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Abstract— The world is embracing the fourth industrial rev-
olution, Industry 4.0, which is enabling businesses to improve
efficiency and optimise operations. The authors are part of a
team that is researching and developing a large-scale industrial
3D printer to print smart, bespoke equipment called Gravity
Separation Spirals (GSS). GSS are used in mining to separate
minerals from the slurry. The printer under development
employs two industrial robot arms mounted on vertical rails
and the print direction is around a vertical rotating column in a
radial direction. This paper presents a cost-based path planning
method using print-space sampling to optimise distance error
and manipulability during a printhead’s radial path as it travels
outwards from the central column. Manipulability, distance
error and rotation error have been calculated for each sampled
point and a weighted cost function has been used to determine
the optimal path. Simulated results show that this method
reduces the instances of print failure and improves the overall
manipulability of the robot during printing.

Index Terms—Industry 4.0, Advanced manufacturing, 3D
printing, Industrial robots, Path planning

I. INTRODUCTION

Additive manufacturing (AM), also known as 3D printing,
is the process of manufacturing 3D objects from a com-
puter model by depositing successive layers of material.
This process can reduce both the lead time and material
wastage, and enables a myriad of customisation possibilities.
Also, this process enables the manufacturing of complex,
bespoke, high-precision and intricate structures, which in
turn provides design flexibility and improved customisation
[1. AM technology is evolving from a rapid prototyping
tool into a viable alternative for end-product manufacturing
[2]. Therefore, a large number of industries like construc-
tion, aviation and medicine are increasingly applying this
technology [3[]-[7].

The motivation for this project comes from the mining in-
dustry. Gravity Separation Spirals (GSS) are used around the
world to separate minerals from slurry. The slurry is poured
to the top of the GSS and it flows down the spiral. The
carefully-engineered contour and slope of the GSS, naturally
separates the slurry into certain desirable constituent miner-
als, which can then be collected at the bottom of the spiral.
Fig. shows a GSS manufacturing facility and Fig.
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shows banks of spirals operating on-site. The properties of
the slurry and the types of minerals being separated by
a spiral dictates the most desirable profile of that spiral.
Therefore, for each customer, the shape of the spiral would
ideally be customised. However, such customisation would
be highly uneconomical due to the time and labour involved
with traditional mould-based manufacturing. Therefore, a
research and development project is underway to design and
build a 3D printer to print these GSS. Fig. [Ic shows a one-
third-of scale prototype printer that the engineering team
has developed. Currently, the team is developing a full-scale
printer Fig. [Id, which has two ABB robotic arms moving
along vertical rails [8]. The central column of the printer is
carefully rotated and the two robot arms manipulate a tool
to extrude material on to this column and add layers that
expand radially outwards. This paper addresses the problem
of finding the optimal path the arm should take as it moves
radially outwards during the printing process.

The dexterity of a robotic arm that enables it to move eas-
ily in any given direction is referred to as its manipulability
[O. When a robot arm has more dexterity it can perform
additional actions, and such dexterity can enable added
assembly or printing actions to occur, resulting in better
utilisation of the robotic equipment. As well as developing a
GSS 3D printer, our team is also researching and developing
sensors that can be printed inline, or embedded inside the
spiral. A smart GSS could enable remote monitoring of oper-
ation conditions, which is beneficial since the spirals operate
in various remote parts of the world. Some of these novel
sensors are 3D printable and can measure parameters like
wear, strain and flow rate [10]—[13]]. In order to print sensors
inline, it is advantageous to maintain high manipulability
throughout the print, since the sensors can have different
complex shapes and be printed or assembled from different
materials. Hence, the manipulability measure can be used to
optimise specific 3D printing tasks in this research.

The manipulability measure has been used in other re-
search as the basis to improve the effectiveness of robots.
Since manipulability is an effective tool in robotic manip-
ulators, [[14] et al. showed how a dynamic manipulability
ellipsoid for redundant manipulators could improve results.
Nagatani et al. [[15] developed a method to do path planning
in a mobile manipulator by maintaining a threshold amount
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Fig. 1: a) GSS manufacturing factory; b) Bank of GSS; ¢) One-third-of scale printer; d) Design of the full-scale; e) Way-points
in the trajectories; f) Overlapped view of way-points and 3D model.

of manipulability. To determine high areas of manipulability
researchers in the literature have employed and analysed a
tool called manipulability area plots [I5]. There are other
applications where manipulability has been used to optimise
the process. Amir et al. proposed a system which assists a
human to teleoperate a remote arm [16]. They used a task-
oriented velocity manipulability cost function. In another
surgical robot application [17], a cost function incorporates
the measures of distance from the joint limits and task-
oriented manipulability during a suturing path to determine
the optimal grasping pose of the needle. Manipulability-
based optimal cutting path planning for legacy nuclear power
plant equipment has been done by Tommaso et al.
where they used a multi-objective optimisation problem to
maximise the robot’s manipulability while minimising the
travel distance. To generate a path from the start point
to end-point, they used the rapidly-exploring random tree”
algorithm.

In this research, cost-based path planning has been done
to determine the radial path from the central column to
the edge of the spiral rim. Cost-based path planning is
common in many applications of robotics. An optimal path
planning based on cost-based optimisation has been used for
autonomous underwater vehicles [19]. They used the cost-
based method to exploit the current data while avoiding
obstacles. Their objective is to achieve greater speeds by
getting advantage of river currents and minimising energy
expenditure. Cost-based path planning has been used in
humanoid navigation in uneven terrain , whereby both
discrete planners and library-based planning was used to
maximise efficiency. A cost-based graph search method was
also used to calculate a path for the pose of the torso.

In this research, manipulability has been used as a per-
formance measure of the robot arm in the printer space. A
quality distribution map of the work-space has been used for
humanoid robotic research to make various decisions, such
as suitable grasp selection according to the current state [21]].
This proposed method is also suitable for redundant ma-
nipulators as well while considering self-distance and joint
limits. Probabilistic road maps (PRM) are a way of rapidly
planning collision-free paths for robots. Manipulability-
based bias sampling to generate PRM has been done and,

in the configuration space, where manipulability is high,
they took fewer samples and areas manipulability is low,
they took more samples [22]. Path planning for redundant
manipulators based on genetic algorithms and maximising
manipulability has been proposed by Menasri et al [23].
This manipulability-based optimisation enables the system
to move the robot in directions with less effort by exploiting
the mechanical properties of the robot and avoiding the
singularities.

We have developed a slicing algorithm to generate trajec-
tories that can 3D print a GSS by moving a printhead in the
shape of the spiral [24]]. However, print failures could still
occur, and finding a successful robot path required a non-
systematic trial-and-error approach. Since there are multiple
path options to progress towards the outer edge of the spiral,
this research proposes a way to determine the optimal path
to move the printhead radially outwards by considering a
combined cost function to achieve a successful print and
hence improve the overall manipulability.

This paper is organised as follows: Section [[I] explains the
problem in detail and then the proposed methodology; Sec-
tion [IT] presents experimental results and the discussion of
the results, and finally, Section m presents the conclusions.

II. METHODOLOGY

A. Problem and Simulation Environment

To print a GSS, a 3D model of the GSS is sliced
into trajectories for the tooltip to follow. This algorithm
has been developed [24]. Fig. [Tk shows way-points in the
generated trajectories from this algorithm and Fig[Tf shows
an overlapped view of the way-points and the 3D model of
a GSS.

To simulate the printing process, a simulation environment
has been developed in Matlab according to the actual dimen-
sion of the printer and robots (ABB IRB 120) and the robot
is modeled using Denavit—Hartenberg (DH) parameters. The
robot simulation has been done using the robotics toolbox
developed by Peter Corke [25]]. Fig. [2] shows the simulation
environment in Matlab and the printing of the first trajectory.

During the printing process, the robot arm affixed with
a printhead, starts by depositing the first layer of melted
material on the rotating column. It then progressively adds
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Fig. 2: Simulated printing the start of a single trajectory.

layer-upon-layer and expands the print radially outwards.
Each layer has multiple trajectories and printing starts from
the bottom and ends at the top. While printing a single
layer, the robot arm gradually moves along a vertical rail
from bottom to top in a vertical line and the central column
rotates to achieve the helical shape. Fig. |3| shows a top-
down view of the printer and the dashed lines shows these
concentric vertical layers or cylinders. The problem that
this paper addresses is discovering the path that should be
taken when moving outwards from the central column. Since
the location of the robot arm in the print space changes
in order to cover a large print volume with a small robot
arm, then the potential dexterity of the robot arm is also
constantly changing. This ultimately affects the quality of
the print and can cause major failures in the print. Fig. 3]
shows a few example paths printhead can move in each layer.
Theoretically, there are a massive number of possible paths
that can be generated, some of which are undesirable or even
infeasible, and this paper addresses the problem of finding
the optimal path.

B. Proposed Solution

1) Manipulability: The ability of an industrial robotic
arm to move easily in any arbitrary direction is called
its manipulability [9]]. Yoshikawa’s manipulability measure
describes an arm’s distance to a singular configuration [26]].
This approach is based on an analyses of the velocity
ellipsoid that is spanned by the singular vectors of the
Jacobian [26]]. The Jacobian matrix shows the relationship
between joint rates, ¢ and the end-effector cartesian velocity,
v as shown in Eq. (), where q is the joint angles [9]. The
manipulability can be calculated using the Jacobian matrix
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Fig. 3: Several examples of printhead movements paths.

as in Eq. (@).
v="J(q)q (D

m = /det (JJT) (2)

2) Proposed Cost Function: The aim of this research is
to determine the optimal path to move the printhead from
the closest cylinder near the central column, ¢ = 1 to the last
cylinder, ¢ = n where n is the total number of cylinders. Path
planning depends on a cost function, which is a weighted
combination of three cost values, inverse manipulability,
Cin(p) euclidean distance error, Cy(p) and roll-pitch-yaw
rotation error, C,(p) where p is a given sample location
and p. is the true location that printhead ends up in, when
the system attempts to move it to p. p can be represented
as a coordinate, (i,k) where ¢ is the cylinder number and
k is the k' location in that cylinder. The weights of the
manipulability, w,, distance error, w, and rotation error, w,
are used in the combined cost function, Eq. (6).

Cim(p) =1 —m(p) 3)

Ca(p) = d(pe, p) (4)

Cr(p) = droti(pe: P) + dpiten(Pes p) + dyaw (Pe,p) — (5)
C(p) = wWm - Cn(p) +wa - Ca(p) + wr - Cr(p)  (6)

Since the manipulability is a value between 0 and 1 (where
a higher value is better), and it has been converted to a
cost as shown in Eq. (3). The function d(p.,p) in Eq. @)
calculates the euclidean distance between p and p.. Func-
tions dyo11(Pe,P)> dpitch(Pe, p) and dyqw(pe, p) calculates
the absolute values of roll, pitch and yaw angle difference
respectively between the p and p.. Improving the distance
error and rotation error will improve the accuracy of the
original shape of the spiral. While improving the manipula-
bility will help the manipulator to avoid singularities during
the printing and result in an improved dexterity that can help
to print sensors inline in future research. The weight values
could be tuned to bias the cost function towards certain print
objective, such as accuracy vs improved manipulability. A
sensitivity analysis of the weights for the path is conducted
in Section
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Fig. 4: a) Sampled area. b) Generated sampling points.

3) Sampling of Print Space: Prior to planning the path, it
is necessary to sample the print space to calculate different
cost values as explained in the previous section at each
sample location. An example of sampling has been done
in the area shown in Fig. fa where the robot arm can
move easily without getting caught in poses which robot
arm cannot reach. The granularity and number of samples
depends on the user requirements. Fig. [Ab| shows these
generated sample locations and Fig. [#a] shows the user-
defined parameters used to generate these sample locations:
the distance between consecutive cylinders, Ar and distance
between two consecutive sample locations in a single cylin-
der, Ac. The orientation of the printhead is set to be a
constant value throughout all locations since in this case it is
assumed that the printhead should be extruding material to
the direction of the column. After generating these locations,
the robot arm is moved to each sample location using an
inverse kinematic solver, and various cost values mentioned
in the previous section are calculated.

4) Path Planning: After calculating the cost values for
each sample point, a path must be determined to navigate
from one cylinder to another. For each cylinder, i, the
minimum cost sample point, P,y ; is selected as Eq. ,

Dimin,i = argmin C(i, k) 7
k

P= [pmin,l;pmin,% cee >pmin,n] (8)

and the sequence of these points from prin,1 O Pmin.n
represents the optimal path as shown in Eq. (§). This path
is followed during the full spiral printing

IITI. EXPERIMENT RESULTS AND DISCUSSION

This section shows the results of the printing experiments
conducted in the simulation environment. The resulting
simulated prints are exported as a point cloud, where each
point has a manipulability value, so that the results can be
visualised easily. The first section shows the print results
without path optimisation and failed prints, which motivated
this research. Then the next sections visualise the cost values
in the sampled space and results of the successful print.
For all the experiments, the sampling was done using the
parameter values of Ar = 5mm and Ac = 5mm.

(b) (©
Fig. 5: Failed prints that did not use path planning.

A. Results Without Optimal Path Planning

This section shows several failed prints and the indicative
modes of failure when the optimal path planning method
is not used. The colours in the print are related to the
manipulability, where blue shades represent problematic
values that are close to zero, the next increment is green,
yellow and finally red shades as the values increase away
from zero. Since higher values of manipulability are better,
green, yellow then red indicate values that change from
good to best. Fig. [f] shows the simulated printed results as
point clouds. There are major print failures like [5p, or just
a few trajectory failures like in [Sk. The figures of the prints
demonstrate a wider trend relating the level of failure with
low levels of manipulability experienced by the robot arm.
By using trial and error, it is conceivable that a printing path
may be discovered but that is a time-consuming and non-
systematic approach. Avoiding the wasteful print failures,
through a systematic planning approach is the motivation
behind this research paper.

B. Cost Values and Path Planning Results

Fig. [6] shows mesh plots of various cost values. The
manipulability measure is converted to a cost as per Eq. (3).
The weights for the combined cost function in Eq. (6) are
selected as w,, = wq = 1 and w, = 0.01. Fig. Eb shows
how the sampled locations are in an arc. To generate mesh
plots, points in a 400-by-400 square grid were created and
unknown values were interpolated using scattered interpola-
tion method. Fig. [6g shows a contour plot of the same mesh
plot of [Bld with the generated path. Weights were chosen
after conducting a path deviation analysis, while keeping
the other two weights constant (value 1), and changing
the selected weight from 0 to 1 as in Fig. []] Weights
were chosen to minimise three outcomes: path deviation,
path length, and back-and-forth rotations, which thus reduce
print times. Low weights were chosen for the rotation error
because, from the sensitivity analysis, higher weights caused
a higher path deviation. Similarly, the weighting factor for
manipulability was set to be high, since it will reduce the
path deviation. An unexpected result in Fig. [/|is how as the
distance weight changes the rotation angle difference seems
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Fig. 6: Mesh plots: a) Inverse manipulability; b) Distance error; c¢) Rotation error; d) Combined error; e) Combined error
contour plot with the generated path; (f) Successful print with the generated path.

low and surprisingly consistent. Further analysis showed this
was since the peak values in Fig. [6h and Fig. [6p are at
approximately the same location. Therefore, a change in
the distance error value does not cause a significant path
deviation as it was already avoided through consideration of
the manipulability cost value.

It should be noted that the cost values and path change
behaviours are unique to the kinematic model of the robot
and the print dimension. Hence, different configurations will
produce different results. However, the same methodology
can be applied to any spiral print job or industrial robot
model provided manipulability measures can be computed.

Fig. [f shows a successful print where the path is gener-
ated using the presented optimal print path planing method.
When this is compared with the failed prints in Fig. [5] it can
be seen that there are no off-print trajectories and overall,
the spiral is completely green. This means the manipulability
values are higher, and not close to zero (i.e. awkward poses)
as in the failed prints shown in Fig. [5]

IV. CONCLUSION

This paper has presented a path planning method for
use in radial 3D printing. The method computes optimal
movements of a printhead affixed to a small-workspace
industrial robot mounted on a vertical rail. Path planning
was done by sampling the print space and considering
cost functions with weightings that effectively maximise the
manipulability, whilst reducing the positional and rotation
errors in overall printing. This has been shown to improve
the accuracy and success of the printer. This path planning
method thus solves the problem of failed prints by providing
a systematic way of determining the path that can replace
the original trial-and-error approach. Additionally, improved
manipulability during the print helps with future research
that looks to more effectively utilise the robot to enable
inline sensor printing.
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Fig. 7: Path deviation with weight change.
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