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1. INTRODUCTION	
Le	 projet	 SOFIA	 (SOlutions	 pour	 la	 Fabrication	

Industrielle	Additive	métallique	www.sofia-3d.fr)	est	un	
programme	de	recherche	appliquée	d’une	durée	de	6	ans	
(2016-2022).	 SOFIA	 a	 pour	 objectif	 d’améliorer	 les	
performances	et	 la	robustesse	de	 la	 fabrication	additive	
métallique	sur	lit	de	poudre,	couvrant	toute	la	chaîne	de	
valeur,	de	 l’élaboration	des	poudres	à	 la	 fabrication	des	
pièces	 finies	 en	 passant	 par	 le	 développement	 et	
l’exploitation	 des	 machines.	 Le	 consortium	 SOFIA	 est	
composé	d’acteurs	français	majeurs	dont	7	industriels	et	
9	laboratoires	académiques.	Doté	d’un	budget	de	plus	de	
50	M€,	 SOFIA	 est	 un	 PSPC	 (Projets	 de	 recherche	 et	
développement	 Structurants	 Pour	 la	 Compétitivité)	
soutenu	 financièrement	 par	 Bpifrance	 et	 par	 la	 région	
Auvergne-Rhône-Alpes.	 Le	 projet	 est	 labellisé	 par	
plusieurs	pôles	de	compétitivité	dont	ViaMéca,	Aerospace	
Valley,	ASTech	Paris	Région,	NAE	et	Mov’eo.	Il	vise	ainsi	
au	développement	de	briques	technologiques	permettant	
la	fabrication	de	pièces	robustes	et	de	façon	compétitive,	
en	particulier	pour	répondre	aux	exigences	de	l’industrie	
aéronautique.	Les	travaux	portent	sur	4	axes	principaux	:	
• Les	poudres	et	matériaux	métalliques	
• L’amélioration	de	la	performance	et	de	la	robustesse	

des	machines	
• Le	développement	d’outils	numériques	
• L’élargissement	de	la	connaissance	des	risques	HSE	

	
Parmi	les	7	lots	du	projet,	nous	nous	focalisions	dans	

cet	 article	 sur	 le	 lot	 n°2	 et	 plus	 particulièrement	 sur	 la	
tâche	2.6	portant	sur	le	développement	de	stratégies	de	
pilotage	 à	 grande	 vitesse.	 En	 effet,	 les	 procédés	 de	
fabrication	 additive	métallique	 et	 le	 procédé	PBF-LB/M	
en	particulier	ont	 ceci	de	 singulier	qu’ils	permettent	de	
créer	 la	 géométrie	 et	 le	matériau	 de	 la	 pièce	 en	même	
temps.	Le	contrôle	de	 la	 trajectoire	de	balayage	 laser	et	
des	paramètres	du	procédé	est	donc	essentiel,	c'est-à-dire	

le	 contrôle	 de	 la	 position	 du	 spot	 laser	 dans	 le	 plan	 de	
travail	et	de	la	quantité	d'énergie	transférée	à	la	matière.	
Aussi,	 parmi	 les	 tâches	 traitées	 nous	 avons	 choisi	 de	
présenter	 ici	 les	 travaux	 et	 résultats	 relatifs	 aux	 trois	
tâches	suivantes	:		
1. Calibration	optimale	des	chaines	optiques	in-situ	
2. Interpolation	optimale	des	trajectoires	par	la	CN		
3. Génération	des	trajectoires	
Ces	 trois	 tâches	 font	 partie	 de	 la	 chaine	 numérique	

proposée	sur	la	Figure	1	qui	montre	le	besoin	de	disposer	
d’un	 jumeau	 numérique	 du	 moyen	 et	 du	 procédé	
s’appuyant	sur	des	modèles	afin	de	simuler	la	fabrication	
dans	 les	 phases	 amont	 pour	 améliorer	 et	 garantir	 la	
qualité	interne	et	externe	des	pièces	produites.	
	

	
Figure	1	–	Chaine	numérique	

2. CALIBRATION	OPTIMALE	DES	CHAINES	OPTIQUES	
Dans	une	machine	PBF-LB/M,	le	système	principal	qui	

positionne	le	spot	laser	et	distribue	l’énergie	sur	le	lit	de	
poudre	est	la	chaine	opto-mécanique	et	en	particulier	la	
tête	de	scanning	(Figure	2).	La	calibration	de	ces	systèmes	
est	un	processus	 itératif	et	 long,	n’intégrant	que	peu	de	
modèles	physiques.	La	relation	entre	la	position	du	spot	
laser	dans	le	plan	de	travail	et	la	position	des	actionneurs,	
ici	 des	 galvanomètres,	 est	 obtenue	par	 interpolation	de	
tables	 de	 correspondance	 déterminées	
expérimentalement.	En	effet,	la	fréquence	de	pilotage	des	
actionneurs	 à	 100	 kHz	 ne	 permet	 pas	 de	 calculer	 la	
transformation	géométrique	inverse	en	temps	réel.	
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• The flatness of the DatumA plane (assembly direction from top face);
• Perpendicularity of the pin axis with Datums A, B, and C;
• Cylindricity of the pins;
• Position tolerance of the pins with respect to Datums A, B, and C.

And for the hole component of the ABTA or ‘hole-ABTA’ shown in
Fig. 2 (b), the GD&T characteristics considered based on functionality
are:

• The flatness of the DatumA plane (assembly direction from top face);
• Perpendicularity of the hole axis with Datums A, B, and C;
• Cylindricity of the holes;
• Position tolerance of the holes with respect to Datums A, B, and C.

The linear overall dimensions of the hole-ABTA are 50× 25× 20mm
(L x B x H). For the pin-ABTA same dimensions are used, and the pin
height is 20 mm. A generic hole basis clearance fit of H11/c11 was spec-
ified to the hole and pin for determining size-based assembly limit and

fit for the cylindrical features as shown in Fig. 2. However, the LPBF
printer cannot take tolerance data into account, and the only input is
the STL file. So, the mean tolerance value of the tolerance zone is used
to generate a nominal diameter for the STL files. i.e. 14.840 mm for the
pin diameters and 15.055mm for the hole diameters. The GD&T charac-
teristics of the ABTA are also presented in Fig. 2. A maximum material
condition is used along with the true position tolerance to facilitate as-
sembly. The GD&T specifications for the ABTA for geometric tolerance
allocation are decided based on the prediction phase skin model shapes
analysis, which is discussed in Section 3.

As shown in Fig. 2, the mating plane designated as Datum A on the
ABTA is a surface containing voids due to lattice structures. Although
these add value through topology optimization and weight reduction
potential, they add complexity to the part manufacturing process and
the expected geometric tolerance. Standard lattice unit cells [49] are
considered for applying this complexity to the ABTA. The zoomed-in
view of the lattice structure on the ABTA and the corresponding unit
cell is shown in Fig. 3. ANSYS SpaceClaim Direct Modeler 19.2 Academic

Fig. 2. Pin component (a) and hole component (b) of the ABTA along with the functional dimensions and GD&T characteristics. Units: mm.

Fig. 3. Zoomed-in view of the hole component of the assembly GBTA to show important dimensions. A unit cell of the simple cubic lattice used in the assembly GBTA is also shown on the
right. Units: mm.
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1. Introduction and background

Due to its layer-by-layer material joining technique, additive
manufacturing (AM) is able to fabricate parts ranging frommicrofluidic
devices to large aerospace components [1,2]. The output characteristics
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Figure	2	–	Tête	de	scanning	[1,	2]	

Afin	d’éviter	les	itérations	successives	de	tirs	laser	pour	
raffiner	 ces	 tables	 de	 correspondance	 dans	 la	 phase	
d’étalonnage	de	chaque	machine,	un	modèle	géométrique	
a	 été	 développé	 s’appuyant	 sur	 14	 paramètres	
géométriques,	 2	 paramètres	 optiques	 et	 30	 défauts	
d'assemblage	de	la	chaine	opto-mécanique	[1,	2].	
	

				 	
Figure	3	–	Modèle	géométrique	avec	défauts	et	base	de	défauts	

Ce	modèle	est	utilisé	dans	un	processus	d'identification	
des	 défauts	 pour	 obtenir	 une	 machine	 virtuelle	
représentative	 du	 système	 réel	 dont	 les	 étapes	
principales	sont	:		
• Création	d’une	base	de	défauts	(Figure	3)	
• Calcul	de	l'écart	entre	position	de	consigne	et	mesure	
• Obtention	des	valeurs	des	défauts	par	projection	des	

écarts	sur	la	base	
Le	modèle	géométrique	avec	défauts	 ainsi	développé	

est	 utilisé	 pour	 quantifier	 l'impact	 des	 défauts	
d'assemblage	sur	la	position	du	spot	laser,	les	compenser	
en	 les	 intégrant	 dans	 les	 tables	 de	 correspondance	
(Figure	4)	 et	 réduire	 le	 temps	 de	 calibration	 d'une	
machine	 de	 fabrication	 additive.	 Ainsi	 la	 méthode	
développée	au	LURPA	et	exploitée	par	AddUp	permet	de	
passer	de	deux	jours	de	travail	à	une	demi-journée	pour	
assurer	l’étalonnage.	
	

						 	
Figure	4	–	Résidus	entre	les	points	mesurés	et	les	modèles	:	nominal	

sans	défaut	(gauche),	identifié	avec	défauts	(droite)	

L’inconvénient	 de	 cette	 approche	 est	 la	 méthode	
expérimentale	 pour	 générer	 et	 acquérir	 la	 position	 de	
points	réels.	Celle-ci	s’appuie	sur	le	gravage	d’une	plaque	
brunie	 dans	 la	machine	 et	 la	mesure	de	 la	 position	des	

motifs	 à	 l’extérieur	 de	 la	 machine.	 Aussi	 les	 travaux	
développés	 dans	 [3]	 ont	 porté	 sur	 le	 développement	
d’une	méthode	de	calibration	in-situ	des	machines	PBF-
LB/M	par	vision	au	moyen	d’une	caméra	haute	résolution	
monochrome.	Les	étapes	principales	sont	les	suivantes	:		
• Calibration	de	la	caméra	et	calcul	de	l'homographie	à	

partir	de	quatre	points	appartenant	au	plateau		
• Mesure	 d’environ	 200	 positions	 du	 spot	 laser	 par	

l'identification	des	 coordonnées	 en	pixel	du	 centre	
spot	dans	l'image	corrigée	

• Identification	du	modèle	géométrique	avec	défaut	de	
la	machine	et	calcul	des	tables	de	correspondance	

Les	 résultats	 obtenus	 montrent	 que	 la	 méthode	 de	
mesure	développée	est	appropriée	pour	la	mesure	in-situ	
avec	 une	 bonne	 exactitude.	 Après	 le	 processus	 de	
calibrage,	les	erreurs	entre	les	positions	générées	par	la	
machine	 identifiée	 et	 celles	 mesurées	 sont	 très	 faibles	
avec	une	erreur	moyenne	de	0,03	mm,	et	environ	80	%	
des	positions	présentent	une	erreur	inférieure	à	0,04	mm	
dans	la	zone	de	travail	(Figure	5).	
	

			 	
Figure	5	–	Écarts	absolus	entre	les	points	mesurés	et	prédits	sans	et	

avec	défauts	identifiés	

3. INTERPOLATION	OPTIMALE	DES	TRAJECTOIRES		
En	PBF_LB/M,	la	trajectoire	effective	du	spot	laser	est	

rarement	étudiée	par	rapport	aux	travaux	sur	le	choix	de	
la	 stratégie	 de	 balayage	 et	 de	 ses	 paramètres.	 Or,	 la	
trajectoire	 programmée	 en	 FAO	 est	 modifiée	 par	 la	
commande	numérique	(CN)	de	la	machine	afin	de	générer	
des	 consignes	 admissibles	 pour	 les	 actionneurs	
(galvanomètres).	 Cette	 modification	 génère	 localement	
des	 déviations	 sur	 la	 trajectoire	 et	 une	 diminution	
significative	 de	 la	 vitesse	 du	 spot	 laser	 [2,	 4].	 Afin	
d'identifier	 le	 comportement	 de	 la	 CN,	 un	 banc	 de	 test	
reproduisant	une	machine	industrielle	a	été	développé.	Il	
permet	 d'acquérir	 les	 consignes	 envoyées	 aux	
actionneurs	et	leurs	positions	réelles	à	une	fréquence	de	
100	kHz,	ainsi	que	l'énergie	déposée	par	le	spot	laser	dans	
le	plan	de	travail.		

	
Figure	6	–	Banc	d’essai	du	couple	CN	/	Tête	de	scanning	
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1. Introduction 

1.1. Context 

Laser galvanometric scanning systems are widely used in many fields such as medical 

imaging, optical metrology, and material processing due to its capability to achieve very high 

processing velocities, high-positioning repeatability, and small laser spot size [1–3]. In Laser 

Powder Bed Fusion (LPBF) additive manufacturing machines such as Selective Laser Melting 

(SLM) and Selective Laser Sintering (SLS), a laser galvanometric scanning head (Fig. 1) is also 

used to control the positions of laser spot in the work plane. This scanning head consists of a 

positioning device (i.e. two rotatable mirrors driven by two galvanometers) and a focusing device. 

The focusing device can be either an f-theta lens located after the positioning device, or a dynamic 

focus module (DFM) located before the positioning device [4–6]. The focusing device controls the 

laser spot size in the work plane, whereas the positioning device controls the positions of laser spot 

in the work plane. Errors between desired positions and actual positions of laser spot in the work 

plane directly affect the geometry accuracy of built parts. Therefore, the laser galvanometric 

scanning head of LPBF machines must be calibrated in an accurate manner to control lasing paths. 

 
Fig. 1. Laser galvanometric scanning head of LPBF machines with dynamic focus module (DFM), adapted 

from [7]. 

 

1.2. Literature review 

In the literature, much research has reported the calibration of galvanometric scanning 

systems. For instance, Mao et al. [8] and Yang et al. [9] reported the calibration of one-mirror 

galvanometric scanners, which were used in 3D measurement systems. Lüdtke et al. [10] and Tu et 

al. [11] calibrated two-mirror galvanometric laser scanners by using employed statistical learning 

methods (e.g., linear regression and artificial neural networks). For two-mirror galvanometric 

Considering the following values: =e 0,v it is possible to retrieve the
models developed in the work [2], [3] and [8] where the only re-
maining parameters are Yay0, Zp, θx and θy. The nominal model devel-
oped in this article helps to understand the impact of the various geo-
metrical parameters on the laser spot position in the case of a post-lens
system. For example, the integration of the thickness em between the
mirrors rotary axis and their reflection surfaces allow to describe the
variation of the point position P2 on the mirror surface. Due to its low
mathematical complexity, this geometrical model can be used directly
in real-time control/command applications.

2.4. Inverse kinematic model

In order to determine the joint commands to be sent to the actuators
to achieve the laser spot path, it is necessary to compute the inverse
kinematic model (IKM). This model is defined by Eq. (14).=Q Xh ( )1 (14)

The inverse kinematic model is obtained by isolating θx and θy in
the system formed by Eqs. (8) and (9). This system cannot be inverted
analytically, therefore the IKM is solved numerically by a Newton-
Raphson method. The Jacobian matrix is pre-calculated in order to
minimize the computation time. However, the iterative resolution of
the IKM to perform real-time computations at a frequency of 100 kHz is
not achievable. It is therefore necessary to discretize the IKM into
correction tables in order to be able to perform real time calculations in
the numerical controller.

The positioning accuracy of the laser spot depends essentially on the
correlation between the IKM and the actual geometry of the machine.
Moreover, the IKM is obtained from the FKM, thus the calibration step
of an additive manufacturing machine consists in the determination of a
FKM as representative as possible of the real machine.

3. Model with assembly defects consideration

In order to obtain a reliable FKM of the opto-mechanical chain of
the real system, it is necessary to enhance the previous nominal model
by introducing behaviours inherent to each machine such as assembly
defects, optical defects, etc. The work developed in this article deals
more specifically with modelling and integrating the assembly defects
of the various components (laser source, mirrors axes, mirrors surfaces,
windows, work plane) in the previous model.

3.1. Assembly defects modelling

Assembly defects consist in displacement and reorientation of each
component compared with their nominal position. A position's defect of
the element i along the axis x (y or z) is noted δxi (respectively δyi and
δzi). Orientation defects around x, y and z axes are denoted respectively
δai, δbi and δci.

The 6 components of assembly defects do not necessarily have an
impact on the laser spot position in the work plane. For example, the
laser source is oriented along the xs axis, so it is not sensitive to a
misalignment around xs (δas), and to a positioning error along xs (δxs).
For each element of the opto-mechanical chain, the list of all compo-
nents having an impact on the laser position is summarized in Table 1.

To implement these geometrical defects in the nominal model, new
coordinate systems with d subscripts are defined and associated to each
element in their actual situations. The transformation matrices between
nominal situations and the actual ones are listed as follows:

• =T y z b c_ (0, , , 0, , )d s s s ssource source• =T y z a b c_ _ _ (0, , , , , )x d xaxis 0 axis 0 ax ax ax ax ax• =T z a b_ _ _ (0, 0, , , , 0)x d xmirror mirror mx mx mx• =T y z a b c_ _ _ (0, , , , , )y d yaxis 0 axis 0 ay ay ay ay ay• =T z a b_ _ _ (0, 0, , , , 0)y d ymirror mirror my my my

• =T a b_ _ _ (0, 0, 0, , , 0)d w wwindow 1 window 1 1 1• =T a b_ _ _ (0, 0, 0, , , 0)d w wwindow 2 window 2 2 2• =T x y z a b c_ ( , , , , , )d p p p p p pplane plane

No simplifying assumptions are made on the transformation ma-
trices, hence the δi defects are considered as new geometric parameters.
Fig. 4 represents the system with defects.

The FKM with defects is built as before by following the optical
path. Only the part concerning the writing of all vectors and points in
the same coordinate system is modified by the addition of the new
transformation matrices. Finally, the geometrical model obtained is
composed of 46 parameters (30 assembly defects, 14 geometrical
parameters and 2 optical parameters). Its mathematical expression is
represented in Eq. (15) by the function Qf ( , ) where δ represents the
vector containing the 30 assembly defects = y c( , ..., )s p .= =X Qf h y c( , ) ( , ..., , , )s p x y (15)
If = (0, ...,0) the FKM with defects is equal to the nominal FKM then=Q Qf h( , ) ( ). It is possible to linearize the model with defects with
respect to the defects. However, the resulting model does not allow to
achieve the desired accuracy.

As previously mentioned with the nominal model, the IKM with
defects is solved numerically with a Newton–Raphson convergence al-
gorithm. The forward and inverse kinematic models with defects allow
to simulate the behavior of an additive manufacturing machine

Table 1
List of assembly defects that affect the laser spot position in the work plane
coordinate system.

x y z a b c

Laser source δys δzs δbs δcs
Rotary axis x δyax δzax δaax δbax δcax
Mirror x δzmx δamx δbmx
Rotary axis y δyay δzay δaay δbay δcay
Mirror y δzmy δamy δbmy
Window 1 aw1 bw1
Window 2 aw2 bw2
Work plane δxp δyp δzp δap δbp δcp

Fig. 4. Optical chain parameterization with 30 assembly defects.
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iterations the variation of the laser spot position on work plane between
two consecutive iterations is less than 1μm.

4.3. Results based on data from a real machine

The virtual machine identification procedure was used with real
data coming from an industrial LBM machine. To obtain the dataset
Qexp, Xexp, the machine is preheated in order to consider the behaviours
related to the system dilatation and to the thermal deformations of
mirrors. Then a grid is engraved on a reference plate using the additive
manufacturing machine. The measurement of the distance between the
intersections of the grid and the reference already present is performed
using a measuring system. Hence, the positions in the task space Xexp
are extracted with a 10 μm uncertainty. The corresponding joint posi-
tions Qexp are obtained by monitoring the encoders feedback. The
measurement uncertainty is here 2.3× 10−8 rad. The resulting dataset
therefore includes all possible defects of the opto-mechanical chain
(mechanical, thermal, optical defects, etc.) as well as defects due to the
measurement of this data set (sensor resolution, noise, uncertainty,
etc.). All these defects are not modeled in our approach, therefore, the
30 assembly defects identified do not represent only real assembly
defects, but rather parameters that also include other effects and so
minimize the deviations between the virtual machine and the real
machine. Fig. 9 shows the differences between the nominal model
(without defect) and the actual data. These differences are between 0
and 1.2mm for a work plane of 350mm× 540mm. For this same
working zone, the models proposed in the literature [2], [3], [8] have
maximum deviations of 2.3mm. The imprecision of the literature
models is largely due to the fact that the point named P2 is located on
the axis of rotation of the mirror y whatever the configuration (θx, θy).
However, it appears that this point moves on the mirror surface y
considering the distance em between the mirrors and their rotation axes.

In order to obtain a model closer to the real system, a virtual ma-
chine with defect is identified using the protocol previously presented.
Fig. 10 shows the deviations between the identified virtual machine and
the actual marked grid. Fig. 11 displays the cumulative histogram of the
deviations distribution. Results show that 60% of the measured devia-
tions are less than 10 μm and 95% are less than 20 μm. This calibration
method minimizes the error between the actual data and the simulated

data as the whole. However, some local errors cannot be compensated.
On Fig. 10, a local defect of 50 μm is observed on the lower right corner.
This error may be due to a local measurement error or another local
source of defect not taken into account in our defects basis (imperfec-
tion on the windows surfaces or mirror surfaces, non-linearity of the
control system, local deformation of the mirror reflection surface under
thermal stress, modification of the shape of the laser spot on the work
area extremities and therefore of the engraving trace,...). In this case,
the machine working area is smaller than the calibrated area. This
eliminates the impacts of defects often present on the borders of the
calibrated area and allows a maximum error below 25 μm on the entire
working area of the machine. The efficiency of the method has been
validated on a LPBF machine with industrial environment. Calibration
process is performed in a single shot on the plate, reducing the time
required for adjustment and installation of the machine.

5. Conclusion

This paper presents two mathematical models developed to simulate
the behaviour of the opto-mechanical chain of an additive manu-
facturing machine: a nominal model and a model considering assembly
defects of each component of the scanhead. These models allow to
analyse and to quantify the impact of each assembly defect on the laser
spot position in the work plane. Moreover these models show that as-
sembly defects have less influence at the center of the work area than at
the extremities. Based on these models, parameters identification is
proposed to fit the virtual machine including defects to the real

Table 2
Values of the imposed assembly defects, and of the identified assembly defects. Results are expressed in mm or mrad.
defect (mm or mrad) δys δzs δyax δzax δzmx δyay δzay δzmy δxp δyp δzp δbs δcs

Reference parameters 0.8 1.8 −1 −2 −0.5 1 1.9 −1.4 1.6 −1.1 1 −0.5 1.3
Identified parameters 0.15 1.59 0.14 −0.23 −0.5 1.61 1.73 −1.40 −0.06 0.19 0.83 −0.10 0.28

δaax δbax δcax δamx δbmx δaay δbay δcay δamy δbmy aw1 bw1 aw2 bw2 δap δbp δcp

−0.3 −1.7 1.2 0.5 −2 0.8 −0.9 0.5 −0.2 0.5 0.2 1.6 0.7 −0.8 −1.2 0.6 0.7
0.42 −1.04 0.93 0.42 −2.0 0.09 −0.98 1.26 0.09 0.5 0 0 0 0 −0.10 0.07 0.14

Fig. 9. Residue between measurements and model without defect (nominal
model).

Fig. 10. Residue between the measurements and the identified model.

Fig. 11. Cumulative histogram of deviations from Fig. 10 (in %).
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iterations the variation of the laser spot position on work plane between
two consecutive iterations is less than 1μm.

4.3. Results based on data from a real machine

The virtual machine identification procedure was used with real
data coming from an industrial LBM machine. To obtain the dataset
Qexp, Xexp, the machine is preheated in order to consider the behaviours
related to the system dilatation and to the thermal deformations of
mirrors. Then a grid is engraved on a reference plate using the additive
manufacturing machine. The measurement of the distance between the
intersections of the grid and the reference already present is performed
using a measuring system. Hence, the positions in the task space Xexp
are extracted with a 10 μm uncertainty. The corresponding joint posi-
tions Qexp are obtained by monitoring the encoders feedback. The
measurement uncertainty is here 2.3× 10−8 rad. The resulting dataset
therefore includes all possible defects of the opto-mechanical chain
(mechanical, thermal, optical defects, etc.) as well as defects due to the
measurement of this data set (sensor resolution, noise, uncertainty,
etc.). All these defects are not modeled in our approach, therefore, the
30 assembly defects identified do not represent only real assembly
defects, but rather parameters that also include other effects and so
minimize the deviations between the virtual machine and the real
machine. Fig. 9 shows the differences between the nominal model
(without defect) and the actual data. These differences are between 0
and 1.2mm for a work plane of 350mm× 540mm. For this same
working zone, the models proposed in the literature [2], [3], [8] have
maximum deviations of 2.3mm. The imprecision of the literature
models is largely due to the fact that the point named P2 is located on
the axis of rotation of the mirror y whatever the configuration (θx, θy).
However, it appears that this point moves on the mirror surface y
considering the distance em between the mirrors and their rotation axes.

In order to obtain a model closer to the real system, a virtual ma-
chine with defect is identified using the protocol previously presented.
Fig. 10 shows the deviations between the identified virtual machine and
the actual marked grid. Fig. 11 displays the cumulative histogram of the
deviations distribution. Results show that 60% of the measured devia-
tions are less than 10 μm and 95% are less than 20 μm. This calibration
method minimizes the error between the actual data and the simulated

data as the whole. However, some local errors cannot be compensated.
On Fig. 10, a local defect of 50 μm is observed on the lower right corner.
This error may be due to a local measurement error or another local
source of defect not taken into account in our defects basis (imperfec-
tion on the windows surfaces or mirror surfaces, non-linearity of the
control system, local deformation of the mirror reflection surface under
thermal stress, modification of the shape of the laser spot on the work
area extremities and therefore of the engraving trace,...). In this case,
the machine working area is smaller than the calibrated area. This
eliminates the impacts of defects often present on the borders of the
calibrated area and allows a maximum error below 25 μm on the entire
working area of the machine. The efficiency of the method has been
validated on a LPBF machine with industrial environment. Calibration
process is performed in a single shot on the plate, reducing the time
required for adjustment and installation of the machine.

5. Conclusion

This paper presents two mathematical models developed to simulate
the behaviour of the opto-mechanical chain of an additive manu-
facturing machine: a nominal model and a model considering assembly
defects of each component of the scanhead. These models allow to
analyse and to quantify the impact of each assembly defect on the laser
spot position in the work plane. Moreover these models show that as-
sembly defects have less influence at the center of the work area than at
the extremities. Based on these models, parameters identification is
proposed to fit the virtual machine including defects to the real

Table 2
Values of the imposed assembly defects, and of the identified assembly defects. Results are expressed in mm or mrad.
defect (mm or mrad) δys δzs δyax δzax δzmx δyay δzay δzmy δxp δyp δzp δbs δcs

Reference parameters 0.8 1.8 −1 −2 −0.5 1 1.9 −1.4 1.6 −1.1 1 −0.5 1.3
Identified parameters 0.15 1.59 0.14 −0.23 −0.5 1.61 1.73 −1.40 −0.06 0.19 0.83 −0.10 0.28

δaax δbax δcax δamx δbmx δaay δbay δcay δamy δbmy aw1 bw1 aw2 bw2 δap δbp δcp

−0.3 −1.7 1.2 0.5 −2 0.8 −0.9 0.5 −0.2 0.5 0.2 1.6 0.7 −0.8 −1.2 0.6 0.7
0.42 −1.04 0.93 0.42 −2.0 0.09 −0.98 1.26 0.09 0.5 0 0 0 0 −0.10 0.07 0.14

Fig. 9. Residue between measurements and model without defect (nominal
model).

Fig. 10. Residue between the measurements and the identified model.

Fig. 11. Cumulative histogram of deviations from Fig. 10 (in %).

K. Godineau, et al. Additive Manufacturing 26 (2019) 250–257

256

22 
 

In the experiment, the positions of laser spot were measured in the world coordinate system 

of the reference plate (Rp). Hence, it is necessary to measure the position of laser spot 

corresponding to the origin of the world coordinate system of the machine (Rw) in (Rp) (Fig. 9). 

Denote          
  is the origin of the world coordinate system of the machine (Rw) in (Rp) and 

         
  is the position of the laser spot measured in the world coordinate system of the reference 

plate (Rp), the position of the laser spot in the world coordinate system of the machine Xexp(Rw) were 

determined by Eq. (7): 

      
           

            
           

            (7) 

6.3. Calibration results and discussion 

Fig. 17 shows the deviation between the measured positions (red) and those of the model 

without defects (white). It is found that position error values are still important in compared to the 

requirement of the manufacturer. The average value of position errors is about 0.39 mm and the 

maximum value is about 1 mm. 

 

 
Fig. 17. Distribution of position errors between the measured positions (red) and those of the model without 

defects (white). 

 

To evaluate the accuracy of the calibration, the same steps in the data acquisition presented 

in Fig.15 was repeated. However, in this case, the correction tables were used instead of the pre-

correction tables. The measured positions of actual laser spot were then compared with those 

generated by the identified model of the machine. Fig. 18 presents the position error distribution 

between the measurement and the identified model with defects of the machine. It reveals that the 

position errors between the measured positions and those generated by the identified model are very 

small with an average error of 0.03 mm. The maximum position error is less than 0.075 mm. There 

are approximately 80% of positions with an error less than 0.04 mm (Fig. 19). 

23 
 

 

 
Fig. 18. Distribution of position errors between the measured laser spot positions (red) and those of the 

identified model (white) after the calibration. 

 

The distribution of position errors was not homogeneous. In fact, the laser spot shape varies 

according to the laser shooting positions and the conditions of taking the images, resulting in the 

deviation of laser spot positions in the images. 

 

 
Fig. 19. Cumulative histogram of position errors from Fig. 18. 

 

 In comparison with the model without defects of the machine (i.e., the model using the pre-

correction tables), after the calibration process the average position error was significantly reduced 

from 0.38 mm (Fig. 17) to 0.03 mm (Fig. 18). The maximum error was also reduced from 1.00 mm 

to 0.075 mm. 

 In comparison with the calibration results obtained in [7] for an industrial LPBF machine, 

which uses the same laser scanning head as the machine prototype in this study, the residual errors 

with constant parameters leads to overheating areas when
changing the scanning direction.
Fluctuations in the maximum temperature lead to a large

variation in the size of the melt pool. Indeed, in the case of the
zigzag path, when the laser reaches the end of a line and starts
again in the opposite direction, the generated melt pool has a
complex shape, the width of which is difficult to calculate.
Thus, to characterize the behavior of the melt pool, its surface
area has been evaluated. Figure 9 shows the evolution of
the melted area over time (blue curve). It can be seen that from
the second line (1ms), the melt pool area varies between 0.012
and 0.085mm2.

The evolution of the temperature at each point of the path is
presented in Figure 10. It is clear that the temperature increases
very quickly at the beginning of each line over a portion of
0.1mm length. Then it decreases as the laser moves forward
from the second line. The drop of temperature at the beginning
of each line is due to the discontinuity of the zigzag path.
Indeed, the heat dissipation in the scanning direction is greater
than in the perpendicular direction. In addition, as the
maximum temperature is located behind the center of the laser,
the maximum width of the heat trail is also located behind the
center point of laser–matter interaction. At the end of a line,
the laser turns off and moves with rapid velocity to turn on at

Figure 3 Kinematic test bench of scanning heads and communication architecture

Figure 4 Zigzag scanning path Table 1 Simulation parameters

P, laser power [W] 300
R, effective radius of laser beam [m] 5.10!5

V, scanning speed [m s!1] 1
A, absorptivity [%] 30
k, thermal conductivity [W.m!1.K!1] 15
C, specific heat capacity [J.kg!1. K!1] 800
q, density [kg.m!3] 4,420
!, thermal effusivity [J.K!1.m!2.s!1/2] 7,282
T0, preheating temperature [K] 293
Dt, temporal step [s] 1.10!5

s, laser response time [ms] 20

Offline laser power modulation
Kamel Ettaieb et al.
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L'analyse	 de	 ces	 données	 montre	 que	 le	 traitement	
effectué	par	la	CN	est	basé	sur	un	filtrage	numérique	avec	
des	 filtres	 à	 réponse	 impulsionnelle	 finie.	 Tels	
qu’implémentés,	ces	filtres	sont	constants	quelle	que	soit	
la	condition	de	fabrication	et	génèrent	alors	des	chutes	de	
vitesse	et	une	grande	erreur	de	contour	:	plus	de	100	μm	
à	 2	 m/s.	 Nous	 avons	 donc	 proposé	 différents	 types	 de	
filtres	parmi	lesquels	les	filtres	adaptatifs	en	fonction	de	
la	 trajectoire	 à	 exécuter	 et	 les	 filtres	 en	 chapeau	 pour	
répartir	 l'erreur	 de	 contour	 de	 part	 et	 d'autre	 de	 la	
trajectoire	programmée.		

4. GENERATION	DES	TRAJECTOIRES	

4.1. Simulation	thermique	

La	trajectoire	de	scanning	ayant	une	influence	majeure	
sur	 le	 comportement	 thermomécanique	 des	 pièces	
pendant	 la	 fabrication,	 nous	 avons	 proposé	 un	 modèle	
thermique	 tridimensionnel,	 de	 forme	 analytique	 et	
explicite,	 à	 l’échelle	 méso,	 permettant	 une	 évaluation	
efficace	 de	 l'effet	 de	 la	 trajectoire	 [5,	 6].	 La	 méthode	
«	Flash	»	 consiste	 à	 cumuler	 les	 effets	 locaux	 de	
conduction	thermique	du	laser	dans	le	matériau	fusionné	
(Figure	 8)	 afin	 de	 calculer	 la	 distribution	 du	 champ	 de	
température	dans	toute	la	couche	à	chaque	pas	de	temps.	
Le	modèle	a	été	calibré	et	validé	par	comparaison	avec	les	
résultats	thermiques	obtenus	par	un	logiciel	EF	ainsi	que	
par	des	mesures	expérimentales	dans	le	cas	du	matériau	
Ti6Al4V.	 La	mise	 en	œuvre	 d’un	 tel	 modèle	 permet	 de	
contenir	 les	 temps	 de	 calcul	 et	 espace	 mémoire	
nécessaires	pour	simuler	des	pièces	de	taille	industrielle	
et	analyser	l’effet	des	trajectoires	et	paramètres	procédé	
(Figure	 9).	 Les	 résultats	 de	 simulation	 soulignent	
l’influence	 des	 trajectoires	 de	 lasage	 sur	 le	 champ	 de	
température	et	la	répartition	des	gradients	thermiques	au	
cours	de	la	fabrication	d’une	couche.	La	connaissance	du	
champ	 de	 température	 local	 et	 la	 forme	 explicite	 du	
modèle	thermique	permettent	par	la	suite	d’améliorer	le	
pilotage	 du	 procédé,	 notamment	 par	 la	mise	 en	œuvre	
d’une	modulation	locale	de	la	puissance	laser.		
	

	
Figure	8	–	Profils	de	température	de	surface	simulés	pour	un	flash	

	
Figure	9	–	Simulation	thermique	d’une	couche	complète	(7	h,	32	Mo,	

40	CPU)	;	Simulation	locale	(10	min,	1	Mo,	40	CPU)	

4.2. Trajectoires	à	modulation	de	puissance	

L'optimisation	 et	 le	 contrôle	 des	 paramètres	 du	
procédé	 sont	 obligatoires	 pour	 améliorer	 la	 qualité	 des	
pièces	produites.	Pendant	 la	 fabrication,	 les	paramètres	
du	procédé	sont	généralement	constants,	quelle	que	soit	
la	 taille	 de	 la	 pièce	 ou	 de	 la	 couche	 construite.	 Le	
processus	 de	 fabrication	 peut	 ainsi	 conduire	 à	 un	
comportement	thermique	inhomogène	et	à	des	zones	de	
surchauffe	 locales,	 affectant	 la	 qualité	 de	 la	 pièce.	 La	
méthode	«	Flash	»	a	donc	été	exploitée	pour	moduler	 la	
puissance	 du	 laser	 en	 amont	 de	 la	 fabrication	 [6,	 7].	
L'approche	suit	deux	étapes	:		
• Calcul	de	la	température	dite	de	préchauffage	induite	

par	conduction	sur	un	point	amont	du	trajet	en	cours	
• Modulation	de	la	puissance	du	laser	pour	atteindre	

la	 température	 désirée	 à	 ce	 point	 à	 l’interpolation	
suivante	

Des	 investigations	 numériques	 sur	 plusieurs	 cas	
d'utilisation	 montrent	 l'efficacité	 de	 la	 méthode	 pour	
contrôler	les	zones	surchauffées	et	pour	homogénéiser	la	
distribution	 de	 température	 simulée	 (Figure	 10).	 La	
spécificité	de	ce	modèle	réside	dans	sa	capacité	à	calculer	
directement	 la	 quantité	 d'énergie	 à	 fournir	 sans	 calculs	
itératifs.	De	plus,	pour	être	au	plus	près	de	la	technologie	
utilisée	dans	les	machines,	le	comportement	cinématique	
de	la	tête	de	balayage	[4]	et	le	temps	de	réponse	du	laser	
sont	également	intégrés	dans	le	calcul.		
	

	

	
Figure	10	–	carte	de	température	pour	une	trajectoire	zigzag	

discontinue,	sans	modulation	de	puissance	(haut),	avec	modulation	
de	puissance	(milieu)	et	consigne	de	puissance	modulée	(bas).		

4.3. Trajectoires	de	wobbling	

Les	 trajectoires	 de	 balayage	 permettent	 de	 délivrer	
l'énergie	au	 lit	de	poudre	et	ont	un	 impact	direct	sur	 la	
distribution	de	la	température.	Cependant,	les	trajectoires	
de	 balayage	 actuellement	 utilisées	 sur	 les	 machines	
résultent	 principalement	 de	 procédés	 d'usinage	 et	
n'exploitent	pas	au	mieux	les	performances	des	têtes	de	
balayage.	 L'utilisation	 de	 trajectoires	 de	 wobbling,	

convolution product with Dirac excitation d (t) [Equation
(10)]:

Tf ! dð Þ r; z; tð Þ ¼
ð11

%1
Tf r; z; tð Þ:d t % tð Þ dt (10)

Figure 3(a) shows the thermal response following the
application of a flash on the surface at t= t .
The method used to simulate the thermal behavior of the

LPBF process consists of converting the laser scanning path
with a given speed as a succession of impulse solicitations
(Figure 3(b)). Thus, the irradiation of the laser on the powder
according to the scanning path is expressed by the Heaviside
function U tð Þ [Equation (11)]:

U tð Þ ¼ 0; t < 0:
1; t & 0:

"
(11)

This function reflects the state of the laser, which takes on the
value of 1 during the ignition phase.
The global temperature response Tg at instant t and on each

point of the part defined by coordinates (x, y, z) is the
cumulative sumof the impulse responses given the path scan up
to that moment. Mathematically, it corresponds to the
convolution product between the function U tð Þ and the thermal
effect Tf of an elementary flash that moves on the surface
according to the path (Figure 4).

Considering also the preheating temperature of powder T0, the
global temperature Tg at each point (x, y, z) according to time t
is expressed by equation (12):

Tg x; y; z; tð Þ ¼ T0 1
ð11

%1
Tf rxy; z; t % tð Þ U tð Þ dt (12)

where rxy represents the distance between each flash center
and the (x, y) point. The discretized form of equation (12)
with temporal step D t can be written as follows [Equation
(13)]:

Tg x; y; z; tð Þ ¼ T0 1
Xn

i¼0

Tfi ri ; z; t % i:Dtð Þ with n ¼ b t
Dt
c

(13)

The spatial discretization of the scanning path dl is calculated as
a function of temporal step D t and scanning speed V
[Equation (14)]:

dl ¼ V ' Dt (14)

Once the discretization of the scanning path is carried out, the
principle consists of applying a flash on each point of the trajectory
(Figure 5) to calculate the global temperature response in each
point of the part and at each time step. The methodology for
calculating the temperature field in the part, for a given scanning
strategy, can be summarized in the diagram shown in Figure 6.
Therefore, the principle consists of summing the thermal effects of
the laser at each point of the scanning path to calculate the
distribution of the temperaturefield in the part at each time step.

3. Validation of the flash method
3.1Model calibration
This step consists of aligning the developed model with a 3D
FEM simulation conducted by a renowned software program

Figure 2 Simulated surface temperature profiles for a flash
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Table 1 Simulation parameters

Parameter Unit Value

P, laser power [W] 300
R, effective radius of laser beam [m] 5.10– 5

V, scanning speed [m s% 1] 1
A, absorptivity [%] 30
k, thermal conductivity [W m% 1 K– 1] 15
C, specific heat capacity [J kg% 1 K– 1] 800
q, density [kg m% 3] 4420
!, thermal effusivity [J K– 1 m% 2 s

%
1
2] 7282

T0, preheating temperature [K] 293
D f, elementary duration of the laser [s] 10.10– 6

Figure 3 (a) Thermal response of an elementary flash and (b) impulse
excitation modeling a scanning path
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Figure 4 Global thermal response to a succession of Dirac excitations
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initialement	utilisées	en	soudage	laser,	a	été	étudiée	pour	
améliorer	 la	 productivité	 du	 procédé	 [8].	 Les	 modèles	
classiques	de	 trajectoires	de	wobbling	sont	des	courbes	
de	Lissajous	qui	ne	garantissent	pas	un	dépôt	d'énergie	
contrôlé.	Aussi	la	méthode	développée	permet	de	simuler	
le	dépôt	d'énergie	et	de	déterminer	le	motif	de	wobbling	
qui	garantit	le	respect	d'une	densité	d'énergie	de	surface	
donnée	le	long	de	la	trajectoire	(Figure	11).		
	

	 	
Figure	11	–	Fluence	surfacique	d’une	trajectoire	de	wobbling	dont	le	

motif	est	déduit	du	profil	de	fluence	transverse	imposé		

4.4. Optimisation	instationnaire	des	trajectoires	

Dans	 la	 littérature,	 les	 trajectoires	 de	 scanning	
proposées	 sont	 principalement	 basées	 sur	 des	 motifs	
existants,	 dont	 la	 pertinence	 n'est	 pas	 liée	 à	 la	 pièce	 à	
construire.	 Nous	 avons	 donc	 proposé	 un	 algorithme	
d'optimisation	 pour	 déterminer	 la	 trajectoire	 sans	
restriction	 a	 priori,	 sans	 motif	 prédéterminé	 [9].	 En	
tenant	compte	de	la	dépendance	temporelle	de	la	source,	
le	 temps	 de	 fabrication	 est	 minimisé	 sous	 deux	
contraintes	:	
• Fondre	la	structure	requise	(fusion	dans	le	domaine,	

et	pas	à	l’extérieur	du	domaine)	
• Éviter	 toute	 surchauffe	 provoquant	 des	

déformations	inhérentes		
Les	résultats	montrent	que	l’optimisation	tend	vers	des	

trajectoires	semblables	quelles	que	soient	les	conditions	
initiales	(Figure	12)	et	indiquent	des	pistes	prometteuses	
pour	 définir	 des	 motifs	 paramétriques	 dans	 le	 cas	 de	
stratégies	 en	 damier	 ou	 pour	 coupler	 l’optimisation	
topologique	de	la	forme	et	de	la	trajectoire.	

5. CONCLUSIONS	
Les	 activités	 de	 recherche	 collaboratives	 menées	 au	

LURPA	 dans	 le	 cadre	 du	 projet	 SOFIA	 ont	 permis	 de	
produire	 un	 certain	 nombre	 de	 résultats	 scientifiques	
publiés	dans	des	thèses,	des	revues	internationales	et	des	
brevets.	Ces	travaux	ont	été	valorisés	industriellement	en	
étant	 pour	 certains	 intégrés	 dans	 les	 machines	
FormUp350	 et	 ont	 contribué	 au	 développement	 de	 la	
dernière	 génération	 de	machines	 FormUp350	V2.	 Enfin	
ces	 résultats	 ouvrent	 diverses	 perspectives	 notamment	
dans	 le	pilotage	de	machines	 innovantes	qui	 font	 l’objet	
du	 projet	 ANR	 JCJC	 ORACLE	 (22-26)	 et	 de	 la	 chaire	
industrielle	ANR	SOLARIA	(23-27).	

	
Figure	12	–	Résultats	d’optimisation	instationnaire	de	trajectoires		
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Fig. 8. Path and maximum temperature (maxt2(0,tF) y(t)) during the building depending on the initialization (aluminium).

Fig. 9. Constraint C̄ = C� + C⌃S + C⌃\⌃S with respect to the final time tF (s) for the final results (aluminium).
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