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Abstract. Robotic additive manufacturing using pellet extrusion has gained significant scientific
interest and industrial maturity. Increased part dimensions, reduced production time, and lower raw
material costs are the main advantages of this process. This development has led to a strong demand
for improved control and understanding of the process and of multiple phenomena occurring during
fabrication. Consequently, process monitoring has received considerable attention, as it enables better
understanding and detection of anomalies and their origins during manufacturing, allowing for
immediate correction when possible or for more in-depth post-process analyses. Several studies in
the literature have focused on monitoring parameters such as extrusion temperature, layer height, and
printing speed to investigate their effects on final part quality and mechanical performance. In the
present study, the objective is to quantify the forces applied to the deposited material during robotic
additive manufacturing by pellet extrusion. This is made possible using a six-component force sensor,
which allows the measurement of forces and moments along the three directions (X, Y, and Z).
Following data acquisition, the results allowed understanding of force variations throughout the
fabrication cycle and their correlation with the different stages of the manufacturing process. A single
layer curve was explained with the corresponding peaks of each segment of the trajectory. It was
found that at rounds there are peaks in Z forces due to the fact that, at the rounded sections, there is a
slight accumulation of material, as the robot’s travel speed decreases while the material flow rate
remains constant. This therefore results in higher applied forces. Consequently, it was observed that
from the third layer onward, forces along the Z direction were almost no longer detectable. These
measurements aim to facilitate the detection of manufacturing defects through unexpected force
variations and to relate these observations to the final mechanical properties of the fabricated parts.

Introduction

Additive Manufacturing (AM) is a revolutionizing process that represents many pros
compared to conventional manufacturing methods. In fact, AM, also known as 3D printing, consists
of joining material layer upon layer till obtaining the final part [1]. Remarkable precision, high
adaptability and the ability to fabricate complex geometries are some of the advantages offered by
AM technologies [2], [3]. Many industries are more and more adopting the AM process [4], such as
aerospace, medicine and automotive [4]. Fused Filament Fabrication/Fused Deposition Modeling
(FFF/FDM) is one the most widely used technologies of AM as it is affordable and easy to use [1],
[2], [5]- It consists in heating a filament material above its melting temperature then extrude it through
a nozzle and deposit it onto a build plate.

Large choice of materials exists in FDM to respond to different mechanical and functional
requirements. Usually, the low-temperature thermoplastics are the most used materials as they are
affordable and sufficient for non-critical applications, like demonstration parts [6]. Recently, more
materials such as engineering materials are present in the market for different applications. Moreover,
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reinforced plastics also entered the race as their incorporation showed remarkable improvement in
structural, thermal and mechanical properties [7] . Besides the material, the impact of manufacturing
parameters such as layer height, printing speed and infill density on the quality of the final part was
investigated in several studies [8]-[10]. Despite all the interest and evolution, limited fabrication
dimensions and low production flow restricted the use of this technology by large scale industry.

To deal with these restrictions, a combination of two solutions was revealed. The first solution
consists of developing a new technology of material extrusion process of pellets instead of filament.
Arburg company has launched in 2015 the Arburg Plastic Freeforming (APF) where the plastic
granulate is melted and then extruded [11], [12]. With this technique, also called “Fused Granulate
Fabrication (FGF)”, production times can be reduced by up to 200 times because of the direct feeding
of pellets [13], thus the cost of the raw material can be reduced by more than 10 times compared to
FFF [5], [14]-[17]. The second solution to overcome some FDM restrictions is the use of multi-axis
platforms instead of Cartesian coordinate systems. Conventionally, extrusion-based AM machines
use three-axis coordinate system [18], [19]. It is widely used thanks to its simple mechanisms and
simple process flow. However, this system has limitations. When the object is more complex, the
need of support structures, staircase effect due to planar layer-by-layer manufacturing, and high
machine frame dimensions compared to the fabrication volume are some of these shortcomings [18]—
[20].

Therefore, multi-axis AM platforms have been developed to address these limiting factors
using robot arms. Either for polymer- or metal-based AM technologies, this 6 degree-of-freedom
(6DOF) solution gained interest from the 3D printing community [19]. These systems offer similar
floor occupancy as the cartesian 3-axis ones but the kinematics lead to an increased fabrication
volume [21]. For this reason, and in order to accelerate the production rate, many leading
manufacturers and research laboratories in AM field adopted robotic-based systems.

Although extrusion-based AM techniques has known developments and increased interest
from researchers and industries, the process still needs more understanding and in-depth control
during the process. Hence, several studies justified the need of monitoring in order to discern the
impact of numerous factors on the fabrication. In a review conducted by A. Oleff et al. [22], they
gathered many studies of material extrusion process monitoring. The choice of studies was made
following many criteria. One of them was the sensor technology used depending on what parameter
the paper was interested to monitor. As a result, it has been shown that only 2.6% of the total number
of sensors used in several studies was used for force/pressure monitoring. In addition, they reported
that these forces sensors were mostly used to inspect the feeding system and the extrusion head [22].
Other sensor technologies were about temperature, vibration, 2D vision, 3D vision, etc.

Quality control through process monitoring can be utilized in different AM technologies for
various materials such as polymers and concrete. For this latter, Barry et al. [23] measured the force
exerted by the print head on the material extruded. They proceeded to the instrumentation of the
extrusion nozzle with load cells to achieve real-time quality control. This approach helped them
correlating between the forces of the extruder nozzle and the material hardening process and its
impact on the printing quality. In other studies, most force sensors were used to measure extrusion
forces and pressure generated by the melting process. The load cell in the cited studies was generally
located between the extruder and the hot end to acquire force data of the extrusion process [24]-[27].
In this position, the load cell records movement axis acceleration and vibrations.

For our study, the aim is to quantify the total forces, external to the extruder, that are applied
on the deposited material and correlate them to the printing steps. Parts were designed and
subsequently fabricated while the forces are measured by the sensor. The resulted data was then
analyzed and explained.
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Material and Method
Material

In our case, the Dahltram T-100GF pellets from Airtech are used. It is a thermoplastic material
reinforced with 30% of glass fibers. It has a maximum temperature use of 65 °C and a heat deflection
temperature (HDT) of 70 °C. Mechanical properties of the material are given in Table 1. In addition,
Differential Scanning Calorimetry (DSC) analysis was conducted in order to identify thermal
transitions in the material such as glass transition (Tg), melting temperature (Tm) and crystallization
properties if there is any. Analysis was performed using DSC 200 F3 Maia from NETZSCH. As-
received- and printed samples of 10 — 15 mg have been tested in a temperature range from -10 °C to
270 °C at a heating and cooling rate of 20 °C/min. During the tests, nitrogen gas was injected at a
flow rate of 50 ml/min as a protective gas of both measurement cell and sample.

Table 1. Material properties given from the manufacturer.

Composition and
thermal
properties

Mechanical properties

Glass Fiber 193 MPa
% Fiber loading 30% 25.9 MPa
65 °C 37.Gpa
DSC /(mWimg) . After printing
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Fig. 1. DSC thermograms of as-received and printed glass fiber reinforced PETG, with key process
temperatures discussed subsequently.

The results in Fig. 1 showed no cold crystallization or melting peaks. This is due to the amorphous
nature of PETG [28], which was not impacted by the presence of glass fiber reinforcements. The glass

transition temperature detected is around 80 °C, which is quite the same with references studying the
same neat material [28], [29].
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For more information about the material, dimensions of the pellets (Fig. 2) and glass fibers were
measured. A Keyence VHX-7000 digital microscope with integrated 2D/3D measurement was used
to determine fibers dimensions. For pellets dimensions, they were quantified using a caliper. The
dimensions of both, pellets and fibers are similar to the most industrial materials dimensions
commercialized in the market. As for fibers, the diameter measured is 13 pm, which is consistent
with the commonly used value by manufacturers (10 um — 20 um). As for pellet diameter, the value
found is around 3 mm, which is also coherent with the existing values that indicate a diameter between
2 mm and 5 mm.

Fig. 2. Image of pellets of the material used for this study.

Method
Experimental setup

A 6-axis robot-based additive manufacturing system equipped with a pellet-extrusion head was
employed. The robotic arm used is a TX160L from Staubli, featuring a repeatability error of
+0.05 mm, ensuring accurate control of trajectories and printing parameters.

The extrusion head, an E25 model from CEAD, provides a deposition rate of up to 12 kg/h and
can reach an extrusion temperature of 400 °C.

Data collection

During the manufacturing process, the HBK MCS10 multi-axis sensor was used to measure the
forces applied by the extrusion head. It has the ability of measuring up to 6 different forces and
moments simultaneously with an accuracy class of up to 0.1.

The forces data was recorded by a 16-channel Bridge Amplifier MX1615 from HBM. It was wired
from one side to a laptop equipped with Catman Data Acquisition Software, and to the load sensor
from the other side.

For thermal monitoring, it was conducted using a Flir One Edge PRO thermal camera. It allows
an object temperature range from 0 °C to 400 °C with a thermal resolution of 19,200 pixels. Two
different live spots measurement were used for this study (Fig. 5). Thermal analysis showed a
temperature drop of 40 — 45 °C at the moment of extrusion (Tg-T2 in Fig. 1), knowing that the
extrusion temperature is Tg=255 °C. It was found that, with a layer time of 109 seconds, the
temperature of the previous layer at the moment of the new layer deposition is between 115-120 °C
(Ty1in Fig. 1), which represents 135 °C decrease from the extrusion temperature.

For further analysis and documentation, fabrications were recorded using professional camera.
The complete experimental setup is presented in Fig. 3.
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Fig. 3. The setup used for the experiment.

As the objective of this study does not expect variations of the processing parameters, the
manufacturing parameters chosen are the same recommended by the material manufacturer and the
extrusion head supplier. These parameters are summarized in Table 2.

Table 2. Parameters used for additive manufacturing of the part.

Values 3 mm 25 mm/s 6 mm 7 kg/h 11-12 mm

Results and Interpretation

To quantify the forces generated during robotic additive manufacturing using pellet extrusion,
a dedicated part was designed to enable the extraction of the maximum amount of relevant data, in
accordance with the objectives of the measurements. Consequently, a part including trajectory
variations in both the X- and Y-axis directions was selected and designed with dimensions matching
the build platform used. The geometry of the part and its dimensions are shown in Fig. 4.

The experimental campaign began with preliminary tests to verify the hardware and software
of the setup. This validation included leveling the support/build-plate assembly, ensuring that the
force sensor accurately measures loads along the three axes, and confirming proper material
extrusion. Once testing and verification were successfully completed, the part was fabricated.
Additional fabrication trials are planned to ensure repeatability and to establish a dataset. The part
after fabrication is shown in Fig. 4. At the end of the additive manufacturing process, and
measurements in parallel, the collected data was processed and plotted using a Python-based code.
The raw force curves along the three axes (Fx, Fy, Fz) are shown on Fig. 6. Torques were neglected
in this initial phase of the study. The time axis of the plots corresponds to the total fabrication duration
in seconds.
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Fig. 4. a) Part design dimensions in mm and b) part after fabrication.

Initially, a significant decrease, or even an absence, of applied force was observed after approximately
230 s of fabrication. For the first layer, the forces are higher as layer height was reduced (2.5 mm) to
ensure a strong adhesion with the fabrication bed. This led to a compressed layer, resulting in an
increased layer width that was observed via the microscope as shown in Fig. 8b. Besides the first
layer, the layer height was 3mm. The evolution of the Fz curve is linear, indicating a constant
extrusion rate. The evolution in the Z-axis force (Fz) is related to the cumulative mass of the deposited
material throughout the fabrication process. In contrast, the forces along the X- and Y-axis exhibit
minimal amplitudes over the entire measurement period.

For more detailed analysis of the force curves, a 1 Hz low-pass filter was applied to remove noise
that could disturb proper interpretation of the data. Hence, all the following curves presented are
filtered.

Extrusion temperature :
T,=255°C

Previous layer temperature at the moment of deposition :
T,=[115 °C- 120°C]

Material temperature at the nozzle exit :
T, =[200 °C - 210 °C]

Fig. 5. Thermal monitoring during fabrication and key process temperatures measured.
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Fig. 6. Forces curves following X, Y, and Z sensor’s axes.

For a better understanding of the force curves and their interactions during the additive
manufacturing process, the toolpath of the first layer of the part was divided into segments (Fig .7).
It should be noted that the total duration of a single layer is 109 seconds. The segments are labeled
from A to V in the order of fabrication. The purple marker on both the toolpath and the force curves
indicates the actual starting point of the additive manufacturing process of the part. On the graph,
each portion of the curve corresponding to a segment is separated by dashed lines, with the segment
reference indicated. The regions corresponding to circular features on the curves are highlighted. The

corners are characterized by a change in the X- and Y-axis directions and by a peak in the Z-axis
force.
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Fig. 7. Force curves measured along X, Y, and Z sensor’s axes during the fabrication process, with
correspondence between the different stages of the toolpath and their respective segments of the

curves.

At the starting point, a clear and immediate increase in Fz is observed, followed by a relative
stabilization corresponding to segment A. As the trajectory approaches the first corner, the force
increases and reaches a peak due to the robot deceleration while maintaining a constant material flow
rate. This pronounced peak can be explained by imperfect horizontality/flatness of the build platform,
resulting in the extrusion head being positioned very close to the platform and therefore inducing
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higher applied forces. When transitioning to segment B, a change in direction is detected through a
sign change on Fx and Fy : segment A corresponds to motion along the —X direction, whereas segment
B corresponds to motion along the —Y direction. As deposition continues, another change in direction
is observed at the rounded section preceding segment C, where motion shifts to the +X direction.
Along segment C, the force decreases as the trajectory exits the corner, returning to approximately
the same range of values as observed for segment A. Throughout the entire toolpath, Fz oscillates
within a range of approximately 1 N, with peaks and directional changes occurring at the rounded
sections. Approaching segment S, the Z-axis force begins to increase, passing through segment T,
and then starts to decrease after the rounded section preceding bead U. The increase in Fz observed
along the side corresponding to segments B, C, T, and S indicates that the build platform is higher on
this side than on the opposite side. The same forces behavior of the first layer is observed for the
second one, although with lower force magnitudes, as the layer height is increased to 3 mm for the
rest of the fabrication process.

As mentioned previously, the forces curves exhibited a progressive decrease in the measured
forces after a certain period of time. Following data analysis and correlation between the recorded
measurements, fabrication videos, time stamps, and sensor data acquisition, this decrease was
observed to become more pronounced starting from the third layer (Fig. 8), where the signature of
the different stages within a single layer disappears. In contrast, for the first two layers, the signatures
of the main stages of a layer’s toolpath are clearly identifiable. This absence of trajectory-related data
persists for all layers beyond the second layer.

a) " b)

Layer 1 r

layer2 {1

Layer 3

Forces (N)

240 260 280 300 370 340
s

Layer 4

Forees (N)

80 200
Time (s}

Fig. 8. a) Forces curves measured in Z-axis (Fz) of different layers and b) layers captured on the
microscope.
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Conclusions and Perspectives

The forces applied to the deposited material were quantified during the extrusion of pellets
by robotic additive manufacturing. A six-component force sensor was used, allowing measurement
of forces and moments along the three directions (X, Y, and Z). Following data acquisition, the results
allowed understanding of force variations throughout the fabrication cycle and their correlation with
the different stages of the manufacturing process. These measurements aim to facilitate the detection
of manufacturing defects through unexpected force variations and to relate these observations to the
final mechanical properties of the fabricated parts. A single layer curve was explained with the
corresponding peaks of each segment of the trajectory. It was found that at rounds there are peaks in
Z forces due to the fact that there is a slight accumulation of material, as the robot’s travel speed
decreases while the material flow rate remains constant. This therefore results in higher applied
forces. Consequently, it was observed that from the third layer onward, forces along the Z direction
were almost no longer detectable. Results were further supported by a thermal and microscopic
analysis of the deposited layers.

The next steps will involve expanding the current study with additional fabrications and
force measurements performed at a 45° angle. A comprehensive experimental protocol will be
established to ensure data consistency and reproducibility. Further investigations will focus on
dimensional metrology, the design and fabrication of standardized test specimens, and a series of
mechanical tests to evaluate the material's performance. In addition, more advanced thermal analyses
will be conducted to better understand the influence of temperature on the manufacturing process and
the properties of the resulting parts.
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