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Abstract: The objective of this study is the investigation of the transferability of the material extru-
sion process from conventional to robotic fabrication on silicone build plates for use in Enhanced
Multipoint Moulding with Additive Attachments. Therefore, the study is based on two series of
experiments. The first series of tests used a conventional plant extended by a silicone construction
platform. In comparison, a six-axis industrial robot was chosen to produce the test specimens in
the second series of tests. The comparisons of adhesion strengths and relative shape deviations
are used to validate the transferability. The results of the tests show a very good transferability of
the process from conventional to robotic production. Whilst angular specimen geometries can be
transferred directly, for round specimen geometries, the results show a need for further adaptation
to the robot kinematics. The round specimen geometries showed deviations in the surface quality
caused by an over-extrusion in the robotic manufacturing. This over-extrusion results from the slicing
process in combination with the robot control and may be avoided through further optimisation of
the process parameters. Overall, to the best of our knowledge, this study is the first that successfully
demonstrates the transfer of Fused Filament Fabrication (FFF) from a conventional system to manu-
facturing using robots on silicone build plates for the use in Enhanced Multipoint Moulding with
Additive Attachments.

Keywords: fused filament fabrication; robot; silicone build plate; adhesion strengths; relative
shape deviations

1. Introduction

In recent years, the number of prototypes required has increased significantly. This
increase is caused by a shortening of the model cycles and increasing the individualisation
of products. Therefore, the batch size reduces and significantly more moulds are required.
As a result of the small series production, these moulds are disposed of after a few pro-
duction cycles or after just one part is formed. This leads to ecological dilemmas because
the almost unused moulds have to be disposed of. Moreover, the costs of the moulds
can only be distributed over very few parts. Additionally, there is a long lead time for
mould production.

Therefore, Wimmer et al. [1] developed Vacuum-Assisted Multipoint Moulding (VAMM)
for Carbon Fibre Reinforced Plastics (CFRP), which is an advancement of the multipoint
tooling technology proposed by Cochrane [2]. The main idea is to substitute the production
of a rigid mould by setting an adjustable mould. Therefore, the VAMM machine consists
of a densely packed and height-adjustable array of pins. By adjusting the height of the
individual pins, the mould is set. This results in discrete transitions between the individual
pins which are smoothened by a flexible interpolation layer made of silicone.
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This setup of the VAMM machine results in certain restrictions in the adjustable
geometries. On the one hand, the interpolation layer leads to the intended smoothening of
the surface. On the other hand, this results in the impossibility of adjusting transitions with
very small radii. Moreover, there are restrictions on the minimal size of the representable
mould details as a result of the pin diameter and the thickness of the interpolation layer.
Enhanced Vacuum-Assisted Multipoint Moulding with Additive Attachments (EMMA) has
been introduced to reduce these restrictions. This process expands the VAMM by additively
manufactured attachments representing the parts of the mould which the VAMM could
not represent. Due to the exact positioning of the attachments on the interpolation layer,
they should be manufactured directly on the silicone-made interpolation layer by Fused
Filament Fabrication (FFF), as already outlined by Herzog and Tille [3]. FFF is a material
extrusion (MEX) process according to DIN EN ISO/ASTM 52900:2022-03 [4] and DIN EN
ISO/ASTM 52903-1:2021-06 [5] and uses a filament as a starting material.

Therefore, FFF has to be performed on a curved silicone build plate. In contrast to
the usual glass build plate, the silicone build plate presents an additional challenge for
production. Kuo et al. [6] have shown that production on the silicone build plate is possible,
but an adhesion promoter is required. Therefore, in Herzog et al. [7], different material
and adhesion promoter combinations were investigated for suitability for production on
silicone build plates. The study shows that, for the production on a silicone build plate
with conventional machines, polylactide (PLA) filament and glue stick as an adhesion
promoter are well suited. This research was done on a planar silicone build plate. In
contrast, additive manufacturing in EMMA has to take place on a curved silicone build
plate. Therefore, Herzog and Tille [3] define the use of an industrial six-axis robot as part of
the EMMA. Based on this research, there is an urgent need to investigate the transferability
of the former findings to robot-based manufacturing.

The utilisation of industrial six-axis robots for FFF has been shown in different publi-
cations. The main aim is the reduction of support structures needed or improved surface
quality by production in curved layers in most cases. Wu et al. [8] for example use a flat
build plate mounted on a robot arm which allows the division of the component into
several parts that can be extruded in the direction of gravity without a support structure.
Brooks et al. [9] also mount the build plate on the robot arm, though they use a curved build
plate according to the part geometry and then manufacture the part without a support
structure. Tam and Mueller [10] also use a curved build plate which is stationary and
move the nozzle instead. Li et al. [11] use the robot arm for extruder guidance to enable
in-situ application of gel-like materials as a skin substitute. Zhang and Peng [12] and
Zhang et al. [13] also use a robot-based manufacturing method and describe the path plan-
ning. In combination with rapid cooling of the extrudate, Oxman et al. [14] demonstrate a
fully three-dimensional extrusion without a support structure enabled by a robot arm.

Furthermore, Hongyao et al. [15] describe the interaction between the robot and the
slicing algorithms to use the bigger build space offered by the robot arm. They also investi-
gate the interaction of multiple robots. Moreover, Yao et al. [16] focus on the manufacturing
in one continuous path for the whole part that is enabled by the additional degrees of
freedom of the robot arm. Diourté et al. [17] also provide a method for the continuous
path planning.

Further investigations, such as Jin et al. [18] and Zhao et al. [19], deal with curved
slicing to improve surface quality. In some cases, robot-assisted systems are also used
here. In addition, current publications such as Kumar Mishra et al. [20], Kuo et al. [21],
Afonso et al. [22], and Devicharan and Garg [23] also focus on the improvement of compo-
nent quality by varying the manufacturing parameters. At the same time, the improvement
of the adhesion on the building platform has also been investigated, e.g., Maidin et al. [24]
and Nazan et al. [25].

The former investigations show the possibility of FFF with industrial six-axis robots,
although they focus on different improvements. Presently, however, to the authors’ best
knowledge, there is no known study of the transferability of the results of conventional
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FFF production and production using robot arms. Therefore, this paper provides insights
into the comparison of both manufacturing methods in the context of the usage in EMMA.

Various evaluation criteria are used to compare the two production methods. First,
due to the silicone build plate, adhesion to the build plate is a critical factor that has to
be investigated. The adhesion strengths, which represent an adhesive force related to the
surface, are used for comparison. This comparison aims to determine whether the different
production methods lead to different adhesion strengths. To confirm these findings, a
confocal laser scanning microscopy (CLSM) of the printed bottom surface is performed to
provide qualitative conclusions about the differences between the manufacturing methods.
Particular attention is paid to the topography and the roughness of the adhesion surface as
an increasing roughness of the contact surface leads to a higher wettability and therefore in-
fluences the adhesion behaviour according to Habenicht [26]. Second, shape deviations are
determined using a target/actual approach. Therefore, the geometry of printed specimens
is scanned by structured light scanning.

Moreover, the classical portal design suggests a more precise guiding of the nozzle
than a serial six-axis industrial robot arm. To determine the influence of this expected
loss of guidance accuracy, the deviations in shape between the different manufacturing
methods are compared.

2. Materials and Methods
2.1. Experimental Setup

To determine the specimen geometry influence, the four different specimen geometries
as already used in Herzog et al. [7] were tested (Figure 1). There are two square and
two round designs. Each of them is designed with and without a base to determine the
influence of the difference in the theoretical adhesion area. Within this article, the square
geometry with a base is referred to as “EG” (Figure 1a), the square one without a base as
“EO” (Figure 1d), the round one with a base as “RG” (Figure 1b) and the round one without
a base as “RO” (Figure 1c). The different variants lead to the expectation of different
transferability of the results from conventional to robotic production.

Figure 1. Specimen geometries (a) square with base (EG), (b) round with base (RG), (¢) round without
base (RO) and (d) square without base (EO) with specimen dimensions [7]. Unit: mm.

Two different test setups were used for the two-test series. For the first test series with
the classic commercial FFF machine, the setup consisted of an Ultimaker 3 Extended from
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Ultimaker B.V., Utrecht, The Netherlands. The production of the specimen was carried out
with the Ultimaker print cores of type AA and with a nozzle diameter of 0.4 mm manu-
factured by Ultimaker B.V., Utrecht, The Netherlands. The standard glass build plate was
covered with a layer of the silicone mat. This silicone mat was made of the same material
that the interpolation layer of the VAMM machine is made of (Section 2.2). This silicone
layer was glued on the glass build plate and fixed with clamps to prevent displacement.

For the second test series, the robot-made specimens were manufactured with the
EMMA test rig. This machine consists of the VAMM machine named “full scale prototype”
by Wimmer [27]. The VAMM machine consists of 572 height-adjustable pins with a spanner
size of 24 mm mounted in a vacuum chamber. These pins form the adjustable mould with
a usable size of 400 mm by 600 mm and are traversed by the silicone-made interpolation
layer. The interpolation layer consists of five layers of the silicone mat with a thickness of
5 mm. The silicone mats were separated with peel ply to allow relative movement between
the layers.

An extruder of the type Titan Aero manufactured by E3D-Online Ltd., Chalgrove,
Oxfordshire, United Kingdom, was used to build the specimens. The extruder is mounted
on a robot arm of the type RS007LFF60 manufactured by Kawasaki Heavy Industries Ltd.,
Chio, Kobe, Japan, which itself is mounted on the VAMM (Figure 2). The robot controller,
which is part of the robot arm, operates the extruder’s movement and sends on/off signals
to the extruder controller. The extruder controller uses an adapted version of the Repetier
software from Hot-World Gmbh & Co. KG, Willich, Germany, running on an Arduino
Due from Arduino SA, Chiasso, Switzerland. The extruder controller regulates the nozzle
temperature and starts/stops the fixed-speed extrusion depending on the input signal from
the robot controller.

robot arm

extruder

robot
mount

Figure 2. Rendering of the EMMA test rig.

For both test series, the same Standard Tessellation Language (STL) files were used as
a basis, which were sliced with the standard parameters for PLA in Cura from Ultimaker
B.V,, Utrecht, the Netherlands. Differing from the standard parameters all layers were
printed at the same height for better comparability. Due to the communication limitations
between the robot and the extruder controllers, the robot test series was carried out with
the same print speed for all areas of the specimen. In contrast, the standard parameter set
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used in conventional production uses higher print speeds for the less critical areas of the
component. The main manufacturing parameters are listed in Table 1. After the slicing, the
generated G-Code was directly executed on the conventional machine. The robot cannot
execute G-Code; therefore, the Code had to be converted into Kawasaki AS-Language,
which was done by a self-programmed converter tool.

Table 1. General manufacturing parameter of the test specimen for both test series.

Parameter Valu'e Value Robot Unit
Conventional
Nozzle diameter 0.4 04 mm
Layer thickness 0.2 0.2 mm
Thickness of the first layer 0.2 0.2 mm
Line width 0.4 0.4 mm
Print temperature 200 200 °C
Print temperature of the first layer 200 200 °C
Flow 100 100 %
Flow of the first layer 100 100 %
Print speed of the first layer 20 20 mm/s
Print speed outer walls 50 20 mm/s
Print speed inner walls 55 20 mm/s
Print speed top layer 40 20 mm/s

The adhesive forces of the printed parts on the silicone build plate were determined by
a tensile test in the vertical direction. Therefore, a tensile testing machine Quasar 2.5 manu-
factured by Galdabini SPA, Cardano al Campo, Italy, was used for the specimen produced
with the classical machine setup. These tensile tests were carried out with a counter-support
enclosing the components (Figure 3) to reduce the deformation of the silicone mat and
therefore prevent stress peaks in the adhesion layer. The test specimen was attached to a
tension hook with a rod through the openings provided by the specimen (Figure 1). After
applying a pre-load of 1 N, the actual tensile test was carried out at a speed of 10 mm/min
according to DIN EN 15870 [28].

As the robot-made specimens are built with the EMMA test rig, the determination of
the adhesion forces is not possible by the usage of a conventional tensile test rig. Therefore,
a special extension to the EMMA test rig was designed, which allowed the performance
of adhesion tests to be undertaken directly on the EMMA test rig. For that purpose, a test
crane was mounted on the VAMM machine (Figure 4), which allowed the performance of
vertical adhesion strength tests. The test specimens were mounted similarly to the other test
series but without a special counter-support. The counter support is built by the vacuum
under the interpolation layer. The tensile test was performed with 10 mm/min again,
but without the pre-load of 1 N. The measurement was performed by a 1 kN load cell
and the associated universal meter ALMEMO 2590 manufactured by Ahlborn Mess- und
Regelungstechnik GmbH, Holzkirchen, Germany.

For both test series, the highest measured value is considered as the adhesion force of
the specimen. The measured adhesion force is then related to the theoretical adhesion area
as adhesion strength according to DIN EN ISO 4624:2006-08 [29].

The shape deviations were determined in the same way for both test series. Therefore,
the specimens were at first scanned by structured light scanning. This was performed
with a scanner of the type EinScan Pro+ manufactured by Shining 3D Tech Co., Ltd.,
Hangzhou, China on the associated rotary plate. The shape deviations are determined as
a target/actual-comparison with the initial design model in the software GOM Inspect
2019 by GOM GmbH, Braunschweig, Germany. The relative shape deviation is defined in
Equation (1) as
Integrated absolute distance

Area of valid distance

Dy = @
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The integrated absolute distance in Equation (1) represents the absolute volumetric
deviation of the manufactured specimen from the target geometry. Using absolute val-
ues prevents the mutual cancellation of positive and negative deviations and thus the
under-representation of deviations. The area of valid distances is the surface area un-
der comparison. Therefore, the relative shape deviation A,,; represents a mean absolute
deviation across the whole part.

Furthermore, the surface topography of “EG” and “RG” bottoms was characterized by
a Confocal Laser Scanning Microscope (CLSM) of the type LEXT OLS 4000 from Olympus,
Hamburg, Germany. Optical magnifications of 10 x and 50 x were used for visualisation and
roughness data collection. Roughness measurements were performed five times per sample
at different locations on the surface. Average area surface roughness (Sa) was calculated
from achieved 3D data with the software OLS4000 (Olympus, Hamburg, Germany) without
a cut-off filter. Both test series were repeated five times. Specimens that differ massively
from the target geometry were defined as unsuccessful build specimens. For example,
there may be a successfully built first layer, but afterwards, there was a detachment from
the build plate, and the next layers are displaced. Regarding the adhesion strength, those
failed attempts are added to the analysis with an adhesion strength of 0 N/mm?, as all
of them were related to unsuccessful bonding on the build plate. Regarding the relative
shape deviations, they were not included in the evaluation, since no unsuccessful build
samples can be considered to be meaningful. To be clear at this point, this means that an
unsuccessful build is included in the evaluation of the adhesion strengths, but not in the
relative shape deviations.

load cell

hook

extended machine
bench

test specimen
counter support

rod
build plate

Figure 3. Setup for the tensile test [7].



Materials 2022, 15, 6352

7 of 16

tensile test
crane

robot arm

universal
meter

VAMM
machine

load cell

Figure 4. EMMA test rig with the setup for the adhesion test.

2.2. Materials

As already mentioned by Herzog et al. [7], the optimised material combination for
the production on silicone is Polylactide (PLA) and a glue stick as an adhesion promoter.
Therefore, the tests presented in this article were carried out with PLA from Verbatim
GmbH, Eschborn, Germany [30]. As an adhesion promoter, the glue stick of the type Stick
ecoLogo manufactured by Tesa SE, Norderstedt, Germany [31] was used.

The silicone mats forming the interpolation layer of the VAMM machine and the
additional build platelayer for the conventional setup are made of the same material. The
type of the material is a VMQ silicone red with a hardness of 40 & 5 Shore A manufactured
by GaFa-Tech Handels GmbH, Schwielowsee, Germany [32].

3. Results

All test specimens were successfully manufactured using conventional FFF. With
robot-based FFF, all square specimens were also successfully fabricated, though there
were isolated process failures during the production of round specimens. Figure 5 shows
two conventionally manufactured test specimens after the tensile test while two robot-
produced test specimens are depicted in Figure 10.
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Figure 5. Resulting specimens with conventional production, geometries “EG” and “RG” (taken after
the tensile test).

The achieved adhesion strengths for conventional and robot-based FFF carried out in
this study are shown in Figure 6.

Comparison of Conventional and Robot-Based Manufacturing

0.4
0.35
Conventional EG (5)
0.3 Robot-Based EG (5)
£
£
%‘ 0.25 B Conventional RG (5)
K~
© B Robot-Based RG (5)
g 02
%)
C
2 015 B3 Conventional RO (5)
2 0.
5 B Robot-Based RO (5)
<
0.1
B Conventional EO (5)
0.05
B Robot-Based EO (5)
0

EG RG RO EO

Figure 6. Box Plots of adhesion strengths achieved by conventional and robotic fused filament
fabrication on silicone build plates (included number of samples).

It can be seen that the adhesion strengths for the specimens “EG” are in the same
range for both manufacturing methods. While the median values are nearly the same, the
adhesion strengths of the conventionally made specimen have a higher scattering. Both
manufacturing methods could achieve measurable adhesion strengths for all specimens.

In contrast, the adhesion strengths for the “RG” specimens built with the robot are
lower than for conventional manufacturing. Moreover, only three of the five robot-made
specimens achieved sufficient adhesion strength. In contrast, the other two could not be
built successfully and therefore were counted with an adhesion strength of 0 N/mm?.

It is apparent from the “RO” adhesion strengths data that there is an even larger differ-
ence between the two manufacturing methods compared to “RG” specimens. The conven-
tionally produced ones could be successfully built all five times. In contrast, only one speci-
men could be successfully built with the robot and achieve a measurable adhesion strength.

Looking at the “EO” specimens, the differences between the two manufacturing
methods are comparable to those achieved with the “EG” geometry. Moreover, for both
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variants, all specimens could be built successfully and achieved measurable adhesion
strengths. However, the adhesion strengths of the “EO” samples for the robot-made ones
are lower than for the conventional ones.

Overall, regarding the adhesion strengths, there is a more minor difference when
comparing the specimen geometries with or without a base. However, interestingly, there
is a large difference between the round specimen and the square ones. The square ones
achieve comparable adhesion strengths with both manufacturing methods, whereas the
round geometries perform much worse when using the robot. Furthermore, a higher
scattering for the conventionally made samples and smaller differences for the robot-made
ones can be observed.

The second evaluation criterion is the shape deviations, which are shown in Figure 7.
The shape deviations determined here are the absolute deviations from the nominal geome-
try related to the specimen surface. This value can be seen as an average deviation of the
entire object.

Comparison of Conventional and Robot-Based Manufacturing

0.9
0.8 Conventional EG (5)
Robot-Based EG (5)

0.7
0.6 B Conventional RG (5)
3 B Robot-Based RG (3
£ 05 === &

=

0.4 B3 Conventional RO (5)
0.3 E3 Robot-Based RO (1)
0.2 ° ‘ B Conventional EO (5)
0.1 e = e — B Robot-Based EO (5)

0

EG RG RO EO

Figure 7. Box Plots of shape deviations by conventional and robotic fused filament fabrication on
silicone build plates (included number of samples).

At first glance, similar correlations can be seen with the shape deviations as with the
adhesion strengths. While the angular specimens show relatively similar shape deviations
for both manufacturing processes, these are significantly higher for the round specimen
geometries when manufactured by the robot. It is noticeable that significantly higher shape
deviations occur with lower adhesion strengths.

The shape deviations for the test specimens “EG” are almost the same for both pro-
duction methods, while the scatter is higher for conventional production.

In contrast, the shape deviations for the test specimens “RG” produced with the robot
are significantly higher than those from conventional production. At the same time, only
three of the five test specimens could be successfully manufactured with the robot and
included in the evaluation.

For the test specimen “RO”, an increase in shape deviations can also be observed when
switching to robot-production. At the same time, however, the number of successfully man-
ufactured specimens drops again to only one specimen. In the comparison of the adhesion
strengths and the shape deviations for conventional production, it is also noticeable that
the scatter in the adhesion strengths increases significantly, but in the shape deviations, it is
even below that of the other geometries.



Materials 2022, 15, 6352

10 of 16

For the test specimen geometry “EO”, on the other hand, the shape deviations for
the two manufacturing processes are in a comparable range. The slightly lower adhesion
strengths of the robot-made specimens lead to slightly higher shape deviations compared
to the conventionally produced specimens.

CLSM-data are presented in Figures 8 and 9. to compare the difference in surface
topography of printed square “EG” and round “RG” samples processed with conventional
and robotic FFF. First, no significant differences in surface characteristics of conventional
process square and round samples can be overserved (Figures 8a and 9a). Second, the
surface topography of robot-made samples appears to be slightly smoother compared to
square “EG” samples. However, what stands out in Figure 9 is that the average area surface
roughness Sa of the robotically fabricated round “EG” sample is more than ten magnitudes
higher than the conventional process round sample. For the specimen geometry “RG”,
a significantly coarser strut curve of the bottom surface is noticeable for the robot-made
specimens than for the conventionally produced specimens or also for the geometry “EG”.
In contrast to the other tests, the individual struts are very clearly visible here, which are
also almost round and show only little contact with the building platform.

Square with base (EG)

(a) conventional (b) robotic

10x y Sa =8.5+0.7 um 10x . Sa=3.4+1.1um
—_—— 1280 :

1280

1509 == |
0‘ 0 .. - x
1280
50x
. () 50x Sa=0.620.1 ()
£ : 2 .
1
s
’l
‘e
]
z
‘.
284 e ¥
o - 144 e S
0

(um) (um)

Figure 8. Surface characteristics of “EG”-bottoms determined using CLSM. (a) conventional process
and (b) robotic fused filament fabrication.
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Round with base (RG)

(a) conventional (b) robotic

10x Sa=11.10.8 um 10x vy Sa=113.0+31.4um

1280

320

320 640

(um) (m)

50x Sa=1.0£0.9 um 50x v Sa=16.7:0.6

‘> X
128 192 256
(um) (um)

Figure 9. Surface characteristics of “RG”-bottoms determined using CLSM. (a) conventional process
and (b) robotic fused filament fabrication.

4. Discussion

The aim of this study was the determination of the transferability of FFF from con-
ventional to robot-based FFF. Results show that both the adhesion strengths and the shape
deviations show a relatively good agreement between the two manufacturing processes
for the square specimens. In contrast, the round specimen geometries show clear differ-
ences between the two manufacturing processes. Interestingly, the difference in adhesion
strengths of the round samples with both manufacturing methods can be related to the very
different bottom topography of the “RG” samples. Furthermore, regarding the decrease in
adhesion strength and the increase in relative shape deviations, the construction success
also decreases significantly when switching to robot-production. The deterioration of the
production result is even more pronounced for the specimen geometry without a bottom
(RO) than for the specimen geometry with the bottom (RG). This effect is mainly due to
a peculiarity of the robot control in combination with the production parameters and the
slicing process.

The first step in the slicing process is converting the designed CAD model into the
STL-format. This approximates circular segments of the part by triangular surfaces. The
next step is the slicing, in which the body, which is now in the approximated STL format,
is divided into individual layers. Based on these layers, the path planning for the nozzle
movement takes place. The G-code generated in this process now contains a sequence of
short, straight path pieces instead of circular movement commands that would correspond
to the original geometry. Compared to three-axis gantry guidance with axes that can
be moved independently of each other, the demands on the control system for accurate
guidance are significantly higher for serial kinematics such as a six-axis industrial robot.
To still meet the accuracy requirements, the robot controller reduces the travel speed to
reach the target point. At the same time, there is the option in the controller of superposing
between the route to the target point and the subsequent target point. However, the robot



Materials 2022, 15, 6352

12 of 16

controller can only evaluate the point following the current target point and cannot take
the further course into account. The short path sections mean that the robot does not
reach the target speed because the distance to the last known point, i.e., the next but
one, is insufficient. The resulting insufficient movement speed, in conjunction with the
specified and fixed extrusion speed, now leads to significant over-extrusion for the round
test specimen geometries. However, this problem does not occur with the angular specimen
geometries due to the long straight distances between the points.

Figure 10 shows the comparison between a test specimen “EG” and “RG” with the
corresponding differences in surface quality by production with the robot. The significantly
larger relative shape deviations (Figure 11) are thus already recognisable from the rough,
pimply surface of the round test specimen, which is caused by the over-extrusion. At the
same time, the over-extrusion also leads to an uneven surface of the respective layer. When
passing over these areas in the next layer, the nozzle gets caught in these unevennesses and
thus leads to additional stress on the adhesion layer. During the test specimen production,
this leads to a weakening of this layer and thus to a loss of adhesion. Depending on the
degree of weakening, this can lead to a reduction in the adhesion strength or even to a total
loss of adhesion and may result in tearing off the test specimen before it is finished.

Figure 10. Comparison of the surface quality of the robot-produced test specimens “EG” and “RG”.

[mm]

Figure 11. Target/actual surface comparison for the robot-produced test specimen “RG” with the
deviations of the rough surface in the lateral component area around the hole as also seen in Figure 10,
the soil structure known from the CLSM measurements (Figure 9) and the warping in the edge area.
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Furthermore, the CLSM surface characterisation of the bottom of the robotically made
“RG” sample shows a much higher surface roughness than the conventional ones. However,
the aforementioned over-extrusion would lead one to expect that the excess amount of
material would fill the trenches and create a completely smooth surface. However, the floor
surface is created with straight and not circular paths, so that no over-extrusion occurs
here. This is due to the significantly lower number of points where the robot reaches its
target speed. The same applies to the angular specimen geometries. At the same time, it
is also known from the tests that the VAMM has greater deviations in flatness due to the
construction of several layers of silicone and the adjustable pins than is the case with the
standard construction platform with the silicone mat. Therefore, it can be assumed that,
in the area of the building site for the test specimen “RG”, there is also a deepening in
the building platform, thus leading to an increased nozzle distance. This in turn leads to
the slight under-extrusion in the area of the adhesive surface and thus also to the visible
extrusion paths. Then again, on the building site for the angular test specimen “EG”, there
might be a slight heightening compared to the build plate of the conventional machine,
leading to a more homogeneous adhesion surface. Another small contribution could also
result from the robot kinematics, which, due to its principle, tends to be more inaccurate in
the z-direction than it is the case with a gantry system. In principle, it would have been
conceivable to compensate for the different thicknesses of the silicone surface in the test
procedure, but for use in EMMA, taking these unevennesses into account is also the aim of
the investigation. These unevennesses occur over the entire VAMM and must therefore be
tolerated without manual compensation for a usable EMMA process.

Overall, these issues with the guiding kinematics and the flatness of the VAMM
explain the significant difference in the test results between the two production methods
for round specimen geometries.

One way to improve the production results for round geometries is to optimise the
slicing process so that round geometry parts result in circular travel commands. Another
option is to reduce the print speed so that the robot can reach it. At the same time, such a
reduction of the print speed also leads to the expectation of a general improvement of the
adhesion strengths.

Another disadvantage, especially for the relative shape deviations, of the round test
specimens can be seen in Figure 10. Undesired threads are formed inside the specimens.
On the one hand, this thread formation results from the dripping of the extruder due to the
missing material retraction function. On the other hand, the run on of the extruder also
contributes to this thread formation. For the tensile test, these threads had to be removed, so
that only residues on the wall found their way into the relative shape deviations. However,
these threads do not play a role in the application in the EMMA, as a test specimen with
closed surfaces can be assumed for this application, so that thread formation does not occur.

When comparing the two manufacturing processes, however, it can also be seen that
the measured values of the robot-manufactured test specimens show less scatter. The most
likely explanation for this correlation is the generally lower print speed for the robot-based
production. As described above, the first layer was produced at the same travel speed for
both manufacturing processes. In the production with the conventional system, a higher
travel speed was selected for the other specimen parts. This is impossible with the robot
due to the chosen controls, so the entire test specimen was built with a lower travel speed.
However, this lower travel speed also leads to lower stresses on the adhesion layer during
production. This also results in less pre-damage of the adhesion layer, so that the results
are more uniform. This finding is also supported by the slightly smoother surface of the
robot-made square compared to the conventionally produced sample.

The last conspicuous feature is the somewhat lower adhesion strengths for the geome-
try “EQ” in robot production, which are within the range of conventional production. In
addition to a somewhat higher susceptibility to individual faults in the extrusion due to
the smaller floor area, additional unevenness on the build plate can also be considered
as a cause. Due to the construction of the “build plate” from the VAMM machine with
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the adjustable pins and several silicone compounds, a higher tolerance of the build plate
flatness inevitably follows.

In general, the findings suggest that production with the robot is certainly comparable
with conventional production. The only limitation is the reproduction of the round test
specimen geometries, which is, however, due to the peculiarities of the robot control and the
path formation. The angular specimen geometries, which circumvent these problems due to
their geometry, show the good agreement between the two manufacturing processes. It can
therefore be assumed that robot-assisted manufacturing is a suitable approach to combining
VAMM and FFF to EMMA. In addition, the robot-assisted manufacturing represents an
alternative to producing larger components.

5. Conclusions

The purpose of the present study was to investigate the transferability of Fused
Filament Fabrication (FFF) from a conventional system to manufacturing using robots for
the use in Enhanced Multipoint Moulding with Additive Attachments (EMMA). In EMMA,
a curved silicone platform is used for the additively manufactured attachments compared
to conventional manufacturing.

Overall, it was shown that the test results can generally be transferred very well
from the conventional system to robot-assisted production. However, there are currently
limitations on the production of round test specimen geometries with the production
parameters adopted from conventional production due to the guiding kinematics of the
industrial robot used and the associated control. For the angular test specimen geometries,
it was possible to show a very good agreement of the measured values between the
manufacturing processes.

Although a very good transferability of the results has already been achieved, there
are still some steps to be taken to improve the usability of robot-assisted manufacturing
on a large scale. On the one hand, an adaptation to the round geometry parts must be
created. With regard to the use of the FFF for EMMA, however, this study was able to
demonstrate that the application works with robot-based manufacturing and that a fully
functional process should be representable with it.
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