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Layer-by-layer generation of optimized joint trajectory for multi-axis robotized
additive manufacturing of parts of revolution
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AUniversité de Toulon, COSMER, Toulon, France
bPoly-Shape, 235 Rue des Canesteu, ZI la Gandonne, Salon de Provence, France

Abstract

This work focuses on additive manufacturing by Directed Energy Deposition (DED) using a 6-axis robot. The
objective is to generate an optimized trajectory in the joint space, taking into account axis redundancy for parts of
revolution produced with a coaxial deposition system. To achieve this goal, a new layer-by-layer method coupled
with a trajectory constrained optimization is presented. The optimization results are theoretically compared to a non-
optimized trajectory and a point-by-point optimized trajectory. The layer-by-layer generation of optimized trajectories
is validated experimentally on a 6-axis robot using a PLA extrusion system. Experimental results show that the layer-
by-layer trajectory optimization strategy applied to parts of revolution provides better geometrical accuracy while
improving the efficiency of the manufacturing device compared to non-optimized solutions.

Keywords: Additive manufacturing, Multi-axis direct deposition, Redundancy-based trajectory optimization,
Layer-by-layer motion planning
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Nomenclature In this document, spatial 3D-vectors are denoted as X,

. . whereas the other vectors as X and the matrices as X.
Ajyer  Distance between two consecutive layers used - =

to define the path (mm)

1. Introduction

c Maximum chord error (mm)
_b) Local build direction vector Additive manufacturing is a promising technology
for the industry because of its flexibility and speed of
qj Position of the j" axis (°) implementation for the manufacture of single parts or
q Joint coordinate vector = [q1, 4z, 45, g4, 4s» 6] even small series that can be used directly [1, 2]. How-
= PR A ever, the size of these parts is sometimes not compatible
qj,,  Minimal position of the j* axis (°) with the industrial requirements [3, 4]. For this rea-
son, Directed Energy Deposition (DED) technologies
4j,.. Maximal position of the j" axis (°) have been developed to produce near net shape blanks

with larger dimensions. Even if these blanks are not
directly usable in a mechanical system, less machin-
ing is required to produce the final part, which then re-
duces the cost compared to a traditional manufacturing

s -th s oo Dimax Y iin o
Qjnean  Average position of the j™ axis: == (°)

Ay, Stroke of the j" axis: q;,.. — qj,. (°)

) (q) Scalar objective function sequence [3, 5].

- Nevertheless, geometries with cantilevered areas re-
‘I’(q) < 0 Inequality constraint main difficult to produce with additive manufacturing
- technologies. To perform the manufacturing of this kind
J (q) Jacobian matrix of the robot of geometries, a support material is generally required

[6]. This support material, in addition to being time con-
suming and useless material for the final part, can be
*Corresponding author difficult to remove. To achieve additive manufacturing
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without support for cantilevered parts, multi-axis manu-
facturing strategies have been developed [7, 8, 9]. These
strategies allow manufacturing by tilting the deposition
system [10], the part [11] or both [12, 13] to always
have material under the deposition point and thus avoid
the collapse of the material. The manufacturing device
used for multi-axis additive manufacturing is then com-
posed of a deposition system coupled with a 5-axis CNC
[14, 15] or a 6-axis robot [3, 16] with or without addi-
tional axes such as a positioner or a linear axis.

In the case of a coaxial deposition system, a multi-
axis trajectory requires a minimum of five machine axes
to be executed. When using a 6-axis robot, whether
or not coupled with a 2-axis positioner or a linear axis,
there is at least one axis redundancy. This redundancy
can be used to improve the robot movement, in order
to move away from the joint limits [17, 18, 19], in-
crease the manipulability [20, 21, 22], avoid singular-
ities [17, 23], minimize joint displacements [22, 24],
avoid obstacles [18, 20], or improve the robot stiff-
ness [25].

For multi-axis additive manufacturing, the working
area can be relatively small, due in particular to a gas
shielding system [14]. This small workspace does not
necessarily allow the robot to work in a good joint
configuration. The configuration of the manufacturing
device is then constrained and can lead to difficulties
throughout the manufacturing process, such as exceed-
ing the limits of the joint axes, crossing singularity
zones or exceeding maximal joint speed.

This article presents a new layer-by-layer generation
of trajectories using a constrained optimization strategy.
This method is applied to the manufacturing of thin-
walled overhanging parts of revolution on an additive
manufacturing device with limited working space. The
optimization uses different techniques developed for in-
dustrial robotics while taking into account the material
deposition process. First, a state of the art of multi-axis
trajectory generation and exploitation of axis redundan-
cies to improve robot motion is presented in Section 2.
Then, the experimental device and the setup are pre-
sented in Section 3. Section 4 describes the layer-by-
layer optimization process under constraints. Section 5
is devoted to the simulation of the optimization process
applied to the manufacturing of a hollow half-sphere
and compared to a point-by-point optimization. Finally,
an experimental validation through three case studies is
carried out in Section 6 to validate the optimization con-
cept.

2. State of the art

2.1. Path planning and build-direction calculation

To perform multi-axis additive manufacturing on
thin-walled parts of revolution, a manufacturing trajec-
tory must be defined. This trajectory is composed of a
path and a build-direction. The path is defined as the
curve followed by the deposition tool and the build-
direction can be global for a layer [7, 26] or local for
each point of the path [27, 28, 29].

The example used to define the path and the build-
directions is a hollow half-sphere with a radius of
45 mm, as shown in Figure 1. This geometry was cho-
sen because of an increasing overhang and a top clo-
sure which illustrate the different issues encountered in
multi-axis additive manufacturing [6, 12, 30]. To gener-
ate the geometry, a 2-D generating curve is rotated about
an axis, as explained in Figure 1.

Iso-height Z-level path planning. A first method used
to generate the path is based on a classical Z-level de-
composition with intersection planes spaced apart from
Ajayer- The intersections between the planes and the part
give the several layers [13]. The number of points per
layer is calculated according to a given chord error c.

If the distance between the planes is set to Ay, the
actual distance between the layers is different and in-
creases with the overhang. This increase creates a sur-
face condition called the staircase effect [31, 32, 33] and
can lead to deposition issues. The deposition system can
accept a variation in the distance between two consec-
utive layers ; plus or minus 20 % if welding technolo-
gies are used with fixed deposition conditions [34, 35].
However, such variations can have an impact on the me-
chanical characteristics [26, 36]. Too great a distance

[ JSurface of revolution
Generating curve
----- Axis of revolution

X (mm)

Figure 1: Sphere obtained from the rotation of a generating curve
about an axis



between layers can also lead to a deposit defect, such
as a workpiece collapse [28] or weld failure [34, 37] if
welding technology is used.

Variable height Z-level path planning. Another method
to decompose a geometry is to use a Z-level decomposi-
tion with a variable distance between the planes [31, 38,
39]. This method decreases the staircase effect and the
deposition issues in the cantilevered areas. The variable
distance is set by assuming, for a sufficiently low value
of Aayer, that the distance between two layers is equiv-
alent to the curvilinear abscissa calculated on the gen-
erating curve between these two layers. The distance
between two planes is calculated so that the curvilinear
abscissa between two successive layers is equal to A ye,.
The staircase effect is so reduced or even non-existent
and the risk of deposit failure may be reduced [31].

Build-direction. To perform multi-axis additive manu-
facturing, the definition of the build-direction is essen-
tial [12]. For best manufacturing performances, a local
build-direction - a vector defined at each point of the
path - is preferred [27, 29]. This local build-direction

vector? is defined as normal to the path and tangent to
the surface [28].

Since the definition of the surface is based on a 2-D
generating curve rotating about an axis, the first build-
direction of a layer can be calculated tangent to this line
in the plane containing it [40], in order to be tangent
to the surface and normal to the path. The other build-
directions are calculated by rotating the first one about
the rotation axis (Figure 2).

—DPath

—> }

50 -90

X (mm)

Figure 2: Path planning and local build-directions

2.2. Robot motion improvement through axis redun-
dancy

Optimization strategies that take advantage of the
redundancy of robot axes for additive manufacturing
work have been little developed to date. Dai et al. [41]
proposed jerk minimization in the joint space as well as
collision detection based on machine learning, but the
manufactured parts were limited to 2D-extruded parts.
Dharmawan et al. [22] proposed trajectory optimization
guided by an objective function based on dexterity.
Sequential Informed Optimization (SIO) was used with
initial guesses based on the last state. However, the
robot startup configuration must be resolved offline.
The results were limited to the simulation of additive
manufacturing of non-overhanging thin-walled parts.
Both papers were based on a global approach with
optimization for each point of the trajectory.

The present work aims in particular to express the
objective function and associated constraints in relation
with the multiple requirements of additive manufactur-
ing. The following state of the art presents the usual op-
timization criteria used in industrial robotics, with the
objective of selecting the most suitable combination for
the optimization of joint movements in the context of
multi-axis additive manufacturing.

Getting away from joint limits. In an additive manufac-
turing device, joint strokes can be an issue. For exam-
ple if a joint reaches its limit during deposition, this can
lead to a manufacturing failure. To describe the dis-
tance between the current joint position and the joint
limits, many mathematical functions were proposed. A
first scalar function, Equation 1, which can be easily im-
plemented was proposed by Liegeois [42]. This method
was then improved by Fournier [43], in order to propose
a better discrimination between joints in areas close to
joint boundaries (Equation 2). Another function was
proposed by Klein [44] (Equation 3), in order to bet-
ter determine the articulations close to their limits, but
more difficult than the quadratic forms to implement in
a numerical optimization algorithm.

=6 qi—q; 2
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Increasing manipulability and singularity avoidance.
Increasing the manipulability of a robot provides a bet-
ter quality of movement by allowing the robot to move
in any spatial direction without being in a singular
state [45]. When depositing a layer, a singular state can
lead to parasitic movements or stopping of the robot and
is therefore undesirable. Increasing the manipulability
also allows for better speed tracking, thus ensuring a
more continuous robot speed and therefore a constant
bead geometry [46] and leading to more homogeneous
mechanical properties of the manufactured part [26, 36].
Manipulability can be expressed by a scalar value and
a first method consists in measuring the volume of the
velocity ellipsoid [45, 47, 48] by using Equation 4.

wla)= a3l <o @] @

According to Equation 4, when w (q) is zero, the robot is

in a singular position, whereas when w(q) is maximal,
the robot is in the best areas of manipulability. Since
it is easier to minimize a scalar function in numerical
optimization, the Equation 4 cannot be used to increase
manipulability. The function given in Equation 5 is gen-
erally preferred in the implementation of the optimiza-
tion process to avoid the use of large numerical values.
The best areas of manipulability are thus for @ (q) min-

imum and singularity areas for @ (g) infinite.

®)

®(a) - 1
! \/det[g(g)xg(g)]

The manipulability of a robot can also be estimated as
proposed by Souissi et al. [49] by quantifying the con-
dition number of the Jacobian matrix using Equation 6.
Thus, for a given Cartesian trajectory, the smaller ® (q
is, the less joint motion is required to reach the final po-
sition. As for the previous method, when the system
is close to a singular state, @ (q) tends towards infinity.
Since a singularity state corresponds to an infinite value
of CD(q), optimizing manipulability also means avoid-
ing singularities.

()= 7o
O min = +/min A

- (6)
O max = ~/max A

A : eigen values ofl(g) xJ" (g)

Minimizing joint movements. Minimizing the robot’s
joint movements can reduce joint speeds, and, in-
directly, joint jerk, thus reducing vibrations and
increasing the robot’s accuracy [22], which can be
beneficial for multiple bead stacking, especially for
narrow width beads. This can be done by quantifying
joint displacements during manufacturing. To quantify
the joint displacements, the total movement of each
axis is calculated and a weighting «; is applied to
each axis. These weights, positive or equal to zero,
are used to control the mobility of the different axes
during manufacturing. The higher the value of «;, the
less the j”* axis will move during manufacturing. The
mathematical function used to optimize joint motion is
described in Equation 7.
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N : number of trajectory points

a; > 0 : weighting of the j™ axis

With respect to the state of the art described above,
the three main contributions of this paper are as follows:

e The concept of layer-by-layer trajectory optimiza-
tion,

o The specific combination of the objective function
and associated constraints to take advantage of axis
redundancy,

e The application of trajectory optimization to the
actual manufacturing of parts of revolution with
overhangs, leading to a better quality compared
with standard manufacturing trajectory.

3. Device and setup

The manufacturing device is composed of a 6-axis
Fanuc ARC Mate 120iC robot coupled to a vertical PLA
deposition system designed to minimize the collisions
with the part or the robot during manufacturing (Fig-
ure 3). Table 1 gives some characteristics of the robot
axes.

The manufacturing configuration is a mobile building
platform on which the part is manufactured and a fixed
extrusion system. This allows to produce cantilevered
geometries with the influence of gravity to be fixed dur-
ing the manufacturing process.



Speed control. 1f the robot motion speed is managed
in a conventional way (i.e. the speed is calculated in
relation to a point fixed on the robot’s terminal axis),
the speed at the deposition point - which is the spatial
point where the material emerges from the deposition
tool - depends on the linear and rotational speeds at the
point controlled by the robot and the distance between
the deposition point and the controlled point. To avoid
this issue, the travel speed is managed with the Fanuc
RTCP (Remote Tool Center Point) function. This func-
tion controls the path and speed of the robot relative to
a fixed point in Cartesian space.

Deposition system. The deposition system uses a PLA
wire with a nozzle diameter of 1 mm. In addition to
reducing the thermal effects on the part, the use of poly-
mers is easier to deposit and allows fewer problems in
case of collision between the part and the nozzle: the
deposition nozzle being at high temperature, in case of
collision, it will pass through the part instead of being
damaged. The robot’s moving speed used for PLA de-
position, 6 mmy/s, is close to the maximum encountered
for DED using wire [3, 50]. This allows the robot to op-

Axis | Stroke (°) | Max speed (° -s7T)
1 + 185 195
2 + 160 175
3 +273 180
4 + 200 360
5 + 135 360
6 + o0 550

6-axis Robot

Figure 3: Additive manufacturing device located at the University of
Toulon

erate under similar dynamic conditions. However, some
metal deposition issues are avoided, such as: manage-
ment of the deposition temperature [51], distortion of
parts during manufacturing [52] and management of de-
position starts and stops [53, 54].

4. Methods

In this section, the methods developed to manufac-
ture a thin-walled part of revolution are presented. The
flowchart in Figure 4 summarizes the entire process
chain, divided into six main steps from the geometric
model to manufacturing. The third step concerning the
layer-by-layer optimization process will be detailed in
the following subsections.

Step 1: Creating a thin-walled model from a
generating curve and an axis of revolution

l Thin-walled digital geometric model

Step 2: Generation of the path and build-
direction with a variable height Z-level method

l Manufacturing trajectory in the part space

Step 3: Layer-by-layer optimization of the
manufacturing trajectory

l Optimized trajectory in robot space

Step 4: Conversion of the cartesian trajectory
into joint coordinates

l Manufacturing joint coordinates

Step 5: Translation into the robot language

l Manufacturing program

Step 6: Additive manufacturing of the part

Figure 4: General flowchart of the proposed approach

4.1. Optimization variable

In the case of Directed Energy Deposition (DED)
technologies with a material feeding that is collinear
with the energy supply, rotation about the deposition
tool axis has no effect on the deposition process [55,
56, 57].



To perform multi-axis additive manufacturing, the
angle between the local build-direction vector and
the deposition tool axis must be fixed. In the present
case the build-direction vector is collinear with the
deposition tool axis and also with Zg,p-

The layer-by-layer optimization is based on the
robot Inverse Geometric Model (IGM). The tra-
jectory followed by the point controlled by the
robot is described by the following set of variables
[X, Y, Z, Rx, Ry, Rz]robot» Where:

o [X,Y, Z]rovo: denotes the Cartesian coordinates of
each point expressed into the robot’s coordinate
system,

o [Rx,Ry,Rz]ropo: denotes the orientation parame-
ters of the build-direction vector.

The convention used for the [Rx, Ry, Rz|ropbo: Orienta-
tion parameters is the Bryant convention [58] where the

. . %
first rotation is about Xg,p.:, the second about Y’ ,’eobm and

. =
the third about Zz/e’ ot
obot

By setting the build direction collinear with the de-
position tool axis, the workpiece being manufactured
is free to rotate about the deposition tool axis (Fig-
ure 5). Since the Ry parameter is directly related to the
degree of freedom corresponding to the rotation about
the deposition tool axis, an optimization of the joint
movement based on this parameter is possible. How-
ever, since the orientation of the part in the robot axes
system is described with three orientation parameters
[Rx, Ry, Rz]Rrobot> they must be extracted from the build-
direction vectors in order to be used in the IGM. Differ-
ent cost and constraint functions must also be defined in
order to perform the path optimization.

o

Tool axis

— b
ZRobot

' ] kDegree of freedom

XRobot

Figure 5: Rotation about the deposition Tool axis/ b

4.2. Definition of the orientation parameters

To extract the orientation parameters with the Bryant
convention, the build-direction vector is defined in the
part coordinate system as:

g bX
b =|by ®

bz Part

The transformation matrix between the robot and the
part coordinates system is:

MRgobor—part = Mg, X Mg, X Mg,

with
[1 0 0
Mg, =|0 cosRx -—sinRy
|0 sinRy cosRy |
. R ©
cosRy O sinRy
Mg, = 0 1 0
— |-sinRy 0 cosRy]|
[cosR; —sinR; O]
Mg, =|sinR; cosRz; O
— 0 0 1]

As previously described in Section 4.1, in the present
case, the build direction vector is collinear with the de-
position tool axis and at the same time with Z—Ro;;;. This
equality is transcribed into the Equation 10:

_ — —
Tool axis X Mpopor—Part = Zrobot X MRobor—>Part = b
(10)
From Equation 10, it is possible to express the orien-
tation parameters with the build-direction coordinates:

byl [0]"

by| =10
by |

X MRX X MRy X MRZ

. . . r (D
sin Ry - sinRz — cos Ry - sinRy - cos Ry

= [sinRyx - cosR; + cos Ry - sinRy - sin Ry
coS Ry - cos Ry

An infinite combination of [Rx, Ry, Rz]Rropor 1S pOSSi-
ble by rotating the part about the deposition tool axis.

Ry and Ry must also be extracted from the 79) coordi-
nates and from R;. The R; parameter will be optimized
so that the Cartesian coordinates can be used in the IGM
model. The Equations 12 and 13 giving Ry and Ry from



Rz and b are obtained by multiplying the Equation 11
by inv(Mg,):

bx]" 0"
bY X inv(MRZ) =0 x MRX X MRy (12)
bz —_— 1 _—
[by - cosRz; — by - sin R, g —cos Ry - sinRy g
by -cosRz + by - sinRz| = sin Ry

bz cos Ry - cos Ry

13)

With the Equation 13, it is possible to express the Ry

and Ry parameters according to the —b) coordinates and
the Ry parameter (Equations 14, 15).

Ry = atan2 (S, Cx)

with
Sx =by-cosRz + by -sinRz (14)
Cy = \/(bx -cosRz — by - sin Rz)? + b3
Ry = atan2 (Sy, Cy)

with

. (15)

SY = —(bX - COS RZ - by . SlnRz)
Cy = bZ

The Cartesian coordinates [X, Y, Z]gopor Of the trajec-
tory are known and the orientation coordinates Ry and
Ry are calculated according to the build-direction vector
coordinates for any value of Rz. In addition, since the
IGM is known, for each point of the trajectory, the joints
coordinate vector q will only depend on the Ry param-
eter. It is therefore possible to implement a numerical
function of Ry for layer-by-layer optimization.

4.3. Layer-by-layer trajectory optimization

Trajectory optimization can allow manufacturing
even in a constrained device configuration, where a
non-optimized trajectory would fail due to a singular
state or joint over-travel. For example, the production
of a sphere with a constant R, causes an over-travel
of the axis No.5, as shown in Figure 7. Optimizing a
path can enable manufacturing by staying within axis
limits and, furthermore, reducing axis movements,
accelerations or staying below the maximum speed of
each axis to obtain better quality parts.

The algorithm used for the optimization is that of the
interior-point through Matlab “fmincon” function, with
the following parameters:

e Maximum number of iterations:
reached),

1000 (never

e Termination tolerance on the function value:
1.1078,

e Termination tolerance on the current point: 1.1078,
o No parallel computing.

The principle of the layer-by-layer optimization pro-
cess is to optimize the trajectory of each layer indepen-
dently of each other. To do this, an optimization vari-
able is introduced for each layer. A (n + 1)-dimension
vector Ay, is used to define the Rz parameter by a n de-
grees polynomial function, Equation 16. This polyno-
mial definition of the R parameter allows a continuous
variation of the Ry, Ry and Ry parameters along a layer.

-1
RZLJ =dry- 02’1- +arp-1- 92,1’ +..+aro (16)
with
aL,n

A, = @Ln=11: Variable vector for the layer L

aro

01 Cylindrical coordinates of the point i of the layer L

Y .
6 = atan (i)
Li

Y. ; and X ; expressed into the part coordinate system

The use of a manipulability objective function for
layer-by-layer optimization is not appropriate because
the manipulability value can be highly variable along
a layer. In some cases, the optimization algorithm may
focus on a specific point with the highest manipulability
value while the other manipulability values are negligi-
ble compared to the first one.

The selected objective function allows a minimiza-
tion of the joint displacements (Equation 17) with a
weighting equal to the inverse of the stroke of each axis.
Furthermore, an inequality constraint to stay within the
axis limits is defined and described in Equation 18. An
inequality constraint is also defined to avoid singulari-
ties. This inequality constraint is necessary because sin-
gularity avoidance is not handled by the cost function
used to minimize the joint displacement. The function
that has been implemented is extrapolated from the ma-
nipulability index (Equation 6) proposed by Souissi et



al. [49] and is described in Equation 19. The trajectory
optimization process for a layer L is summarized in Fig-
ure 6.

i=N; j=6
o (g(Rz)> = Z Z @;- (Qi,j - 611'—1,,')2
= =1
Ny, : number of points of the L™ layer a7
L
“T Ay,

¥ (q(R2)) = [W1.47]

= G imean | 2 (18)
wjzmax((.qf Aqlsme ) _(%)] jel,6

== ———

qj
O i .
Y7 = max ((ﬂ) - Wmax) i€el,Ng (19)
t O max |
Deposition Manufacturing trajectory Initial
I)OII ak i Build-direction Path E Avalues o
: E b [XlY!Z]Part E ﬂ -
1 fmmmmme- ittt Tt :
! ! ! : 6,: cylindrical
: l : | coordinates :
! - bTTTTTTY
! Ry =f1(b'Rz) ' LN
: | Ry = fz(f), RZ) —— Ry = f(6.,ALn)
| Ry
]
I
1
1
1
[}

Frame transformation
[Xv Y! Z]Rabat AL,n

L——1cu |

2

Optimization under constraints:
- Minimise joint displacement: min @ (q(RZ))

- Get away from joint limits: 1p; < 0
- Singularity avoidance: P, < 0

Stopping criteria
Optimized [X,Y,Z, Rx, Ry, Rz1robot

Figure 6: Ay ,, optimization for a layer L

5. Simulation results

5.1. Layer-by-layer joint optimization

The layer-by-layer optimization method was applied
for the manufacture of a hollow half-sphere with the
manufacturing device described in Section 3 placed in
a constrained configuration. To adjust the singularity
avoidance constraint (described in Equation 19), ¥4
was empirically chosen as the value of one quarter of
the manipulability calculated for each point in the case
of Rz constant.

Since the computation time is directly related to
the degree of the polynomial function, it is impor-
tant to select the best one in order to have the best
ratio between results and computation time. As the
optimization is applied to parts of revolution and as
the Rz parameter is expressed in terms of cylindrical
coordinates, the degree of the polynomial function
should be » = 1. For more complex geometries,
this size may be larger for better results due to a
possible non-linear variation of Rz. Several tests were
performed for a degree of the polynomial function
ranging from n = 1 to n = 3. The results obtained for
the different values of n are identical and can be seen
in Figure 7 (the curves are superimposed). The compu-
tation time for the optimization with n = 1 was about
92 s (CPU Intel Core i7 @ 2.60 GHz with 16 Gb RAM).

The solution of positioning axes No.l to No.5 for
each layer and having a continuous rotation of the
axis No.6 seems obvious but is obtained here automat-
ically. This solution should allow a better layer circu-
larity with respect to a non-optimized trajectory. In ad-
dition, as the axis which is most stressed is the closest
to the deposition tool, it also allows to minimize the im-
pact of the positioning errors of the different axes on the
final result.

5.2. Comparison with a point-by-point optimization

For the point-by-point trajectory optimization pro-
cess, the optimization variable is directly Rz which is
determined for each point of the trajectory. The same
optimization and constraint functions were used. The
result can be seen in Figure 8.

Like layer-by-layer optimization, point-by-point al-
lows the axes to stay within their limits and avoid sin-
gularity zones. However, some abrupt joint movements
do occur. These sudden variations are undesirable not
only because the robot may not be able to follow the in-
structions due to its dynamics, but also because abrupt
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Figure 7: Layer-by-layer optimization. Application to a hollow half-sphere. Ajyye, = 5 mm, ¢ = 0.01 mm

movements can impact the deposit if it is not yet so-
lidified. In addition, strong jerk can affect long-term
reliability.

The computation time for point-by-point optimiza-
tion was about 307 s which is an increase of 234 %
compared to layer-by-layer optimization.

In this case, point-by-point optimization is not suit-
able.

5.3. Conclusions of the simulation analysis

Compared with a point-by-point and non-optimized
trajectory, layer-by-layer optimization results in
smoother joint behavior that can improve the quality
of the part. This behavior is due to a continuous and
differentiable manufacturing trajectory for each layer.
It should be noted that since the different layers are
treated independently, the joint movement between two
consecutive layers is not taken into account. Here, this
movement is as small as possible. However, this transi-
tion can be used to improve the additive manufacturing
process. In the case of the use of WAAM technology,
the transition can be used to cool the workpiece. During
the waiting time, it is also possible to reconfigure the
robot to work in better joint conditions (by increasing
the distance from singularity areas, staying within axis
limits while having the same type of robot movement),

to clean the welding nozzle, or even to machine the
last layer deposited and continue the deposition to
manufacture the next layer (hybrid manufacturing).

6. Experimental results and analysis

To validate the layer-by-layer optimization method,
three case studies are detailed in this section. The manu-
facturing of these parts on the experimental device with
a constrained configuration demonstrates the attractive-
ness of layer-by-layer trajectory optimization in cases
where it is not possible to manufacture without it. More-
over, a geometrical inspection of the spheres produced
with and without layer-by-layer optimized trajectories
(in a robot configuration that allows it) is finally pro-
posed to compare the quality of the parts.

For the different case studies, in order to ensure that
the robot movement is carried out with the optimized
trajectory, the robot is controlled with joint coordinates.
The manufacturing parameters used for the trajectory
and the deposit are listed in Table 3. The manufacturing
device configuration is as follows:

e Robot configuration:

Shoulder: Top,
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Figure 8: Point-by-point optimization. Application to a hollow half-sphere. Ay, = 5 mm, ¢ = 0.01 mm

Elbow: Up,
Wrist: Flip,

e Cartesian coordinates and orientations of the de-
position point in the robot coordinate system:
[1045.747,-630.155,653.167,0, 0, Olrovors

o Building platform dimensions: 113 mm diameter,
5 mm thick. Material: plexiglass.

For each case study, the manufacturing on the con-
strained device was only possible with the optimized
manufacturing trajectory ( Figure 10).

To verify whether an optimized trajectory gives simi-
lar or better results that a non-optimized path, the robot
configuration was modified to be able to perform the
sphere manufacturing with and without the optimized
path. The spheres produced were geometrically in-
spected.

6.1. Case studies

Sphere. The first case study is the one used to define the
manufacturing path and the different build-directions: a
hollow half-sphere, shown in Figure 9a. This geome-
try was chosen, in addition to the reasons mentioned in
Section 2.1, for the following reasons:

e Closed surface,
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High cantilevered areas close to the top,

Thin wall,

Single radius of curvature: positive,

o Easy geometry characterization.

The equation of the theoretical curve used to define
the sphere is the following:

x= /R -2?
Ry =45 mm
z€[0: Ro]

(20)

In order to prevent collisions between the workpiece
and the deposition tool during the manufacture of this
part, the build-direction vectors on top of the geometry
were tilted. The angle of inclination was calculated as a
function of the nozzle angle. The tilted build-direction
vectors are visible in Figure 9a (blue arrows).

Laval nozzle. The second case study is a Laval nozzle
(Figure 9b). The characteristics of this geometry are:

e Open surface,

e Overhang areas,
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Figure 9: Path and local build-directions: a: Sphere ; b: Laval nozzle ;
c: Intake funnel

e Thin wall,
e Double radius of curvature: negative and positive.

The equation of the theoretical curve used to define

this geometry is Equation 21. The parameters p and 6
were derived from those given by Boccaletto [59].

v= NGB 2 p
forz € [0 : 96.5]
p=-10

0 =100

for z €]96.5 : 128]
p=3

0 =285

@n

Intake funnel. The third case study is a geometry sim-
ilar to the shape of an intake funnel (Figure 9c). This
geometry has the following characteristics:

e Open surface,

e Important overhang,

e Thin wall,

o Single radius of curvature: negative.

The equation of the theoretical curve used to define
the intake funnel is Equation 22.

x=2-Ry- w/R%—zz
Ry = 45 mm (22)
z€[0:Ro]

6.2. Optimized and non-optimized trajectories compar-
ison

To carry out manufacturing with the non-optimized
trajectory, the robot was freed from any constraint
by moving the deposition system to a higher po-
sition while having the same joint configuration.
The new Cartesian coordinates and orientation
of the deposition point in the robot space are:
[988.057,-733.138, 1104.885, 0, 0, O] ropor-

A Zeiss coordinate measuring machine with Calypso
software was used to inspect the parts. The spherical
defect was quantified with a helical strategy: 10 revo-
lutions from 10 mm to 40 mm high and one point mea-
sured every 0.5 mm. Three circularity defects were also
measured, one at the base of the geometry (15 mm),
one in the middle (25 mm) and one at the top (35 mm)



(b)

Figure 10: Experimental results: a: Sphere ; b: Laval nozzle ; c: Intake funnel

Optimized | Non-optimized Gap

Spherical defect (mm) 0.326 0.841 + 158 %
Standard deviation (mm) 0.019 0.149 + 684 %
Circularity defect - bottom (mm) 0.226 0.422 + 87 %
Standard deviation (mm) 0.029 0.107 + 269 %
Circularity defect - middle (mm) 0.227 0.513 + 126 %
Standard deviation (mm) 0.036 0.048 +33 %
Circularity defect - top (mm) 0.319 0.770 + 141 %
Standard deviation (mm) 0.073 0.038 -48 %

Power consumption (Wh) 236 251 +6 %

Table 2: Spheres inspection for optimized and non-optimized trajectory

Path parameters

Deposition parameters

Alayer c Deposition material

Travel Speed (TS)

Wire Feed Speed (WES) | Extrusion temperature

1 mm | 0.01 mm PLA

6 mm/s

10 mm/s 210 °C

Table 3: Manufacturing parameters for the path and the deposit

with a point measured every 0.5 mm. The characteri-
zations were performed on six spheres: three with an
optimized trajectory and three with a non-optimized tra-
jectory. The measured data are given in Table 2.

For each manufacture, the optimized trajectory gives
better results in terms of spherical defect and circular-
ity defect. In addition, the optimized trajectory reduces
the disparity of the results. This is possible due to the
smaller joint displacements during manufacture and be-
cause the axis with the highest load i closest to the de-
position point. The energy consumption for the opti-
mized path is about 236 Wh and about 251 Wh for the
non-optimized path. The manufacturing time is similar
for both cases. But even though the energy consump-
tion savings are not significant (-6 % for the optimized

trajectory), the optimized trajectory allows less acceler-
ation and less jerk on all axes, which increases the life
of the robot joints.

7. Conclusion

In this paper, a numerical layer-by-layer constrained
optimization method for multi-axis additive manufac-
turing of thin-walled parts of revolution has been pro-
posed. This method takes advantage of axis redun-
dancy: a 6-axis robot is used to carry out a manu-
facturing process requiring only 5 axes. Indeed, the
rotation about the deposition tool axis has no effect
on the deposition thanks to a coaxial deposition sys-
tem. The optimization is based on the knowledge of
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the manufacturing device: Cartesian coordinates, ori-
entations of the deposition tool and the inverse geo-
metric model of the robot. Compared with a point-
by-point or a non-optimized trajectory, the benefits of
a layer-by-layer method, based on a polynomial defi-
nition of the optimization variable allowing a contin-
uous and differentiable manufacturing trajectory, pro-
vides smoother joint behavior and improved manufac-
turing performance while reducing computation time.
In addition, layer-by-layer optimization allows an an-
ticipation of the consideration of the distance from joint
limits, to zones of singularity and thus avoids signifi-
cant movements of the robot during the manufacture of
a layer, which could be a source of defects. The inde-
pendent treatment of the layer also allows other manu-
facturing operations, such as machining or reconfigur-
ing the device between two layers to improve the man-
ufacturing process.

To validate the optimization method, three case stud-
ies were conducted: a sphere, a Laval nozzle and an
intake funnel. A path generation method establishing
a constant local distance between the layers and a lo-
cal orientation allowing the manufacture of overhanging
parts without support has been detailed. Manufactur-
ing experiments were carried out and showed that, for
a constrained device, manufacturing was possible only
with an optimized trajectory. In addition, in a configu-
ration allowing manufacturing with and without trajec-
tory optimization, the use of an optimized trajectory, by
requesting the axis closest to the deposition point and
minimizing joint movements, gives better quality parts.
A comparison between the spheres produced with and
without optimization shows that those produced with
layer-by-layer optimized trajectory have a better geo-
metrical accuracy (sphericity and layer circularity) and
less dispersion of the results.

Industrial applications related to this work are mainly
related to the aerospace field, as for the manufacture of
rocket nozzles [60, 61], fuel tanks or pressure vessels.

Future work will focus on applying layer-by-layer
trajectory optimization to more complex geometries,
such as tubular geometries [28], with an improvement in
the polynomial function used for the optimization vari-
able. A second perspective is a comparison between two
configurations of a manufacturing device. Since most of
the additive manufacturing devices involving a 6-axis
robot are also coupled with a 2-axis positioner, the part
and the deposition system are in motion and there are 8
axes increasing axis redundancy. Then, it will be inter-
esting to carry out a comparison between a configura-
tion with a fixed deposition system and a moving part,
allowing only small and lightweight parts, and a config-
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uration with a moving deposition system and a moving
part, capable of producing larger parts.
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