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Abstract Foam Additive Manufacturing (FAM) is the additive manufacturing
process allowing parts to be obtained by depositing layers of polyurethane foam
using a high-pressure machine. This inexpensive technology allows large parts to
be produced in a reduced time. However, the quality of the parts produced by the
FAM technique is greatly affected by the various thermal phenomena present dur-
ing manufacturing and by the geometrical deviations of the layers due to the ex-
pansion of the PU foam. Numerical simulation remains an effective analytical tool
for studying these phenomena. The aim of this work is to build a geometric and
thermal model predictive of the FAM process by the finite element method, the fi-
nal objective of which is to provide temperature maps throughout the manufactur-
ing process and also to choose the best 3D printing strategy to have a model with
constant cords and the smallest possible form deviation. The proposed model and
the various simulation techniques used are detailed in this article. This model is
developed under the finite element code Rem3D, and validated by experimental
tests carried out on a FAM machinery or a robot, an example of which is detailed
in this article.

Keywords: Foam Additive Manufacturing, Simulation processes, 3D printing.

1 Introduction

The FAM (Foam Additive Manufacturing) is an additive manufacturing
(AM) process a process using an expanding polymer. This technology allows the
production of large parts such as nautical tools, by superimposing the layers of
material It represents an interesting alternative to traditional machining processes.
Indeed, it is a process which makes it possible to save significant production times



in the case of the manufacture of parts with complex geometries and to limit the
losses of raw material.

The material used is a PU foam shear thinned reacting polymer mixture
of adequate isocyanate and polyol group. The foam is deposited on a support with
a free expansion where after a few seconds the material evolves from a low mo-
lecular weight emulsion (through polymerization with the evolution of heat and
CO2 gas) to a complex polymer [1].Compared with other FA processes such as
Fused Deposition Modeling process with plastic materials, the FAM is character-
ized by a high deposition rate (with, in our case, a flow of 43g/s) because the foam
used expands by 30-40 times its volume in a few seconds. The process also has the
capacity to manufacture large parts as well as tools since the quantity of material
required is deposited and there is no recycling to be expected. For example, the
cost of manufacturing a large tool is less expensive by additive manufacturing
than by traditional methods [2].

However, the FAM process also has certain non-negligible drawbacks: during
successive deposits, the strong thermal gradients generated by the polyurethane
foam which is an insulating material lead to the generation of internal residual
stresses, and to deformations in the final part. These residual stresses have an im-
pact both on the mechanical properties (fatigue behavior for example) and on the
final geometry of the part and also on the material health of the part (appearance
of cracks, burning of material, etc...). These constraints and deformations are di-
rectly linked to process parameters such as for example the speed of deposit, the
height of deposit, the angle of deposition, the temperature of the components, the
flow rate and the time expected between the printing of each layer. The influence
of these parameters and the stacking of the cords are evaluated using a thermo me-
chanical simulation taking into account a Navier Stokes’ behavior law for the pol-
yurethane foaming (Rem3D software).

2 Foam polyurethane characterization

The material of interest here is polyurethane foam. The polyurethane is a polymer
bi-component material obtained by mixing together isocyanate and polyol. It be-
gins to cure in 6 s, expands to nearly 40 times its initial volume to yield a low den-
sity of 36 kg/m3. Its compressive strength is 110 kPa, tensile strength is 171.5
kPa. The reactions taking place in PU foams are complex, but can be represented
by only two global exothermic reactions: the first gelling reaction, where polyol
and isocyanate react to form highly cross-linked polyurethane and blowing reac-
tion where water and isocyanate react to form urea and carbon dioxide. [3]

In order to model mechanical and thermal reaction, we use modelling software
called Rem3D. This software computes the flow of the material by solving the
Navier Stokes and the thermical equations.

The material used is very reactive and therefore cannot be characterized in the la-
boratory. Therefore a characterization of the material has been carried out directly
on our robotic cell using a thermocouple and camera. The purpose of the experi-



ence is to recover the temperature present during the reaction as well as the mate-
rial's cooling curve and the expansion heights as well as the weight losses of the
material during expansion linked to the evolution of gases present during the mix-
ing reaction.

The protocol of the characterization implemented (Fig.1) recovers the reaction
temperature, the climb height, the expansion speed as well as the pressure exerted
during the polymer foaming. To carry out the characterization, we programmed a
casting of material with a programmed mass of 54 grams over a translucent con-
tainer with a diameter of 85 mm fitted with three thermocouples. A camera films
the expansion and by image processing, we were able to recover the climb height
as well as the speed. Another camera films the mass and the pressure difference
during casting. To have a correct characterization, we did the handling and pro-
cessing twice the two experiments: Experiment 1 and Experiment (fig 3) in order
to average the results and then translate them into digital material file for the
REM3D software.

The deposit head with
the foam material

Two graduated rules

A transparent glass
recipient
Four thermocouples: -

e One in the middle of
the container
e One on the outside wall
e One on the inside wall
e One outside the experiment

Balance accurate at
least 1 gram:

Fig. 1. Characterization protocol for foams with high reactivity in situ.

The first physical parameter measured was the reaction temperature (Fig.3). Tem-
perature maximum of 178 ° C in the heart is reached in 146 seconds and the cool-
ing rate is -2.86 ° C per minute. The total cooling time for a volume of 0.0989 m3
of foam poured is 4096 seconds. The second physical parameter measured and
analyzed by image processing is the expansion rise height as well as the expansion
speed measured at 32.3mm / s.

Once the material has been characterized [4], the data from the experiment (Fluid
Flow rate, Height of deposition, speed....) have been translated into a digital mate-
rial file and implemented in the Rem3D software.



Then, the simulation was realized in order to correlate the data from simulations
carried out and experiments (Fig.2 et Fig.3).

Fig. 2. Development of the flow front of the foam material in the cylinder with a 85mm diameter
after 2 s (a), 15 s (b) and 90 s (c): results from simulation (right) and practical tests (left).

The compared results are: the volume of foam and the temperature(fig 3). The
foam volume between simulation and experiment at each time is the same (a,b,c).
If we compare the reaction exothermal, the maximum temperature in simulation is

reached at a time equivalent to the tests. The reaction seems to be faster when
start-up.
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Fig. 3. Time evolution of the temperature in the cylinder in simulation and during experi-
ments

3 Comparison between experiments and numerical simulation

The simulation of the behavior of the material during the layer deposition allows
obtaining essential information such as the geometry of the manufactured layer
[6], the temperature inside the material, as well as the pressures exerted.



This information is then used to determine the best strategies for the printing pro-
cess to guarantee the correct geometry of the final part and correct material health.
As shown in figure 4, it is then possible to compare the simulated image to the im-
age taken from a printed layer section. This comparison makes it possible to high-
light any differences in terms of distortion between the experiment and the simula-
tion. Observations show a very good correlation between simulation and
experience when depositing several layers.

Fig. 4. Example of correlation between simulation and experimentation on a layer printed with a 43g/s
rate of flow and a speed deposition of 10.2 m/s.

4 Use of simulation to apply a speed correction on a trajectory in
order to minimize the form defect

When manufacturing a part by 3D printing, if one wants to obtain the correct ge-
ometry of the desired bead, it is essential to master certain physical parameters. In
order to compensate for the geometric drifts of the printed layers, a servo-control
in position of the upper layers and in speed was set up in order to achieve and
maintain a desired geometry using a direct measurement from a contactless sensor
and using the results from the simulation to determine the coefficients a, and
bproc to be applied in the relation of the speed of the material deposition to correct
speed and smooth out flaws (figure 5).

The speed to be applied is given by the equation: v =& * o + bproc ( per layer)

; Aproc = 0.3173
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Fig. 5. The principle of the closed loop manufacturing system that has been used



The implementation of this "closed loop manufacturing system" applied to 3D
printing [5]aims to better control the deposition of the layers and the final surface

condition of the printed part to minimize the potential stages of completion.

Figure 6 shows on the left the surface state of printed layers with position and
speed control and on the right the speed profiles associated with the surface states.
The enslavement implemented makes it possible to attenuate and compensate for
surface defects between the printed layers in order to get as close as possible to the
theoretical geometric shape.

Fig 6. Deposition improvement from 2, 86 cm to 2, 27 cm, which corresponds to 20 %
in terms of deposition accuracy

5 Perspectives

When printing foam of a right angle or a curve with weak radii, the robot slows
down on the trajectory and this causes an addition of material in certain area thus
creating inhomogeneous layers[7]. These additions of material thus create signifi-
cant defects in shape deviation on the global model. The choice of strategy in
terms of trajectories to be carried out at these locations is currently complex and
empirical. The simulation could help us to find the optimal parameters of the pro-
cess which makes it possible precisely to be able to realize these complicated
printing zones and thus to optimize this set of defects (non-homogeneous layers,
the recovery of layers, the end of layers which is crushed, the layers bursting...).
The digital simulation of material deposition from the different operating parame-
ters allows us to make a comparison of the best strategy to choose to ensure the
geometric shape to be obtained at the end. Each time, we carry out several simula-
tions, and we come to choose the best by making a comparative analysis of the
simulations with regard to quality and productivity criteria. The knowing of ther-



mal comportement permit us to validate a global printing in a complexe workpiece
and making sure to have a correct material health of the part after printing.

6 Conclusion

In this paper, the potential to use foam simulation for 3D printing of a large scale
part was introduced. The use of process simulation to choose the best strategy has
been shown across an example of closed loop manufacturing system on a printed
part. The process constraints and the development of specific strategy for printing
specific area in large parts must be studied in more depth.
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