectory parameter
control to ensure collision-free printing along a curved structure.
Feasibility of planned trajectory is validated by using robotic
simulation. We implemented the proposed trajectory planning
on the robotic AM system which was already built from the pre-
vious work done in our group [4]. The system consists of 6-DOF
robot arm manipulator, ABB IRB 120, and a custom designed
fused deposition modeling (FDM) extruder.

2 Related Work
Use of industrial robots for additive manufacturing has re-

cently gained interest in both academia and industry [5–8]. 6-
DOF robot arms make it possible to fabricate 3D parts at vari-
ous angles, which overcomes the limitations of conventional 3D
printing methods. Zhang et al. [5] presented a marketing survey
on potential use of robotic additive manufacturing and feasibil-
ity study of its applications. The paper addressed robotic direct
metal deposition as an ideal alternative to high precision CNC
machines because of its accuracy demand, flexibility and larger
reachability compared to these CNC machines. Brooks et al. [6]
presented the design, development and testing of a robot-assisted
printing system of biopolymer thin shells. The FDM system di-
rectly deposited pellets of biomaterial onto 3D curved surfaces
supported by a 6-DOF robot arm. Keating et al. [7] developed
a robotic system supporting multi-functional and multi-material
processes including additive, formative and subtractive fabrica-
tion. The main focus in this paper was developing a uniform
platform capable of performing the above three functional pro-
cesses. There was additional research on developing a low-cost
3D printer using a Stewart mechanism, which mainly consists
of six linear actuators, by Song et al. [9]. In their system, a
laser-camera is used to correct backlash errors so materials can
be accurately deposited on surfaces, while eliminating the risk
of collision. Trajectory planning for additive manufacturing sys-
tem has been studied to improve printing speed, save materials,
and reduce energy use of the system [10–12]. Sheng et al. [10]
presented a decomposition-based approach which models a sur-
face partitioning problem in the geometric domain. Ganganath
et. al [11] modified conventional traveling salesman problem and
adapted it to a trajectory planning for 3D printing to obtain time-
efficient trajectories.

When using a robot in 3D printing, more parameters are to
be considered for trajectory planning because the system is sub-
ject to task space constraints. If a robot encounters a collision or
joint limit along the planned trajectory, the trajectory is invalid
and the system should regenerate a feasible trajectory. Altering
material deposition directions, generating different hatching pat-
terns, decreasing joint angle velocities or repositioning the initial
configuration of the robot can all be possible solutions to find-
ing a viable trajectory. There have been extensive amounts of
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research on trajectory planning and optimization for use on in-
dustrial robots in various tasks such as welding [13, 14], paint-
ing [15, 16], cleaning [17] and finishing [18]. For robotic addi-
tive manufacturing processes, Ding et al. [19] introduced adap-
tive path planning for wire-feed AM by using medial axis trans-
formation. The proposed algorithm was implemented by robotic
wire and arc AM system and resulted in material savings, void-
free deposition, and improved accuracy at the boundary. This re-
search presented the enhanced additive manufacturing algorithm,
however, minimal work was done on robotic trajectory planning
which will be covered in our work. Another research project was
done on a robotic AM process along the direction of curved sur-
faces by Zhang et al [20]. In the author’s other work [21], robotic
AM process is simulated by using the software RobotStudio and
the fabrication process is performed. However, the printing re-
sulted in curled fiber in the build and showed differences com-
pared to the simulation. In our work, we selected appropriate
input parameters to achieve desired surface finish and were able
to successfully fabricate the 3D object with complex surfaces.

The main focus of the previous work done in our group [4]
was on the hardware system development, printing process plan-
ning, and mechanical testing and analysis of produced parts in
different loading configurations. In our paper, we emphasize the
trajectory planning for non-planar layered printing and its feasi-
bility; the trajectory is generated using a point projection method
as opposed to a slicing one, and process parameters are generated
from simulations and empirical experiments. After the feasibil-
ity of the trajectory is verified by robotic simulation, the printing
process is performed.

3 Trajectory Planning
3.1 Overview

Following are two general approaches to solve trajectory
planning problem of 6-DOF robot arm moving along a curve in
3D Cartesian coordinates.

1. Solving inverse kinematics(IK) and performing graph-
based search: In semi-constrained Cartesian trajecto-
ries in 3-D space, the set of sample points S =
{pi : i = 1,2, . . . ,n} along the trajectory can be selected. Let
Pi = (xi,yi,zi,Rxi ,Ryi ,Rzi) ∈ R6 be the corresponding posi-
tions and orientations of the end effector at each sample
point pi. We can solve inverse kinematic equations to find
a set of possible joint values of the robot arm at a given Pi,
Qi = (q1i ,q2i ,q3i ,q4i ,q5i ,q6i). For one given configuration
of the robot arm, there can be multiple joint solutions [22].
The next step is to design a structure of a graph model for
the viable joint solutions and perform a graph-based search
by connecting nodes in time. A node corresponds to a so-
lution, so if we can find a connection between the previous
node and the current node, [Qi−1 → Qi] we know that the

robot can shift the from previous joint solution to the cur-
rent solution without collision or singularity. So, the con-
tinuous connection between the nodes [Qi−1 → Qi] in the
proposed graph model implies an existence of a feasible tra-
jectory [Pi−1 → Pi]. When all possible connections of the
nodes are explored, we can choose the one with the shortest
trajectory or the one with minimal joint movement.

2. Solving inverse Jacobian and integrating over the domain:
Using the same notation as shown in approach 1, the set
of sample points along the trajectory can be selected. For
the given position and orientation of the end effector Pi, the
velocity can be denoted as Ṗi = (ẋi, ẏi, żi, Ṙxi , Ṙyi , Ṙzi) ∈ R6

where the first three values indicate velocity of the end ef-
fector and the last three values represent the angular velocity
of the end effector. The possible joint velocity of the robot
arm at a given Ṗi will be Q̇i = (q̇1i , q̇2i , q̇3i , q̇4i , q̇5i , q̇6i) To
avoid IK calculations, the problem is formulated in velocity
space Ṗi = J(q)Q̇i , where inverse Jacobian for each point
is calculated Q̇i = J−1(q)Ṗi. Then by integration, the joint
values at the next point Q2 can be obtained. By using the
sequential method, we can obtain joint values of all sample
points and generate the trajectory.

To generate the trajectory for our robotic system, we have used
an in-built IK solver from the RobotStudio program offered by
ABB. The program internally computes the best possible robot
configuration for a given point and create a trajectory from given
input parameters related to position and orientation. Hence, our
main focus is to find the appropriate set of input parameters gen-
erate a path in order to allow material to be accurately deposited
at a desired position, direction and velocity. We assigned input
parameters and simulated a robot’s movement in RobotStudio. If
there is any singularity along the trajectory, position that is out of
reachability, or trajectory that is not feasible for the control sys-
tem, RobotStudio automatically outputs errors. In this case, we
modified the input parameters and performed another simulation.

3.2 Path generation on non-planar layer
The main idea behind generating a path is to create the se-

quences of position and orientation of the tool center point (TCP)
to form hatching lines covering the entire surface. STL files of
non-planar surfaces include the set of unit normal vectors and
information on vertices of each triangle in 3D Cartesian coordi-
nates. By projecting this data on 2D Cartesian coordinate plane,
we can obtain the shape of the projected surface. Then we can
create a uniformly spaced zigzag path within the projected sur-
face where spacing matches the thickness of the filament to be
extruded. Finally, the zig-zag path is projected back to the print-
ing surface, which creates the path in 3D Cartesian coordinates.

Orientation of the FDM extruder corresponding to the po-
sition of the extruder is also calculated. The default setting for
extruder orientation can be normal to the surface but there is a
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risk that the extruder tip or heating block may hit the mold while
printing on a concave surface. To account for this, we multiply
an adjustment factor α to the default printing angle. This pre-
vents the extruder from collision and creates a smooth surface
finish as the change in joint angles is reduced. The value of α is
gained empirically; several values were tested and the one that
generated the best print quality, in terms of smoothness along the
curvature, was selected. This empirical value ranges from 0.25
to 0.75. The orientation about the Z-axis is equal to zero because
the extruder tip is symmetrical along the Z-axis.

The path generation process is mostly performed by MAT-
LAB software. Input data is of STL file format, containing the
shape information of the object to print, and the final output data
is generated in the form of RAPID data to be used in RobotStu-
dio.

Figure 1. (a) Hatching along X-axis, (b) Hatching along Y-axis

Figure 2. (a) Hatching along 45o slope, (b) Hatching along 135o slope

3.3 Selection of hatching direction
When printing layer by layer, users can choose a hatching

pattern among various options such as: zigzag, contour or spiral,
as well as the hatching direction. In most of cases, we designed
hatching direction to be a 90o difference over layers; for a zigzag
hatching, if the first layer is printed along the X-axis (0o slope),

the consecutive layer will be printed along the Y-axis (90o slope)
and the layer after that will be printed again along the X-axis as
shown in Figure 1. Another factor considered was path continu-
ity, whether hatching is continuous over a layer. For example, in
Figure 1, printing along the Y-axis is continuous over the surface
but not when printing along the X-axis, which leaves the red lines
in the figure to be printed separately. On the other hand, hatching
along 45o for one layer and 135o slope for next layer ensures path
continuity as shown in Figure 2. In such case, printing along 45o

& 135o slope was selected over printing along 0o & 90o slope.

3.4 Algorithm
To create a trajectory on a non-planar surface, we use a pro-

jection method instead of a slicing algorithm which transforms
3D objects to individual layers. From the STL file, information
about vertices, faces and unit normal vectors of triangles is ob-
tained and stored in arrays [v], [f] and [n] respectively. Based on
the maximum value of x and y coordinates in [v], grid points data
Pgrid is generated over the XY plane. The grid spacing is 0.5mm
for the presented work and this size is determined based on the
measured thickness of deposited materials, which is around 0.48-
0.52mm. It is treated as an input and can be changed depending
upon the complexity of curvature in the given part. From all nor-
mals [n], only normals with negative co-efficient of k̂ are stored
separately as [nbottom]. The vertices associated with [nbottom] are
projected on the XY plane, projecting 3D triangle to the XY
plane. Each projected triangle stores the grid points which lie
inside the triangle, Pin. These grid points are projected back on
the original 3D triangle by storing in Pin,pro jected . Since any plane
needs the minimum of three points to define the plane equation,
vertices of the triangle generate the equation of the plane and the
corresponding z-coordinate value for all grid points inside the tri-
angle is obtained. The process is repeated for all triangles and the
uniform grid points data is obtained along a conformal surface.

In Pin,pro jected , information on unit normals associated with
STL triangles is stored. This information is useful in calcu-
lating rotation angles for the TCP as Rx = −tan−1(ny/nz) &
Ry = tan−1(nx/nz). After getting projected points, hatching di-
rection is decided by user inputs. Based on the hatching direc-
tion, projected points are grouped into parallel hatching lines and
every alternate array of a line is flipped to get the zig-zag pattern
for printing. This process is repeated for each layer. Algorithm 1
presents hatching along 0o slope for the first layer and 90o slope
for the consecutive layer.

4 Trajectory parameters
Print speed, extent of spline motion (zone data in Robot-

Studio) and acceleration/deceleration inputs are three main pro-
cess parameters which need to be adjusted before printing. Print
speed, consisting of proportionate TCP speed, joint angle veloc-
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Algorithm 1 Path Generation from STL File
START
Input STL file, hatching space and gap between layers
PathType← hatching direction
v← vertices from STL file // v : [x,y,z]
f ← faces from STL file // f : [vi,v j,vk]
n← unit normal value from STL file // n : [nx,ny,nz]
xmax← max(x), ymax← max(y)
Create grid points Pgrid = [0:xmax,0:ymax] //on XY plane
for all i = 1:N do
{
if nz[i] < 0 then

Store {vbottom, fbottom,nbottom} ← {v(i), f (i),n(i)}
// identify bottom surface

end if
}

end for
for all i = 1:size( fbottom) do
{
Identify vbottom which belongs to fbottom[i] //to get vertices
of each triangle
vz bottom ← 0 //Project vbottom on XY plane
Find all Pin ∈ Pgrid inside triangle
for all j = 1:size(Pin) do
{
Project Pin[ j] on fbottom[i]
Rx[ j]← tan−1(ny bottom[i]/nz bottom[i])
Ry[ j]← tan−1(nx bottom[i]/nz bottom[i])
Store {Pin,pro jected [ j],Rx[ j],Ry[ j]}
}

end for
end for
Case 0 degree PathType
//hatching along x direction
for all i = 1:size(Pin,pro jected) do

group sorted Pin,pro jected[i] along line parallel to x-axis
if i = EVEN then

flip Pin pro jected[i] //to create zig-zag pattern
end if

end for
Case 90 degree PathType
//hatching along y direction
for all i = 1:size(Pin,pro jected) do

group sorted Pin,pro jected[i] along line parallel to y-axis
if i = EVEN then

flip Pin,pro jected[i] //to create zig-zag pattern
end if

end for
END

ity, and extrusion rate indicates how fast a nozzle moves and how
fast material is deposited while printing. The print speed and
the material deposition rate have significant impacts on printing
quality and the strength of a 3D printed object. In traditional ad-
ditive manufacturing, the slower speed usually results in better
quality. Also, print speed can be consistent over a planar sur-
face, keeping the quality level the same. However, in non-planar
printing where material is deposited at various angles, uniform
speed does not guarantee the same print quality due to the curva-
tures and complexity of surface. If surfaces have high curvatures
and require substantial orientation changes, trajectory parameters
should be controlled in order to minimize vibration, to ensure re-
liability of printing, and to reduce risk of conflicts between a
nozzle tip and mold. In order to have variable velocity during
motion, accurate velocity control is required as explained in the
section 4.1.

Another trajectory parameter to consider is the blending of
point to point motion into a spline (zone data), which affects
smoothness of a trajectory by creating a few trajectory points
as fly-by points when the TCP is traveling along multiple points.
This is one of the important criteria in minimizing robot vibra-
tions while printing. Proper value is assigned by an empirical
method; several zone data values were tested and the one result-
ing in the smoothest surface was selected.

The third important criteria in robot movement when travel-
ing form one point to another is acceleration and deceleration. In
our work, these values are usually kept below 50% of the maxi-
mum to minimize jerks in the system.

4.1 Velocity control
In planar 3D printing, there is no change in rotation angles

(Rx, Ry & Rz) of tool since the extruder does not orient about its
tool center point. Hence, hatching can be generated with almost
constant extruder velocity and extrusion flow rate without affect-
ing the print quality. On the other hand, non-planar 3D printing
has active TCP orientation which demands variation in both ex-
truder speed and extrusion flow rate.

When a robot travels along sharp curves, there is a signif-
icant change in rotation angles for adjacent points. During this
motion, the robot joints should cover large angles while the TCP
covers comparatively smaller distance. Figure 3 shows TCP ori-
entation along different surfaces. If the robot joint speeds are
constant throughout the motion, the time taken to change joint
angles is high which results in more material extrusion along a
shorter path. It creates an accumulation of material and distorts
subsequent layers over it. This can be prevented by accurately
controlling the extrusion flow rate and changing the robot veloc-
ity by detecting curvature along every print.

Experiments are performed in order to obtain the maximum
extrusion flow rate without creating overflow of material inside
the nozzle. Robot velocity is finely tuned relative to extrusion
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Figure 3. Changes in TCP orientation along a planar, convex and con-
cave surface

Figure 4. Printing along a curved surface (a) without velocity control, (b)
with velocity control

rate to make hatching smooth and uniform. When the robot is
moving along a curve, excess material deposition can be reduced
either by reducing the material flow or by increasing the robot
joint angle speed. Both methods can be applied either indepen-
dently or together for better material deposition control. While
increasing the robot joint speed, there is a possibility that any
joint angle may reach speed limit that would stop the entire print-
ing process. Such a scenario can be handled by keeping joint
angle speed under the upper limit, reducing the TCP speed and
further lowering the extrusion flow rate.

Globally determining the curvature of a printing surface is
not always possible. Hence, the nature of the surface is analyzed
in a more discretized manner, that is, between two consecutive
projected grid points. Since the grid spacing is an input variable,
even small curvatures can be identified by resizing the grid mesh.
For every projected point and its associated normal, another tem-
porary point is generated along the normal at specific distance
from the original point. This distance tends to vary from 1 to
4mm and it can be empirically decided based on experimenta-

tion. The gap between consecutive temporary projected points
is then compared with original projected points. If the gap be-
tween temporary points is more than that of the actual gap then
curvature is convex, and vice versa. In any of the cases, robot
joint angles vary due to curvature. Hence material extrusion rate
is reduced by same amount as that of the gap between tempo-
rary projected points and actual projected points. For general
estimation of flow rate, linear interpolation can be applied be-
tween extreme values (upper and lower limit) of gap and motor
micro-stepping delay (maximum and minimum delay possible
under specific micro-stepping). This results in precise control
over the extrusion rate while constantly changing the slope along
the curve. Since extrusion rate by default is kept at maximum, ve-
locity control will only reduce the flow rate along areas of sharp
curvature. Extrusion rate can be easily integrated with robot sys-
tem by generating either analog or digital output signal from the
robot controller and sending it to a microcontroller between ev-
ery motion command to change the stepper motor speed.

A similar approach can be used to control the robot joint
angles speed by interpolating it against higher and lower gap val-
ues. Unlike flow control, joints speed control can be directly
added in motion command by assigning respective joints angle
speed to each motion. As joint speed increases along the curve
from its initial value, there is a possibility that the joints angular
speed reaches its limit. This can be eliminated by identifying the
joint angle speed limit in RobotStudio simulation and keeping
the highest value of joint angle velocity along the path just below
this limit. The highest velocity value is mapped by calculating
scale down factor and all remaining velocities are decreased to
match the scale. This scale is used to reduce extrusion rate fur-
ther in order to maintain the uniform layer.

Figure 4 shows the comparison between non-planar printing
with and without velocity control for the curved structure. Ab-
sence of velocity control deposits extra material on the fillet as
shown in Figure 4 (a). On the other hand, Figure 4 (b) shows
smoother hatching at fillet with velocity control.

5 Robot Calibration
During the printing process, the gap between the hot nozzle

tip of the FDM extruder and the previous layer (or workpiece
in the case of the first layer) should be accurate and uniform
across the complete conformal surface. Even the slightest vari-
ation in gap adversely affects the smoothness of layers, which
further affects consecutive layers. In extreme conditions, sig-
nificant amount of variation in gap increases the risk that end
extruder will hit the base and result in a print failure. Figure 5
shows the damaged base and broken build due to improper cali-
bration. This failure incident damages both the end extruder and
the base for printing. Additionally, it increases the chance of mo-
tor failure in the robotic manipulator due to excess load. To avoid
this, the precise calibration of the nozzle tip with respect to the
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printing base is required.

Figure 5. (a) Damaged base, (b) printed model of scaled down version
of car bonnet

While calibrating, the following two important factors
should be taken into consideration;

1. Proper offset value of nozzle tip from surface: The offset
between the end of the nozzle tip and the printing surface
should match the desired layer thickness to print. If the gap
is smaller than the proper value, thickening of hatching lines
takes place as extra material between gaps is squeezed out
from side. This extra material creates a hindrance to consec-
utive hatching lines and distorts their path [Figure 6 (a)]. On
the other hand, if the gap is greater than the desired value,
the layer starts to curl up and will fail the print [Figure 6 (b)].

Figure 6. (a) Squeezed out excess material, (b) Curling of hatch pattern

2. Uniform TCP orientation over the entire space: If the
robot’s tool data is poorly calibrated, TCP shifts its posi-
tion (x,y,z) up to a certain extent when rotated about axes.
This creates an uneven thickness in layers. Even though the
change in position co-ordinates is very small, the difference
is noticeable because the layer thickness is as small as 0.4
mm.

Due to varying constraints involved in initial setup such as
small deviation in 3D printed mold base from its actual CAD

model or extruder tip wear, calibration is performed every time a
new base is mounted. The steps of the calibration process are as
follows:

1. Calculation of accurate tool data & load data: To get highly
accurate data of the TCP for uniform TCP orientation, tool
data is calculated with at least seven data points in the pro-
cedure. Figure 7 shows the Tool Center Point calibration
before printing.

2. Mounting a base to the proper position on table: Before a
base, where the non layer printing will be held, is actually
mounted on a flat table, a RobotStudio simulation is per-
formed. This is done by placing the base at an appropri-
ate place to confirm that the robot has neither a singularity
nor a collision over the entire region as shown in Figure 8.
The appropriate place should be within the workspace of the
robot and should not be too close or too far from the robot
since it can increase the chance of reaching joint limits of
the robot. The initial position is validated by RobotStudio.
If the program has generated errors, then the initial position
is re-selected and the selection is done by the user. When
confirmed, the base is firmly attached to the table to make
sure that it does not get disturbed while printing.

Figure 7. Tool Center Point calibration

3. Calibration of Z-axis offset value: At least 3 points along
the boundary and 3 points over the surface are selected and
TCP is moved to each point with its required rotation about
axes. Correct offset is recorded considering the thickness of
the desired layer.

4. Pilot run along boundary of printing surface: After Z-axis
offset, a calibration test is performed along the boundary to
ensure that the offset is uniform over the surface and the
calibration is reliable.

The complete calibration procedure is followed for every new
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Figure 8. RobotStudio Simulation for singularity and collision check

base mounted in order to avoid damage to any of the hardware
used in printing.

6 Printing process
Figure 9 represents the flowchart of printing process we have

done with our robotic 3D printing system.

Figure 9. Flowchart of printing process

7 Results
7.1 Path generation on non-planar layer

Using the algorithm discussed in section 3.4, building paths
were successfully generated on surfaces with complex geome-
tries. Figure 10 shows the path after the algorithm was imple-
mented in MATLAB. This is a zigzag path that was generated on
the non-planar layer by using the projection method. The pro-
posed projection based algorithm is an efficient way to create
various hatching patterns along curved surfaces without slicing
a 3D object. Users are able to select a number of parameters
including hatching pattern/direction, grid size, and surfaces to
print.

Figure 10. Path generation in MATLAB

7.2 Part Fabrication

Figure 11. Specimens of different sizes and shapes

Specimens of five different sizes and shapes were fabri-
cated after implementing the trajectory planning algorithm on the
robotic additive manufacturing system described in this paper.
Figure 11 displays the representative samples of different shapes
(Specimen A to Specimen E). The specimens were successfully

8 Copyright c© 2018 by ASME



Figure 12. Non-planar 3D Printing of (a) specimen A, (b) specimen C,
(c) specimen E

fabricated while using conformal printing along non-planar sur-
faces. The generated surfaces hold satisfactory texture without
gap or excessive filament. Variety in curvature surface and size
of the specimens shows the capability and reliability of the pro-
posed algorithm and printing process. Figure 12 shows the print-
ing process of Specimen A, C and E respectively. The material
used was PLA filament and the thickness of the deposited fil-
ament was 0.5mm. Figure 13 shows the original CAD model
design and the corresponding printing results of each specimen.
The names, description and nominal sizes of the specimens are
shown below:

1. Specimen A : Curved beam (65 x 14 x 4mm)
2. Specimen B : Mini armor chest protector (96 x 70 x 3mm)
3. Specimen C : Wind turbine blade (178 x 127 x 3mm)
4. Specimen D : Mini Car Bonnet 1 (152 x 130 x 2.5mm)
5. Specimen E : Mini Car Bonnet 2 (230 x 178 x 2mm)

Specimen A was fabricated by using a conformal deposition
pattern along the length of the beam (0o). Specimens B,C,D,E
were produced by using two conformal deposition patterns (0o &
90o), which means the specimens were alternately printed along
the length and width. The hatching spacing used for printing is
0.5mm which matches the diameter of the deposited filament.

Comparing the printing result of each specimen, Table 1
shows the thickness, number of layers, weight, measured build
time (when using the robotic 3D printing system in this pa-
per), and estimated build time (when using the commercial layer-
based FDM 3D printer, Ultimaker 3 Extended). The build time
was measured from when the robotic non-planar 3D printing sys-
tem started working until the work was done. This time does not

include time to print support materials. To achieve desired sur-
face finish, several speed values were tested and the one result-
ing in the best surface smoothness was selected. The build time
using the commercial 3D printer was estimated by using Cura
software given from a manufacturer. For estimated build time,
standard print speed was set to 70mm/s and layer thickness was
set to 0.5mm. For fair comparison, the time for printing support
materials was also excluded.

Our robotic 3D printing system with non-planar layering
showed competitive build time compared to that of the commer-
cial 3D printer with planar-layered method. The build time is
governed by the shapes, sizes and number of layers of the part.
It is also affected by printing speed to achieve desired printing
quality.

7.3 Surface Roughness
Along with build time, surface quality of all five specimen

were evaluated using surface roughness measuring instrument
Mitutoyo SJ-410. For each specimen, five points were selected
randomly and roughness values were measured along the hatch-
ing direction. Figure 15 shows location 1 to 5 for each specimen
where testing was done. The average roughness value for each
specimen was calculated from all locations as shown in Table
2. All average values were around 2 µm or less, which shows
the satisfactory performance of non-planar 3D printing process
in terms of surface quality.

To evaluate differences in surface finish between non-planar
layered prints and planar layered prints, the specimen Aplanar and
Cplanar were additionally fabricated by using the commercial 3D
printer, Ultimaker 3 EXT. Specimen Aplanar was printed from the
same STL file as that of specimen A. Both are the same geom-
etry and size, however notable differences in surface finish were
observed. As shown in Figure 14 (a), specimen Aplanar failed
to achieve conformal printing on curved structures by planar de-
position. Due to the staircase like shape terminations along the
curvature, their surface roughness was not measured. In con-
trast, specimen A showed a relatively smooth surface without the
discrete layer terminations. Similar result were observed in spec-
imen Cplanar, as shown in Figure14 (b), which has the same wind
turbine blade geometry as specimen C. Figure 14 (c) illustrates
the differences in surface texture between the non-conformal and
conformal specimens. The printing patterns in specimen Cplanar
were neither uniform nor evenly spaced over the surface whereas
the pattern in specimen C was evenly spaced with a zigzag pat-
tern. Also, non-conformal specimen show various distinct termi-
nations and fail to achieve satisfactory surface smoothness.

8 Conclusions
This paper presents trajectory planning for conformal addi-

tive manufacturing by using non-planar layers. We applied the
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Figure 13. CAD models designed in SolidWorks and actual models printed by the robotic 3D printing system: Specimen A, B, C, D, E from left to right

Specimen Thickness(mm) Number of layers Weight(g) Measured build time(min), Non-planar Estimated build time(min), Planar

A 4 8 4.2 14 15

B 3 6 15.4 48 58

C 3 6 57.0 222 217

D 2.5 5 38.3 175 211

E 2 4 49.2 208 226

Table 1. Build Time Comparison between Planar and Non-planar printing

Figure 14. (a)Surface Finish Comparison between Specimen Aplanar(left) and Specimen A(right), (b) Specimen Cplanar printed by the traditional 3D
printer using planar layered method, (c) Enlarged pictures of Specimen Cplanar(left) and Specimen C(right)

proposed trajectory algorithm and performed the printing pro-
cess to the additive manufacturing system with a 6-DOF robot
arm. The system was able to successfully fabricate complex parts
with multiple curvatures. Results indicated that:

1. A 6-DOF robot arm enables conformal printing on non-
planar surfaces. Trajectory planning of printing process
should generate appropriate hatching and TCP orientations

to ensure a planned trajectory is viable without encountering
collisions or joint-limits.

2. Projection based path generation is an effective way of gen-
erating various hatching patterns on non-planar surfaces as
projecting points along a curvature gives the freedom to gen-
erate a path along any direction.

3. Velocity control enables appropriate amount of material to
be deposited along sharp curvatures, ensuring that surface
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Surface Roughness, Ra (µm)

Location Specimen A Specimen B Specimen C Specimen D Specimen E

1 1.33 0.86 3.49 0.72 2.08

2 1.82 1.97 2.46 1.27 2.13

3 1.47 1.80 1.61 1.10 1.42

4 1.63 1.61 2.40 1.18 0.95

5 0.71 1.61 1.42 1.19 2.41

Mean 1.390 1.574 2.274 1.088 1.798

Table 2. Surface Roughness Values for Specimen A-E at Given Loca-
tions

Figure 15. Surface Roughness Measurement Locations 1-5 for Each
Specimen A-E

quality is uniform throughout the layer.
4. Specimen built with conformal printing showed comparable

build time and a satisfactory surface finish over curvatures,
whereas specimen printed with traditional planar layering
showed discrete termination on curved surfaces.

In the future, we plan to incorporate automatic selection of hatch-
ing pattern and direction based on structural analysis, which will
ensure an improved mechanical strength of part. We also plan
to perform the conformal 3D printing with two FDM extruders
so that support structures can be generated over curvatures and
more complex geometries can be fabricated.
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