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Abstract: Incorporating continuous carbon fibre-reinforced polymer (CCFRP) parts within additive
manufacturing processes presents a significant advancement in the fabrication of robust lightweight
parts, particularly relevant to aerospace, engineering, and various industrial sectors. Nonetheless,
prevailing additive manufacturing methodologies for CCFRP parts exhibit notable limitations. Tech-
niques reliant on resin and extrusion entail extensive and costly post-processing procedures to
eliminate support structures, constraining design versatility and complicating small-scale production
endeavours. In contrast, laser sintering (LS) emerges as a promising avenue for industrial application.
It facilitates the efficient and cost-effective manufacturing of resilient parts without needing support
structures. However, the current state of research and technological capabilities has yet to yield an LS
machine that integrates the benefits of continuous fibre reinforcement with the inherent advantages
of the LS process. This paper describes the systematic development process according to VDI 2221 of
a new type of LS machine with automated continuous fibre integration while keeping the advantages
of the LS process. The resulting physical prototype of the machine is also presented. Furthermore,
this study presents an approach to integrate the cost and Product Carbon Footprint of the process
in the product design. For this purpose, a machine state model was developed, and the costs and
Product Carbon footprint of a part were analysed based on the model. The promising potential for
future lightweight products is demonstrated through the production of CCFRP parts.

Keywords: laser sintering (LS); continuous carbon fibre reinforced polymer parts (CCFRP); fibre
integration unit; resource efficiency; sustainable manufacturing; process modelling

1. Introduction

Employing continuous carbon fibre-reinforced polymer (CCFRP) parts in industrial
settings holds considerable promise for economically and effectively reducing future prod-
uct consumption and CO2 emissions [1]. CCFRP parts are distinguished by their high
strength-to-weight ratio and superior mechanical tensile properties along the fibre direc-
tion. Continuous fibre integration bolsters the mechanical properties of fibre-reinforced
components along the load path [2].

Additive manufacturing methods present a promising avenue for the tool-less and
time-efficient fabrication of continuous carbon fibre-reinforced polymer (CCFRP) parts,
allowing for a high level of customisation and intricate shapes. Material extrusion (MEX)
techniques, including fused layer modelling (FLM) and ARBURG plastic free-forming
(APF), have been extensively documented in the literature as practical approaches for
additive manufacturing of CCFRP parts [3]. In MEX, a meltable polymer filament (FLM) or
polymer granulate (APF) is melted through a heated nozzle and applied in layers to a build
platform using kinematics. In current research and technology, three possible techniques
exist for integrating continuous fibres into MEX. In [4,5], pre-impregnated continuous fibres
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are fixed to the part or build platform before the material is applied and then overprinted
with the molten polymer. In [6–9], the polymer filament and the continuous fibre strand are
fed separately via two nozzles onto the build platform or brought into contact/consolidated
in a heated nozzle and then applied to the build platform. In [10–12], the continuous fibre
strand is inside the polymer filament core before processing. Another category of pro-
cesses for CCFRP parts is vat photopolymerisation (VPP). VPP is a resin-based process in
which a photosensitive resin is cured or polymerised layer-by-layer using a light source
(laser, projector) [13,14]. In VPP, according to the current state of research and technology,
continuous fibres are manually placed on the build platform [13,15–17] or infiltrated into
tube-like channels within the part and then cured using UV light [18]. However, CCFRP
parts manufactured through MEX and VPP exhibit notable drawbacks attributed to their
process-specific characteristics. These methods necessitate the use of support structures,
which must be subsequently removed and disposed of post-production, incurring both
time and cost. Moreover, the employment of support structures constrains the capacity to
fabricate overhangs, cavities, and undercuts, consequently limiting part complexity. Addi-
tionally, the detachment of support structures may induce surface defects on the remaining
part surfaces, leading to a less uniform appearance of the parts. Furthermore, MEX and
VPP methodologies could be more conducive to cost-effective small-batch production.

By contrast, the laser-sintering (LS) process represents a promising alternative for
producing CCFRP parts. The LS process is a powder bed-based process in which a pri-
marily semi-crystalline thermoplastic is processed. In this process, the polymer powder
inside the build chamber is first heated as uniformly as possible in the process window,
i.e., between crystallisation temperature and just before the melting temperature, using
infrared (IR) emitters placed directly above the build platform. A laser beam is used
to apply the necessary energy required to melt the polymer particles selectively. Once
the laser has completed the part layer, fresh powder is applied with a recoater and a set
layer thickness. More detailed information on the structure of an LS machine and the
process sequence can be found in [19]. In a comparative analysis of MEX, VPP, and LS
regarding mechanical and thermal properties and long-term stability of polymer parts,
LS emerges as particularly advantageous. LS enables the production of durable, func-
tional parts with nearly isotropic mechanical properties [19,20]. Notably, LS offers the
advantage of eliminating support structures, providing greater design flexibility. In LS, the
unsintered powder is a supportive medium, streamlining the process without requiring
time-consuming post-processing steps [19]. Furthermore, LS showcases its prowess by
effortlessly crafting intricate parts with undercuts, cavities, and overhangs in a single step,
achieving near-net-shape functionality with remarkable complexity. The LS process allows
for efficient production of small batches by compactly positioning parts vertically and
horizontally in the powder bed. Compared to FLM parts, LS parts have up to 19 times
(tensile strength) and 14 times (elongation at break) less anisotropy, higher dimensional
accuracy, and less surface roughness [14,19,20]. The LS process, thus, produces polymer
parts with promising basic properties (matrix) for CCFRP parts.

However, no commercially available LS machines in the current state of technology
allow a combination of the advantages of the LS process with the advantages of continuous
fibres. Challenges for automated continuous fibre integration in the LS process are the
movement of the coater required for each layer and the control of the part’s and powder
bed’s surface temperatures. In the current state of research on additive manufacturing of
CCFRP parts with the LS process, there is almost no research work addressing continuous
fibre integration in the LS process. The research work identified is limited to technical
boundary conditions (additional kinematics required for targeted fibre placement) [21] or
to manual integration tests of rovings [22]. In [22], process-side interaction effects were
identified when integrating coated rovings with 1000 single fibres (1K) made of carbon
(Teijin Ltd., Tokyo, Japan), powder, and the recoater using a commercially available LS
machine Sintratec Kit (Sintratec AG, Swiss, Brugg, Switzerland). In addition, the time
of roving integration, i.e., before or after the coating of fresh powder, was investigated
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to determine the automatability of the process. A thermoplastic-compatible polymer
dispersion PERICOAT AC 250 (Textilchemie Dr. Petry GmbH, Reutlingen, Germany)
was used as a roving coating. Due to the lack of a machine concept, the potential for
support structure-free production of complex lightweight products with continuous fibre
reinforcement is limited. The process boundaries were analysed in [23], and the operating
points of the process were identified in [24]. However, a systematically developed prototype
LS machine with continuous fibre integration is still missing.

Besides the mentioned need for a systematic analysis of the part–machine interde-
pendencies to raise the application potential of the process, an integration in a product
development process with a focus on ecologic and economic characteristics is required.
In [25], the importance of the early integration of production into the development process
is identified. The developed parts are continuously evaluated regarding their economic and
ecological impact during production [26]. Especially for currently unestablished processes,
it is crucial to make the potential measurable at an early stage. For this purpose, evaluation
models regarding economic and ecological impacts are required to enable a quantitative
decision for a manufacturing process. The input data to the evaluation model should be the
geometrical information of the parts. The required calculation should be based on material
databases and measured values from the machines.

This paper presents the systematic development process of a prototypical LS machine
with automated roving integration according to VDI 2221 [27], focusing on the definition of
requirements with boundary conditions, the derivation of basic functions for automated
roving integration, as well as concept development and selection using utility value analy-
sis. The findings of [22] form the starting point for defining requirements and boundary
conditions. To enable the evaluation of the process regarding cost and Product Carbon
Footprint, a model for evaluating these parameters is presented. The goal is to present
what a systematically developed LS machine with roving integration looks like and how
the process can be evaluated during manufacturing process selection.

Section 2.1 describes the procedure for systematically developing an LS machine
with automated roving integration following VDI 2221. The methodology for analysing
the sustainability of parts manufactured by the developed LS machine is presented in
Section 2.2. Afterwards, Section 3 presents the analysed machine concepts, as well as
the final design of the machine. The functionality of the process is presented by the
production of demonstrator parts, which are also evaluated regarding cost and Product
Carbon Footprint. The paper ends with a summary and an outlook.

2. Materials and Methods

This section presents the procedure for systematic machine development based on
VDI 2221. It describes the methodology for evaluating the developed LS machine regarding
requirements and boundary conditions. Furthermore, it describes the process’s economic
and ecological key figures.

2.1. Development of an LS machine with Continuous Fibre Integration following VDI 2221

Due to the manufacturer-specific control and machine architecture, commercially
available LS machines do not have the option of functional expansion. Furthermore,
some relevant process parameters cannot be changed, so an in-depth investigation of
the influence and target variable relationships cannot be realised. A prototypical LS
machine with automated roving integration is developed in this paper to enable automated
roving integration in the LS process. The systematic development of an LS machine with
automated roving integration is based on the VDI 2221 development methodology. The
development steps presented in this paper can be seen in Figure 1.
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integration according to VDI 2221.

In the first development step in Figure 1, the development objective is first concretised,
and the scope of consideration is narrowed down. In the second development step, the
requirements and boundary conditions for the LS machine to be developed are defined. The
results from [22] form the starting point for defining requirements and boundary conditions.
The basic functions required for automated roving integration are identified with the help
of the function analysis system technique (FAST) following (VDI 2803) [28] in development
step three. The fourth development step presents three solution concepts based on the basic
functions, requirements, and boundary conditions for automated roving integration in the
LS process. With the help of previously defined evaluation factors, the solution concepts are
evaluated in development step five as part of a utility value analysis following VDI 2808.
Based on the results of the utility value analysis, the most promising solution concept is
selected. Finally, the developed LS machine with automated roving integration, which was
developed based on the selected concept, is presented. A detailed derivation, analysis, and
optimisation of the process-side influencing and target variable relationships (reduction
in process times and increase in reproducibility and process reliability, improvement in
the fibre–matrix bond, optimisation of the fibre volume content, and determination of the
mechanical properties) will be omitted in this paper. These properties were presented
in [23,24,29,30]. Determining the mechanical part properties achievable with the developed
LS machine is also different from the subject of this paper (see [31]).

2.2. Production of Demonstrator Parts Using the Developed LS machine

To validate and evaluate the requirements and boundary conditions for the LS machine
to be developed, the demonstrator parts shown in Figure 2 were manufactured with
continuous roving reinforcement.

The demonstrator parts are two gripper fingers with an integrated air channel for
an additional suction gripper. Furthermore, it is a suction gripper with an integrated
vacuum ejector (Venturi nozzle) for handling hairpins within the production lines of an
electric motor assembly. The cuboids with dimensions of 30 mm × 15 mm × 6 mm are
simple specimen geometries used for filling the powder bed. The in-house developed
MATLAB R2020a-based app, LSFibrePLaner (LSFP), is used for laser control and deriving
the NC code for automated roving integration [32]. Depending on the powder requirement
calculated by the LSFP for the respective print, the mixing ratio between old and new
powder can be determined. The material and process parameters used to manufacture the
demonstrators are listed in Table 1 and are based on source.
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continuous fibre integration.

Table 1. Process and material parameters of the LS machine selected for the demonstrator parts.

Setting Value

Material Sintratec PA12 (black)
Mixing ratio 60% fresh powder/40% used powder

Number of initial layers in the sintering phase 20
Sintering temperature TO 178 ◦C

Layer thickness 0.1 mm
Inert gas -

Process chamber temperature Uncontrollable (≈110 ◦C)
Heat-up time 90 min

Platform heater 170 ◦C
Standby temperature of the IR emitters during

roving integration 170 ◦C

Laser spot diameter ≈ 0.1 mm
Laser output 1.6 W

Hatch distance 0.1 mm
Scan speed 650 mm/s

Layer thickness 0.1 mm
Energy density per unit area EF 0.025 J/mm2

Cooling down time 10 h (overnight)
1K roving Carbon, 67 tex, HTA40 from Teijin Limited

Coating material PERICOAT AC250
Coating content 5%

Temperature of fibre nozzle TFN 345 ◦C
Feed rate of fibre nozzle vD 140 mm/min
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2.3. Modelling of the Economic and Ecologic Impacts of the Process

Based on the procedure described in the previous chapter, the systematically devel-
oped machine for LS with roving integration is presented in Section 3. In order to be able
to evaluate parts produced by the developed machine in the development of components,
such as the gripper fingers shown in Figure 2, compared to other manufacturing processes,
it is necessary to quantify the costs and CO2 emissions during production. It is important
to provide this information in the early stages of product development, when the impact is
greatest. The Life Cycle Assessment (LCA) is a known method for assessing the ecological
impact of a product. The requirements for an LCA are defined in the DIN EN ISO 14040 [33]
and the DIN EN ISO 14044 [34]. This paper calculates the PCF based on the guideline DIN
EN ISO 14067 [35]. First of all, the goal of the analysis needs to be defined to calculate the
PCF. In this case, the aim is to analyse the PCF and the cost of a part design during the
development phase. The system boundaries of the PCF need to be defined concerning the
goals [35]. This paper considers the cradle-to-gate life cycle. This includes the raw material
production as well as the part manufacturing until it is leaving the prudcing company. This
requires the process modelling to analyse the PCF and cost of the incoming material as well
as the manufacturing energy and time.

To compare the energy consumption of LS process with other processes, it is best to
use a machine state model [36]. For the analysed LS process with roving integration, the
machine state model needs to be extended. The resulting machine state model is shown in
Figure 3.
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Figure 3. Operation view as state diagram of the LS process with roving integration.

Compared to a conventional powder bed fusion process machine state model, as
presented in [36], the state of fibre placement has been added on the right-hand side.
The process starts on the left-hand side by heating up the machine’s assembly space.
Afterwards, the printing process begins with the recoating of the layer and the sintering
process. Suppose a fibre needs to be integrated. The machine switches to fibre integration
and returns to the printing status after all fibres are integrated into the layer. During
the fibre’s integration, the machine’s fibre integration unit must wait until the roving
integration for the layer is finished. Different energy consumers need to be considered in
each machine state.

The machine states are parametrised through power consumption measurements
during production. The measurement setup is visualised in Figure 4.



Machines 2024, 12, 336 7 of 24

Machines 2024, 12, x FOR PEER REVIEW  7  of  26 
 

 

Figure 3. Operation view as state diagram of the LS process with roving integration. 

Compared to a conventional powder bed fusion process machine state model, as pre-

sented  in [36],  the state of fibre placement has been added on  the right-hand side. The 

process starts on the  left-hand side by heating up the machineʹs assembly space. After-

wards, the printing process begins with the recoating of the layer and the sintering pro-

cess. Suppose a fibre needs to be integrated. The machine switches to fibre integration and 

returns to the printing status after all fibres are integrated into the layer. During the fibreʹs 

integration, the machineʹs fibre integration unit must wait until the roving integration for 

the layer is finished. Different energy consumers need to be considered in each machine 

state.   

The machine  states  are parametrised  through power  consumption measurements 

during production. The measurement setup is visualised in Figure 4.   

 

Figure 4. Setup for power measurement of the machine. 

The power consumption is measured with a clamp-on power analyser Yokogawa IM 

CW 240P-D (Yokogawa Electric Corporation, Tokyo, Japan). The measured data are stored 

in a CSV file analysed with Python (3.11). The clamp-on power analyser is mounted on 

the main cable of the machine, which measures the energy consumption of the entire sys-

tem. Since the operation state of the machine is known during the measurements, the en-

ergy consumption can be assigned to the machine states based on the measurements. 

To calculate the energy consumption resulting from the parametrised machine states, 

the time the machine is in each machine state needs to be estimated based on the product 

design. Niazi et al. [37] summarised and categorised existing approaches for estimating 

manufacturing costs. The focus of this paper is not just on costs but also on PCF, but the 

time estimation is for both. Therefore, the activity-based times are calculated using an an-

alytical approach. The heating time for the assembly chamber only depends on the heating 

equipment used and the required temperature for the process. The printed part has no 

impact. Therefore, the heating time is set to 90 min based on experience knowledge.   

One machine state is the conventional LS process. In [38], the time for the LS process 

is presented according to Equation (1): 

tlsn = 
V

ds
∙

1

N de+dh v
+

Atot

ds

v
  (1) 
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The power consumption is measured with a clamp-on power analyser Yokogawa IM
CW 240P-D (Yokogawa Electric Corporation, Tokyo, Japan). The measured data are stored
in a CSV file analysed with Python (3.11). The clamp-on power analyser is mounted on the
main cable of the machine, which measures the energy consumption of the entire system.
Since the operation state of the machine is known during the measurements, the energy
consumption can be assigned to the machine states based on the measurements.

To calculate the energy consumption resulting from the parametrised machine states,
the time the machine is in each machine state needs to be estimated based on the product
design. Niazi et al. [37] summarised and categorised existing approaches for estimating
manufacturing costs. The focus of this paper is not just on costs but also on PCF, but the
time estimation is for both. Therefore, the activity-based times are calculated using an
analytical approach. The heating time for the assembly chamber only depends on the
heating equipment used and the required temperature for the process. The printed part
has no impact. Therefore, the heating time is set to 90 min based on experience knowledge.

One machine state is the conventional LS process. In [38], the time for the LS process
is presented according to Equation (1):

tlsn =

(
V
ds

)
· 1
N(de + dh)v

+

(
Atot
ds

)
v

(1)

The part volume VPart and the part surface Atot describe the part. These parameters
are the results of the geometry of the printed part.

The layer thickness ds depends on the required surface roughness as well as on the
machine boundaries. The number of lasers N, the diameter of the laser de, the hatching
distance dh, and the scanning speed v depend on the machine possibilities.

For each layer, a recoating step is required. The recoating time te is machine-specific
and is equal for each layer. However, it depends on the number of layers how often it is
needed. The total amount of recoating time is calculated with Equation (2):

tlpn =

(
h

dv

)
·te (2)

The height of the part in the printing direction depends on its geometry and orientation
in the printer’s assembly space. In Figure 2, this is the z-direction.
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The time for integrating the rovings in one layer tfibre can be calculated with Equation
(3):

troving =
nroving·lroving

vroving
+ nroving·tcut (3)

Equation (3) is based on the number of rovings nroving and the length of the rovings
lroving. These variables define the length of all fibres in one layer and depend on the part
design. Based on the physical relationships between velocity, time, and distance, the speed
for roving integration is the machine-dependent parameter used for the time calculation.
After placing the rovings, each roving needs to be separated, which is considered with an
additional time tcut, which is the time for cutting one roving.

The PCF for the system boundaries is calculated by Equation (4).

PCFCradle-to-gate = PCFMaterial extraction + PCFManufacturing (4)

The PCF during the raw material extraction PCFMaterial extraction is calculated by
Equation (5). ρMaterial is the density of the material, and PCFMaterial are the CO2equ per
kg of the material.

PCFMaterial extraction = VPart· ρMaterial·PCFMaterial (5)

The PCF during manufacturing PCFManufacturing is calculated by Equation (6) and
mainly depends on the energy consumption during manufacturing. The printing time tprint
is calculated by Equations (1) and (2). The called power of the machine Pm depends on
the current state of manufacturing, which is defined in Figure 2. The PCF of electricity
PCFEnergy depends on the country of the production and represents the CO2-emissions for
one kwh. The presented machine and process is located in Karlsruhe, Germany.

PCFManufacturing =
(
tHeating· PHeating+tPrinting· PPrinting·+tRoving·PRoving

)
·PCFEnergy (6)

Based on DIN EN ISO 14051 [39], manufacturing costs can be structured as shown
in Figure 5. The machine in this study is used in a laboratory environment. Therefore,
the costs of are reduced to the direct production costs CostDirect and the material costs
CostMaterial.
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With Equation (7), the Costdirect are calculated. CostEnergy are the costs per kwh
electricity.

Costdirect =
(
tHeating· PHeating+ tPrinting· PPrinting·+tRoving· Proving

)
·CostEnergy (7)

Based on the mentioned basics of machine modelling, the cost and PCF calculation,
and the time estimation, a model that supports the evaluation of the parts is generated. The
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inventory data used for materials and electricity are summarised in Table 2. The power
value is a live estimated value and, therefore, very volatile.

Table 2. Parameters used for calculating the cost and PCF manufactured with LS with roving integration.

Parameter Value Unit Source

PA 12 CO2-eq. 6.9 kg/kg [40]

PA 12 Density 0.98 g/cm3 [41]

PA 12 Cost 98 €/kg [42]

1K roving CO2-eq. 19.849 kg/kg [43]

1K roving density 1.77 g/cm3 [44]

1K roving Cost 0.34 €/m

Power (mix, Germany) CO2-eq. 356 g/kwh [45]

Power (Germany) 0.1914 €/kwh [46]

3. Results and Discussion

First of all, this section presents the results from the development steps shown in
Figure 1 and the resulting LS machine. In addition, the manufactured parts are presented
and discussed. Furthermore, the parametrisation of the machine state model is presented,
and the evaluation of a manufactured part is demonstrated.

3.1. Development of an LS Machine with Automated Roving Integration

In Section 2.1, the individual development steps to develop the LS machine with
automated roving integration are presented. This section presents the results of the devel-
opment steps.

3.1.1. Concretisation of the Development Objective

The LS machine to be developed is intended to enable layer-related and load-path-
compatible part reinforcement using continuous fibre strands (1K rovings) made of carbon.
In other words, rovings will be automatically integrated into the part structure during the
layer-by-layer build-up process within the LS process. Due to the existing explanations
in the state of the art and research and technology on the development and construction
of pure LS machines [47], a description of the development process of the complete LS
machine is omitted in this paper. The development objective is therefore limited to deriving
a fibre integration unit for the related layer, i.e., two-dimensional and automated integration
of coated 1K rovings made of carbon within a prototypical LS machine.

3.1.2. Requirements and Boundary Conditions

An essential boundary condition is the continuous retention of the process window
of the semi-crystalline thermoplastic used to avoid premature crystallisation of the part
or overheating of the entire powder bed. Leaving the process window (overheating of
the powder bed or part crystallisation) leads to process errors and, in the worst case, to
process interruption or damage to machine components [19]. Furthermore, for automated
roving integration, the repetitive movement of the recoater with fresh powder over the
powder bed after completing a part layer must be considered for each part layer. According
to [22], if rovings are not integrated deep enough into the part, the recoater may entrain the
integrated rovings. This also results in a process interruption [24]. For reproducible and
process-reliable roving integration, the roving strand must be integrated as far as possible
below the movement plane of the recoater, i.e., within the part or the fresh powder layer
(layer thickness), to avoid an entrainment effect. Another boundary condition in the LS
process is the lack of bonding of the parts to a build platform. The parts lie loose, i.e.,
without a permanent fixation, in the powder bed. If excessive integration forces occur due
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to roving integration, this can lead to the displacement of the parts and thus to process
errors or parts that are not dimensionally accurate. Furthermore, according to [22], for
optimum load transfer from the matrix to the roving, the rovings must be connected to the
part layers already produced (bottom side of rovings) and to the newly applied part layer
(top side of roving). The boundary conditions for the fully automated LS machine to be
developed for CCFRP parts considered in this paper are listed in Table 3.

Table 3. Requirements and boundary conditions for the LS machine to be developed.

Feature Description

Bo
un

da
ry

co
nd

it
io

ns

Matrix material PA12 black (Sintratec AG, Schweiz)

1K Roving Fibre strand/roving with 1000 individual carbon fibres
(1K) (Teijin Ltd., Tokyo, Japan)

Coating (roving)
Thermoplastic-compatible polymer dispersion
(PERICOAT AC 250, Textilchemie Dr. Petry GmbH,
Reutlingen, Germany)

Process window of PA12 155 ◦C < TO <185 ◦C mit TO = Powder bed surface
temperature

Degree of freedom of roving
integration Roving integration in the printing plane (2D)

R
eq

ui
re

m
en

ts

Recoater movement No interfering contour for the recoater after roving
integration (avoiding entrainment effect)

LS process for CCFRP parts
• Usage of the conventional LS process without any

additional post-processing required

Roving
Integration

• Fibre of more than 50 mm in length (continuous
fibres/rovings) must be integrable

• No displacement of the LS parts in the powder bed
due to roving embedding

• The mechanism must be able to cut the roving in
each layer

As can be seen in Table 3, the most widely used material in the LS process is PA12. PA12
has a large process window compared to other common polymers for the LS process [19].
1K rovings are used as a coating with a thermoplastic-compatible polymer dispersion
(PERICOAT AC 250, Textilchemie Dr. Petry GmbH, Reutlingen, Germany) in the current
state of research. Compared to 3K or 6K rovings, 1K rovings have a significantly lower
thickness, which is expected to result in more reliable roving integration into the part
and below the movement plane of the recoater in the LS machine to be developed. By
using the conventional LS process without any additional tools or support structures, the
advantages of the LS process are kept. Process boundaries regarding the highest possible
fibre volume content, the most homogeneous possible roving distribution within the part,
and the lowest possible pore content of the manufactured CCFRP parts were described
in [31]. The identification of the operating point to improve the reproducibility, process
reliability, and process speed of the roving investigation was presented in [24]. This paper
focuses on systematic machine development and the evaluation of sustainability. For this
reason, the boundaries and process optimisation are not part of this paper.

3.1.3. FAST Analysis According to VDI 2803

To systematically derive the basic functions required for automated roving integration
in the LS process, a FAST analysis following VDI 2803 is used with the help of a FAST dia-
gram. With the FAST diagram, the scope for the product to be developed (fibre integration
unit) is defined within a left and right system boundary. Outside the left system boundary,
the main purpose or the function with the highest order is defined. In the horizontal
viewing direction (from left to right), the sequential definition of functions required to
solve the main purpose is carried out. To solve the main purpose (from left to right), a new
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lower-order function is created (how does a lower-order function solve the higher-order
function?). In the opposite direction, i.e., from right to left, the higher-order function is
justified by using lower-order functions (why is the higher-order function needed?). In
the vertical direction, the temporal sequence of the identified functions is also categorised.
Based on this function analysis, the functions will be systematically determined, and the
process flow for integrating rovings will be concretised. Figure 6 shows the FAST diagram
for the developed fibre integration unit.
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The main purpose of the LS machine to be developed is the automated production
of CCFRP parts. The rovings must be integrated into the parts to be reinforced following
the derived FAST diagram and its basic functions to fulfil this purpose. Based on the
requirements and boundary conditions from Section 3.1.2, Table 4 summarises the basic
functions required for roving integration.

Table 4. Overview and explanation of the basic functions for continuous fibre integration.

No. Basic Function Description

1 Tempering the
powder bed

Keeping the part and powder bed surface warm within
the process window of the matrix used for the entire

duration of roving integration

2 Part structure
generation

Creation of the part structure by the LS process before
roving integration

3 Feeding roving to matrix Unwinding the coated roving from the core and
conveying the roving to the part/matrix process zone

4 Positioning roving
in matrix

Two-dimensional alignment/positioning of the rovings in
the already manufactured part structure

5 Bonding roving to matrix
Bonding of the roving to the already manufactured part

structure/matrix below the movement plane of
the recoater

6 Separate roving Cutting the roving to a part-size-dependent length

7 Embed roving completely
in matrix

Bonding of the roving to the matrix by applying fresh
powder. Complete embedding of the roving in the part
structure by selective melting of the fresh powder layer

using the laser
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To integrate the rovings, the powder bed or part surface temperature must be con-
tinuously controlled within the process window (basic function 1) to protect the powder
bed or part from crystallisation or overheating. Suppose the temperature falls below the
crystallisation temperature or exceeds the melting temperature of the polymer used. This
can be achieved by controlling the powder bed’s or part surface’s temperature using a
temperature control loop. The roving and the matrix must be bonded to integrate rovings
into the part structure previously produced by the LS process. For a bond to be formed, the
matrix or the part structure to be reinforced must first be created by the LS process (basic
function 2). This is followed by the layer-related, two-dimensional embedding of one or
more rovings in the part structure in sequential order. For individual rovings to be embed-
ded in the matrix, the initially continuous roving must be conveyed to the process zone
(basic function 3) and positioned in the part structure (basic function 4). The roving must
be bonded to the already generated part structure underneath the roving (basic function 5)
to form the composite.

Another critical aspect of the LS process is bonding the rovings to other part layers in
the build-up direction. This bonding is achieved by applying and melting fresh powder,
ensuring the matrix surrounds the rovings. Before the rovings are fully embedded in the
matrix, they must be separated using a separation mechanism dependent on the part size
(basic function 6). Once the roving has been separated, fresh powder is applied to the
powder bed surface and the parts with integrated rovings. The laser beam selectively melts
the newly applied powder layer, thus completely embedding the roving in the matrix (basic
function 7). The functions with the lowest order are thus the rolled-up and coated roving on
a spool, the part structure generated by the LS process, and a control circuit for controlling
the temperature of the part or powder bed surface temperature.

3.1.4. Solution Concepts for Roving Integration in the LS Process

Based on the basic functions identified in Table 4 for roving integration, this section
presents three solution concepts and their evaluation using a utility value analysis.

Figure 7 shows the first concept, “pressure roller”, schematically.
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Figure 7. Schematic representation of the pressure roller concept.

The initial state for the first concept is a part structure produced by the LS process
within the powder bed tempered in the process window (basic function 1/2). The roving
is conveyed to the process zone with the help of a pair of rollers, consisting of a heated
counter roller and a pressure roller required for embedding (basic function 3). The roving
is partially positioned by a synchronous sequence of movements between the conveying
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speed of the roving, which is generated by the pressure roller, and the resulting feed rate of
the fibre integration unit during interpolation in the x and y directions (basic function 4).
The roving is heated to a defined temperature with the help of the heated counter roller,
which favours the formation of the bond during the pressing of the roving by the pressure
roller (basic function 5). Before reaching the end position of a roving path, a separating
blade is used to cut the roving to a part-dependent length (basic function 6). Due to the
shading of the IR radiation by the structure of the fibre integration unit, the part and
powder bed surface are continuously kept warm using an additional heat source on the
bottom of the fibre integration unit (basic function 1). The laser installed in the LS machine
is inactive for the entire duration of the roving integration. The recoater, part of the fibre
integration unit, is initially offset in the z-direction and above the powder bed so that no
powder is applied to the parts during the roving integration period. After integration of
the last roving or all rovings have been integrated into the part layer according to the NC
code, the recoater is set down to the required layer thickness, and fresh powder stored in
the fibre integration unit is applied to the powder bed. After the fibre integration unit has
been moved to the machine zero point, the laser melts the powder particles to embed the
roving completely in the matrix (basic function 7). This process is repeated until all part
layers have been produced. The controlled cooling process follows this and, finally, part
removal. Table 5 lists the advantages and disadvantages of the “pressure roller” concept.

Table 5. Advantages and disadvantages expected for the pressure roller concept.

Pros Cons

Compact construction. Complex construction and high moving mass due to integrated design.

Adjustable pressure force with pressure roller. Additional heat source required.

No additional powder feed reservoir required. Rovings can only be embedded linear at a limited angle concerning the
direction of movement of the recoater.

Loose powder particles could adhere to the pressure roller.

Edge areas of the powder bed or the parts could cool down too much due
to the shadowing of the IR radiation.

Figure 8 shows a schematic representation of the second “downholder” concept.
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As in the first concept, the starting point for the "downholder" concept is a part
structure produced by the LS process within a powder bed tempered in the process window
(basic function 1/2). The roving is conveyed into the process chamber before embedding
with the help of a supply unit (basic function 3). A clamping unit with an integrated,
height-adjustable recoater and a gripper kinematic system that can be moved in the x and
y directions is used to pick up the roving at the supply unit on the left-hand side of the
build platform. The gripper kinematics move to the left end so that the roving gripper
can receive the provided roving from the supply unit. The gripper kinematics then moves
in the x and y directions with the picked-up roving, pulling it parallel to the x-axis or
diagonally across the build platform (build function 4). The roving to be integrated is
clamped over the powder bed surface, and the part is to be reinforced with the help of
vertically movable downholders. The roving is pressed against electrical contacts by the
lowered downholders, creating an electrical circuit. By applying a voltage and controlling
an electrical resistance, the current flow through the electrically conductive roving causes
the roving to heat (Joule heat). The heat generated by the roving causes the roving to bond
to the part and the surrounding powder bed (basic function 5). After the bond is formed,
the roving is separated at the left and right edges of the build platform, and the ends of the
roving are pressed into the powder bed by the separating blade (basic function 6). Pressing
the roving ends into the powder bed is intended to avoid possible interfering contours
for the recoater. Once all rovings have been integrated, the recoater is lowered within the
gripper kinematics to the set layer thickness of the part and fresh powder is applied to the
powder bed containing the parts with rovings. Melting the applied powder layer with the
laser results in the complete embedding and bonding of the rovings in the matrix (basic
function 7). During the entire roving integration, the part with rovings and the powder
bed is tempered in the process window of the polymer by the IR emitters installed in the
LS machine. The subsequent layer-by-layer build-up process follows this. Table 6 lists the
advantages and disadvantages of the "hold-down" concept.

Table 6. Advantages and disadvantages expected for the downholder concept.

Pros Cons

No/reduced shadowing by choosing a compact
design of the gripper kinematics with
integrated recoater

Powder particles bond with the roving along
the entire length of the roving due to the heat
of the current. Increased risk of in-build
curling in the edge areas of the powder bed

Simple heating of the part or powder bed surface
within the process window without an
additional heat source

Only linear roving paths can be realised

Precise adjustment of the roving temperature
using a control circuit (favours controlled
bond formation)

Roving paths can be integrated with a limited
angle concerning the direction of movement
of the recoater

Compared to the other concepts, a high process
speed is assumed

Only electrically conductive rovings can
be used

Protruding rovings outside the part edges
must be subsequently removed

The “fibre nozzle” concept is shown schematically in Figure 9 and is based on [48].
As in the first two concepts, the starting point for the "fibre nozzle" concept is a part

structure produced by the LS process within a powder bed tempered in the process window
(basic function 1/2). The roving is conveyed through a heated fibre nozzle with a central
bore within the process chamber at a defined conveying speed using a drive and pressure
roller (basic function 3). The heated fibre nozzle is located above the part surface with a
defined air gap distance. The viscosity of the molten part is reduced locally by heat transfer
from the fibre nozzle to the part. A heat-affected zone (HAZ) is created within the part
structure with a shape-defining width and depth. A synchronised movement sequence
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between the resulting feed rate of the fibre integration unit and the fibre nozzle in the x
and y directions and the conveying speed of the roving ensures the targeted positioning
and integration of the roving into the HAZ. The roving is increasingly heated as it moves
through the heated fibre nozzle. The resulting intrinsic heat of the roving and, as a result,
the inherent stiffness of the roving (basic function 4) causes the roving to bond to the matrix
(basic function 5). Before reaching the end position of the roving path, the roving is cut to
a part size-dependent length (basic function 6). During the entire duration of the roving
integration, the powder bed and part surface temperature are kept warm within the process
window of the polymer used with the help of an additional heat source on the bottom of
the fibre integration unit (basic function 1). More information on heat transfer (heat transfer
by free convection with internal flow) between the fibre nozzle, additional heat source,
and powder bed surface can be found in [24,30]. The layer-by-layer build-up process is
continued after all rovings have been integrated into the part layer according to an NC
code. Table 7 lists the advantages and disadvantages of the “fibre nozzle” concept.
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Table 7. Advantages and disadvantages expected for the fibre nozzle concept.

Pros Cons

The entire build area can be kept warm without
heat loss in the process window by selecting a
large, additional heat source on the bottom of the
fibre integration unit

Depending on the distance between the fibre
nozzle and the powder bed, loose powder
particles from the powder bed or previously
created part layers could adhere, thus
endangering process reliability

In addition to linear roving paths, curved roving
paths are also conceivable

An additional heat source is required to keep
the part or powder bed surface warm

Simple structure of the fibre integration unit as
surface kinematics Shading of IR radiation

Comparatively high process reliability and
reproducibility of roving integration are expected

Moving mass of the fibre integration unit
could be high compared to the other concepts

3.1.5. Concept Evaluation and Selection Using Utility Value Analysis

The solution concepts presented in the previous section are evaluated in this section
using a utility value analysis following VDI 2808 based on weighted evaluation criteria.
Thus, the most promising solution concept for automated roving integration has been
selected. In [48], the evaluation criteria with weighting were derived using a pairwise
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comparison. The highest weighted evaluation criteria (20%) are the process stability when
coating the integrated roving with fresh powder and the ability of the solution concepts
to maintain the process window during roving integration. The evaluation criteria with
weighting and the result of the NWA carried out are shown in Table 8.

Table 8. Summary of the results of the utility value analysis.

Roller Hold-down
Device Fibre Nozzle

Evaluation Criteria Weighting Points Sum Points Sum Points Sum

Process reliability 20 4 80 5 100 9 180
Holding the process window 20 5 100 8 160 8 160
Expected composite quality 15 7 105 5 75 7 105

Process speed 15 5 75 5 75 6 90
Roving path complexity 10 4 40 3 30 8 80

Automatability 10 8 80 7 70 8 80
Complexity 5 5 25 6 30 5 25

Costs 5 6 30 7 35 4 20

Total utility value - 535 575 740

The first two concepts (pressure roller, downholder) were rated mediocre due to the
high risk of powder adhesion to the pressure roller (concept 1) or in-build curling due to
the current heat in concept 2. For the “fibre nozzle” concept, the process stability was rated
very good, as powder adhesion can be avoided by an adjustable air gap distance between
the fibre nozzle and the part surface. By implementing surface heating on the underside
of the FI unit for the “fibre nozzle” concept, reliable maintenance of the process window
is expected compared to the pressure roller concept. It should also be emphasised that a
higher degree of freedom can be achieved for the “fibre nozzle” concept concerning roving
path complexity. In addition to linear and angled roving paths, curved paths with a radius
can also be realised, allowing for more targeted, load-path-compliant part reinforcement.
Although the fibre nozzle concept is expected to be highly complex regarding mechanical
design and cost, the advantages of process stability, maintaining the process window and
roving path complexity, and the automation capability, which is rated as good, outweigh
the disadvantages. According to Table 8, the “fibre nozzle” concept has the highest utility
value with 740 points. The “fibre nozzle” concept is thus implemented in the prototype
LS machine.

3.2. LS Machine with Automated Roving Integration

This section presents the developed LS machine with automated roving integration. A
detailed description of the process sequence, as well as the systematic derivation, analysis,
and optimisation of the process-side influencing and target variable relationships for
process-stable and reproducible roving integration is omitted in this paper (please refer
to [23,24,30,31]. Figure 10a shows the realised, prototypical LS machine.

Figure 10b shows the CAD model of the LS machine (without a door) with a view into
the process chamber. The core elements of the LS machine are a galvanometer scanner, a
diode laser, a blade recoater, an F-theta lens, a powder storage container, and heat sources
(IR emitters, platform heaters) with temperature control (pyrometer, PT100) so that parts
can be generated layer by layer in the developed LS machine. The core elements installed in
the developed LS machine (with the manufacturer) and the porosity of the parts to measure
part quality (without the influence of roving integration) are listed in Table 9.
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Figure 10. Developed LS machine (a) and CAD model (without door) with a view into the process
chamber (b). Illustration based on [30].

Table 9. Components installed in the LS machine with description.

Feature Description

Laser source (power/wavelength) Diode laser 1.6 W/450 nm (Lasertack GmbH, Fuldabrück, Germany)

Galvanometer scanner SCANcube III 10 (Scanlab GmbH, Puchheim, Germany)

Laser control RTC5 PCI-Express & laserDESK Software version 1.6 (Scanlab
GmbH, Germany)

Programmable logic controller (PLC) Beckhoff SPS C6930-0060 with NCI extension following DIN 66025 (Beckhoff
GmbH & Co. KG, Verl, Germany)

Measurement of the powder bed temperature Pyrometer IMPAC IN 520 (LumaSense Technologies GmbH,
Raunheim, Germany)

Optics F-Theta optics, Focal length f = 254 nm (VONJAN Technology GmbH,
Ammersee, Germany)

Stable build area 105 mm × 105 mm × 70 mm

Integration area for rovings 105 mm × 80 mm

Heat distribution in the stable sintering area ∆7 K [30]

Part porosity (PA12) with EF =0.025 J/mm2 4.85% +/− 1.27% [31]

A fibre integration unit installed in the process chamber is used for the layer-related
integration of rovings. The fibre integration unit within the process chamber of the LS
machine is shown in Figure 11.

According to Figure 11, the fibre integration unit can be moved two-dimensionally
along the XFI and YFI axes over the entire build platform. Figure 12 provides a more
detailed illustration of the fibre integration unit and a description of the core elements.

As shown in Figure 12, the fibre integration unit consists of a roving extruder (stepper
motor) with a drive roller to generate the roving feed in the direction of the part, a pressure
roller to ensure slip-free roving feed, and a separating blade with a rope pull to cut through
the rovings. Furthermore, an additional heat source on the bottom of the fibre integration
unit is used to keep the part and powder bed surface warm within the process window. The
additional heat source consists of a black-painted metal sheet and a bonded silicone heating
mat with a PT100 temperature sensor (otom®Group GmbH, Bräunlingen, Germany). A
heating cartridge heats the fibre nozzle.
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3.3. Evaluation of Economic and Ecologic Impacts of the Process

This section presents the parametrisation of the machine state model as well as the
application of the model to evaluate a part produced by the developed machine.

3.3.1. Determination of Power Consumption during Machine States

Based on the setup presented in Section 2.3, the machine’s power consumption was
measured during the manufacturing of the parts presented in Section 2.2. In Figure 13, the
measured power consumption is visualised over time.
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Figure 13. Measured power consumption during the manufacturing of CCFRP parts.

The data are smoothed with piecewise aggregate approximation with a window size of
60. In state one, the machine is heating up. Initially, the machine was at room temperature,
meaning the heater’s full power was initially called up. Afterwards, it falls to around
2 kW during this state. If the temperature for sintering is reached, the power of the heaters
is reduced a little bit. In phase two, the LS process starts, which requires the laser and
motors for positioning. During the roving integration in three, the power consumption
is significantly reduced because the laser is switched off, and the heaters covered by the
fibre integration unit are switched off. The peak at the beginning of the roving integration
results from the fact that the pyrometer for measuring the temperature of the powder bed
is covered by the cold fibre integration unit, which temporarily increases the heating power.
The measured data calculate the average power consumption for each operation state. The
results are summarised in Table 10.

Table 10. Average power consumption during operation states.

Operation State Formula Symbol Value Unit

Heating up PHeating 2.021 kw
Printing PPrinting 1.919 kw

Roving integration Proving integration 1.247 kw

The calculated average power consumption during the machine states forms the basis
for the energy consumption calculations.

3.3.2. Evaluating Costs and PCF of the LS Process with Roving Integration

The presented process enables it to manufacture parts with different geometries. The
printed demonstrator parts from Figure 2 are shown in Figure 14a.

It is also possible to print them during one printing process. This leads to a reduction
in the manufacturing time and the PCF of each part. The reason for this is that the heating
time and the time for recoating can be divided between several parts. The evaluation of
cost and PCF is demonstrated on the gripper finger with an integrated suction gripper
function for handling parts in a training system in Figure 14b. The complex structure is
possible only through the design freedom of additive manufactured parts. The main load
case of the front strut is bending. Therefore, it was supported by roving integration. Since
the machine can only insert rovings in the printing plane, the part must be aligned so that
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the printing direction is perpendicular to the strut. The input parameters of the part for
evaluating costs and PCF are summarised in Table 11.
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Figure 14. Manufactured parts (a) and a detailed view of the evaluated gripper finger (b).

Table 11. Relevant part parameters for calculating the costs and PCF.

Parameter Formula Symbol Value Unit

Part volume V 19,372.07 mm3

Part surface area Atot 8833.3 mm2

Bounding Box X Bx 45 mm
Bounding Box Y By 48.5 mm
Bounding Box Z Bz 76 mm

Number of rovings per layer nroving 14 -
Number of layers with roving Nroving 6 -

Length of one roving lroving 64.5 mm

All of the parameters are defined during the design process and can be extracted
from the part’s CAD model. Thus, the evaluation can occur during product design and be
integrated into the decision process. The Y-direction is selected as the printing direction,
leading to a height in the printing direction of 41.5 mm.

Based on the part data, the time in each machine state is calculated using Equations (1)–(4).
The calculation results are summarised in Table 12.

Table 12. Calculated times in the operation states for the gripper finger.

Operation State Formula Symbol Value Unit

Heating up tHeating 90 min
Printing tPrinting 72.1 min

Roving integration tRoving 39.4 min
Overall manufacturing time tman 201.5 min

Besides the heating-up time taken from Table 1, the times are part-specific and can be
assigned to the part geometry. The heating-up time depends on the process temperature
and not on the number of parts or the geometry of the parts. For this reason, the energy
consumption during the heating phase is only charged proportionally to the part. The goal
in manufacturing planning should be to use the space of the assembly as well as possible.
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The amount of energy used to heat up the part is the proportion of the part’s bounding box
in the total construction chamber. The finger gripper takes 25% of the chamber. Therefore,
just 25% of the energy consumption during heating up is assigned to the gripper finger.
Furthermore, Table 12 presents the printing time for the gripper finger with the recoating
time. If several parts are in the build chamber, the recoating is performed once for each
layer and not for each part. Therefore, the power consumption during recoating is just
assigned proportionally to the part. For this purpose, the area of the bounding box in the
printing level is calculated. For the presented finger, it is the Bunding Box in the X and Z
directions. This leads to a surface area of 3686 mm2. The area in the printing level is 11,025
mm2 according to Figure 2. The calculated times result in an overall energy consumption
of 2.15 kWh. With Equations (6) and (7), the energy can be converted to the costs and
PCF of the part. Figure 15 presents the ratio between material and energy costs during
manufacturing as well as the PCF of the part.
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Furthermore, the ratio between PCF material and PCF manufacturing is visualised.
The values of the material are split into the part of rovings and the part of the PA 12 powder.
Furthermore, the energy costs and energy PCF of manufacturing are divided into the
operation states of the machine. With the assumed frame, without considering the machine
costs and labour costs, the total part costs EUR 2.45. A huge part of the costs are the material
costs, followed by the energy costs during the printing process. The PCF in Figure 15 results
in a total PCF of 0.91 kg CO2-equ.

The biggest part of the PCF is PCF resulting from the energy consumption during the
LS process. The ratio between the PCF during manufacturing and the PCF of material also
depends on the used power mix for the calculation. The PCF for this operation state will
also increase with increasing fibre amount. The results give a hint regarding the main cost
and PCF driver of products manufactured with the LS process with roving integration.
Furthermore, the modelling of the process enables engineers to evaluate the products
compared to other products with other manufacturing processes. A huge benefit is the
material consumption of the process because, using LS’s potential, only the material used
for the part needs to be considered in the evaluation. Furthermore, manufacturing several
parts in one print job enables part-independent consumption to be divided between several
parts. The manufacturing of lightweight parts also reduces costs and PCF during the use
phase of the product. The cooling down time was neglected during the evaluation of the
process. For a process selection, this should definitely be integrated.
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4. Conclusions

With the LS machine concept derived in this paper, a layer-related integration of contin-
uous fibre strands (1K rovings) into LS components is now possible and thus a combination
of the advantages of the LS process with the advantages of continuous fibre reinforcement
is possible without the disadvantageous properties of MEX and VPP (the use of support
structures, lower part complexity, time-consuming and cost-intensive post-processing of
parts for the removal and disposal of support structures in the case of MEX and VPP and for
post-exposure in the case of VPP; limited part throughput and poorer dimensional accuracy
and surface quality in the case of MEX; and high brittleness in the case of VPP). The core
element of this prototypical LS machine is a fibre integration unit used for integrating the
rovings into the already manufactured layers of the part. A heated fibre nozzle is used to
liquefy the polymer locally, creating a heat-affected zone (HAZ) with a characteristic width
and depth. The roving is then placed into the liquefied melt by a synchronised sequence
of motions between the roving feed rate and the nozzle feed rate. For implementing the
process in the industry and comparing the potential to other manufacturing processes from
a cost and PCF point of view, the machine was described with different machine states. For
each machine state, the power consumption was measured with a current clamp. Based
on the average consumption for each machine state and analytical time models based on
product design parameters, the process evaluation for manufacturing a specific part was
demonstrated. The roving integrations lead to additional manufacturing time compared
to the LS process. However, in the presented part, the impact of the roving on the PCF
is very small. The increasing manufacturing time created through roving integration led
to increased costs compared to parts produced by LS. The combination of the systematic
development of an LS machine with roving integration and the developed model for sus-
tainability evaluation supports the implementation of the novel manufacturing process in
the industry.

Further research is needed to speed up the process and support the designer in finding
the optimum between the amount of rovings and the PA 12 material. Furthermore, the
LS machine developed can currently only process PA12. In order to expand the range of
materials, further LS powder materials must be qualified, and process parameters for auto-
mated roving integration must be found. In addition, through-impregnated semi-finished
fibre products such as those used in FDM are too stiff for the developed fibre integration
unit and cannot be cut. Further development is necessary to utilise the better material
properties of these semi-finished products. To improve the data quality of the consumption,
more data during manufacturing are required. Furthermore, an assistance tool is required
to analyse the potential of the products in the development process. Moreover, the impact
of the part during the use phase needs to be integrated into the evaluation process.
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