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Abstract

In this work, the machine dynamic response in Selective Laser Sintering is investigated with
the purpose of determining the causes of scanning errors. Machine subcomponents are first
investigated to determine their potential effects on the laser beam positional accuracy. The
dynamics of the laser beam delivery system are identified as the major contributor to deviations
in the laser beam position. The moving-iron galvanometer scanner used in SLS machines is then
modeled, with the ultimate goal of understanding how its various components and parameters
affect part scanning accuracy. This work should provide a better understanding of the dynamics
of the laser beam delivery system and give insight on machine parameters that result in better
part accuracy.

1 Introduction

The machine dynamic response in Selective Laser Sintering (SLS) is investigated in order to
identify the sources of deviations in the laser beam positioning accuracy. The results of this work will
be used to determine diagnostic and corrective measures to produce parts with improved accuracy
and precision. In this paper, the different SLS machine modes are investigated to determine which
machine components affect part accuracy and precision.

This work focuses on investigating the machine components that result in deviations in the
scanning process, which in turn affect the accuracy of finished SLS parts. Scanning errors result
when the laser beam position deviates from its ideal scan path. Note that any vibrations in the
system's machine components can presumably cause the laser beam delivery system to vibrate
excessively. These deviations in the laser beam position will manifest as spatial errors on the
finished parts. Once we determine which machine components result in scanning errors, we can
then investigate subsystems to determine how various parameters affect part scanning.

2 SLS Machine Response: Modeling and Simulation

The purpose of the overall project is to control part accuracy of parts produced by the Selective
Laser Sintering process. The main physical phenomena that are being investigated include the
machine dynamic response and the in-bed thermal and material response [12]. The current focus
of this portion of the project is on studying part accuracy with respect to the machine dynamic
response only. The following work presents the development of a physical model of the machine
response in order to determine the resulting dynamic machine modes.

2.1 A Study of the System Machine Components

A schematic of the machine components that will potentially affect the laser beam position is
provided in Figure 1. As shown in the figure, the major moving machine subsystems that might
cause a deviation in the laser beam position are the roller system, the part and powder cylinders,
and the scanner system. The main question to be answered is whether any of these components
will cause dynamic modes that will result in deviations from the ideal part shape and dimensions
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Figure 1: SLS Machine Elements.

scanned on the powder surface. A simple approach to investigate this issue is to create lumped­
parameter models of the machine subsystems, and compute settling times to determine whether
the oscillations will damp out by the time the laser starts scanning.

The powder leveling system, one of the major moving subsystems of the machine, is investigated
first. Prior to laser scanning, the roller travels over the powder to evenly deposit a thin layer of
powder on the bed. Once the laser returns to its starting position and stops rotating, laser scanning
begins. Any transmitted vibrations caused by the dynamics of the roller system will affect the
positional accuracy of the laser beam. Note that, the roller translates along the powder bed by
means of a feed screw, while providing a counter-rotating motion to evenly spread the powder. As
a result, both the translational and rotational motions need to be studied individually.

The rotational motion of the powder leveling system is modeled as shown in Figure 2a. A
second-order model of this system is also provided in Figure 2a, as well as the model parameters.
Note that the inertia and stiffness components will contribute to the natural frequency of the
system, while the damping will determine how quickly the vibrations will settle to a steady state.
The translational motion of the powder leveling system is modeled as shown in Figure 2b, along
with a second-order model, and the model parameters.

A set of performance measures can be used to characterize the response of these second-order
systems. This set of quantitative specifications is commonly used to describe the response of any
second-order system, without the need to sketch the response [9]. For example, for the rotational

roller motion, the natural frequency of the second-order system, W n = j!;f, is the frequency of

oscillation of the system without damping. The damping ratio, ( = 2JBt ,determines the nature
tWn

of the response, from underdamped to a completely oscillatory response. The settling time, Ts

, determines the amount of time required for the transient response's damped oscillations to
reach 2% of the steady-state value. The model parameters (Jt , ](t, and B t ) are computed from the
geometry and material properties of the subsystems.

These measures are presented for both subsystems in Table 1. Note that, the translational cycle
of the roller before the laser starts scanning the powder bed is about 20 seconds. In addition to
the result from the model, vibrations of the roller measured using an accelerometer show that, once
the roller stops moving, all oscillations due to the roller dynamics damp out within 1 second. Laser
scanning begins several seconds after the roller stops moving. As a result, we conclude that the
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Figure 2: Roller subsystem models.

Table 1: Performance Measures for Subsystem Models.

oscillations due to the roller motion will have damped out by the time the laser starts scanning the
part.

Another subsystem consists of the part and powder cylinders, which move by fixed amounts
to deliver a new layer of powder before each scanning session begins. Vibrations measured using
an accelerometer show that the oscillations caused by this motion on the top plate of the pistons
will damp out within 0.5 seconds. Since the piston motion precedes the roller motion, any vibra­
tions caused by the piston motion will have settled by the time laser scanning begins; hence, these
subsystems are eliminated as candidates causing positional deviations of the laser beam. Finally,
damping mechanisms are implemented throughout the SLS machine to prevent the frame struc­
ture from transferring any vibrations that might result from external as well as internal sources.
Oscillations of the frame structure measured with an accelerometer at several different locations
show no significant vibrations due to external sources; in addition, oscillations caused by an impact
on the frame structure damp out in less than 200 ms. These initial findings are confirmed by
Desktop Manufacturing, Inc. in internal studies done on accuracy and vibrational modes of the
machine [3, 4].
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2.2 The Scanner System

The preliminary studies of the SLS machine response identify the scanners as the only candidate
machine component contributing to surface errors. In SLS, two scanners are used to direct the laser
beam by means of two orthogonally-placed mirrors. The lower scanner has a smaller mirror and
produces the X scan. The upper scanner has a larger mirror that reflects the X axis in the Y
direction, producing the Y scan [11]. The scanner heads use low-inertia galvanometers, used as a
servo-driver with low external loads, actuated by means of a moving coil or moving iron [6, 13].
Figure 3a shows a moving-iron type of galvanometer, developed by General Scanning, Inc. [11],
currently used in the SLS machines [6]. Figure 3b shows a detailed cut-away view of a moving-iron
galvanometer.

2.2.1 Physics of the Galvanometers

The General Scanning moving-iron type of galvanometers [11] derive their mechanical torque
from the interaction of an electromagnetic circuit provided by the drive coils, and the magnetic
field of a permanent magnet [6]. The device is designed to provide a limited rotation angle be­
tween minimum and maximum flux locations in the field. Because of the symmetry of the device,
gaps 1 & 3 and gaps 2 & 4 have identical energy conditions. In addition, since the permanent
magnets have permeability comparable to air, poles 1 & 2 are disassociated from poles 3 & 4 (see
Figure 3a). As a result, energy can be assessed for gaps 1 and 2 and multiplied by two to obtain the
total energy. Furthermore, because the electromagnetic fields are linear, superposition can be used
to compute energy in gaps as the sum of the values of all independent fields; hence, each air gap
supports the sum of the fields generated by the permanent magnets plus the field induced by the
drive coil, which can be derived independently. Finally, when the drive coils are not powered, the
air gaps support the component of the magnetic field generated by the permanent magnets only,
which is assumed independent of the rotor angular position based on geometry.

Because of the geometry of the galvanometers, the rotor will move between two positions, in the
direction dictated by the current in the coils. When a positive current is put in through the coils,
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gap 1 will have a magnetic flux due to the permanent magnet plus a flux due to the electromagnet
from the drive coils, entering through the gap between pole 1 and the rotor. Gap 2 will have a
flux generated by the permanent magnet on the right side minus the flux generated by the drive
coils in the effective gap area between pole 2 and the rotor. Hence, the rotor will move from a
position of symmetry to a position of minimum reluctance. This angular motion is controlled by
the magnitude and direction of the current in the drive coils.

Based on these assumptions and observations, the total energy in the magnetic system is pro­
vided by the sum of the individual energy terms in gap 1 and gap 2, multiplied by 2 to account for
the symmetry of the remaining two poles, as shown in Equation 1:

2 2

E( (J, <p) = .!L( <PI + <P2)
/lo Al A2

(1)

where <PI and <P2 are the total flux values in gaps 1 and 2 respectively, and include the flux
generated from the permanent magnets and the coil; Al and A2 are the effective Inagnetic field
areas for the two gaps; /lo is the permeability of air; and 9 is the air gap size. The torque generated
by the magnetic system is computed by taking the partial of total energy with respect to angle
of rotation, (J. Shnilarly, the magnetomotive force generated by the system is the partial of total
energy with respect to coil flux. We substitute for <PI <Pcoil + BpM AI, <P2 -<Pcoil + BpM A 2,
Al = r L(a - (J), and A 2 = rL(a + (J), where BpM is the constant magnetic field generated by the
permanent magnets, <Pcoil is the flux generated by the coils, a is the overlap angle between the pole
and the rotor, (J is the angle of rotation of the rotor, r is the radius of the rotor and, L is the axial
length of the rotor piece. The resulting torque and magnetomotive force expressions are provided
in Equation 2:

r
4ga(J<p~oil 4g BpMa<pcoil

---.....;....::~-+-----
/lorL(a 2 - (J2)2 /lo( a 2 - (J2)

4ga<pcoil
(2)

2.2.2 Simple Scanner Model

Scanner systems have been modeled in the literature to determine their general response char­
acteristics, their accuracy, and repeatability [1, 2, 8, 13]. These are typically simple models used
to determine the general behavior of scanners. The models are used in conjunction with controller
models to determine the best control to assure scanner accuracy and repeatability. Such a simple
second-order model of the scanner is shown in Figure 4. A simple second-order model of the scan-

Second-order Model:

J1Ot8 + Bt8 + K t 8 = KI

Model parameters:

Jtot: mirror & rotor inertia
Bt: damping
Kt : angular stiffness
K : torque constant
I : input current
8 : angular position

Figure 4: Simple Galvanometer Model.

ner system and a description of the model parameters are also provided in Figure 4. The rotary
inertias, angular stiffness, and torque constant are provided in Appendix A, whereas the remaining
can be computed based on the dimensions and material properties of the scanner components.

The response based on this simple model is presented in Figure 5. As expected from the physics
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Figure 5: Simulation Results: a) Mirror Angular Position, and, b)Angular Velocity.

electrical Imagnetic I mechanical
I I Rb

. I I ~co
E~t...¢.... GY~C~l~Kt

1 1 I p I as ~co Ek

ReI I I Jtot
I I

Bond-graph elements:
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Figure 6: Bond Graph Model of the Galvanometer System.

of the galvanometer system, given a constant input, the angular position of the mirror settles to a
constant value, where the rotor stops moving and hence the velocity settles to zero. Based on this
model, we can show that the choice of the design parameters becomes very important in obtaining
an acceptable response. For example, increasing the mirror and rotor inertias or increasing the
stiffness of the mirror shaft results in an increasing oscillatory response, which in turn will result
in beam positional deviations when scanning a part on the powder bed. Reduced damping has
a similar effect since the response will take longer to settle. Inertia, damping, and stiffness are
determined by the choice of design parameters in the scanner system. Using models such as the
one presented here, the designers can predict the response based on the choices they make.

2.2.3 Detailed Bond-Graph Model

Unfortunately, simple scanner models do not provide a complete picture of the physical phe­
nomena resulting in the angular movement of the scanner mirrors. In actual devices, perturbations
exist as a result of the nonlinearities of the torque versus rotor angle and of the torque versus cur­
rent. In addition, the inductance (or reluctance) presented to the amplifier is position dependent.
These phenomena lead to the need for a more detailed model for the galvanometer system.

A detailed model is developed using bond graph modeling techniques, and is shown in Figure 6.
The model is based on the cut-away view (Figure 3b) and the detailed view of the electromag­
netic circuitry driving the system (Figure 3a), and derived using common electromagnetic actuator
models [5, 7, 10]. Note that this is a fourth-order model, where the state variables corresponding
to energy-storing components are, cp (magnetic flux), 0 (total angular position), h (angular mo­
mentum), and Ok (shaft angular oscillations). The magnetic compliance effort variables, is and
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Figure 7: Preliminary Simulation Results from the Bond-Graph Model.

~M, are derived based on the moving-iron circuitry, which converts the electromagnetic input into
a rotary motion of the rotor, supplying the necessary torque to drive the output shaft connected
to the mirror. Typically, this type of device is modeled by computing the energy stored in the
system [5, 6]. The total energy, magnetic torque T, and the magnetomotive force ~M are shown
in Equations 1 and 2. Finally, the damping due to the bearings is derived assuming that a viscous
bearing friction torque is generated at the rotor.

The set of first-order simultaneous differential equations derived from the bond graph model
completely describes the response of the system. The state equations, as well as the model and sys­
tem parameters are presented in Appendix A. Based on these equations, the preliminary simulation
results are presented in Figure 7.

As can be seen from the plots, the bond-graph model results follow the general shape of the
results from the simple s~cond-order model (see Figure 5); the angular position settles to a constant
value, whereas the angular momentum settles to zero. As in the case of the simpler model, increasing
the stiffness of the shaft results in an increased oscillatory response with smaller amplitudes, with no
change in the settling times. Increasing the rotary inertia values results in an increased oscillatory
response, as well as a longer settling time. Finally, decreasing damping in the model results in
an increased oscillatory response, with a very high settling time. However, using the bond-graph
model, even though the settling times are the same as in the case of the simpler model results, the
amplitudes of the vibrations are much greater. The difference between the two simulation results
are currently being investigated.

2.3 Planned Study of SLS Machine Response

The results of the bond-graph model will be used to better understand the laser beam positional
deviations with respect to scanner parameters. Given the set of parameters that can be controlled
and the complete and accurate analytical model, we first need to determine what accuracy levels
are acceptable. The first measure of performance is based on simulation results, performing a
visual comparison with respect to system parameters. Other measures could be typical measures
to quantify dynamic systems, such as time constants, settling times, percent overshoot, etc. A
thorough analysis of the model output with respect to the system parameters should identify the
ranges of parameters for best accuracy, as well as the components that might cause errors due
to their dynamics (such as compliances, inertia, and resistances from each component). Other
mathematical measures will be developed to better quantify the composite error in the response
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signal generated by the model, and a similar study will be perfornled to study deviations of the
laser beam position.

2.4 Supporting Experimentation

Several experiments are currently being designed. The simplest experiment consists of using
mylar sheets or photographic paper to scan simple forms and measure the scanning errors using
a scaled microscope. Similar experiments will determine the precision (repeatability) of the scan­
ners by moving the laser beam to the same target position at different times, and measuring the
positional deviations from the target position. The variance of these measurements will provide a
measure of the precision (repeatability) of the laser beam position.

A more thorough experimental set-up will consist of a diode laser, galvanometer scanners, and
a photodetector to measure the scanning position digitally. The photodetector will be connected to
a data acquisition system to record the signal from the scanner motion. Results from these experi­
ments will determine the accuracy of the laser beam positional measurement. Signals measured by
the photodetector will be used to determine the nature of the possible temporal modes resulting
from the machine dynamics.

3 Conclusions

This paper presents physical models of the machine dynarnic response of the Selective Laser
Sintering system. The galvanometric scanners are identified as the major contributor to the laser
beam positional deviations while scanning a part. A prelilninary model of the galvanometers is
developed. The model results will be used to obtain a better understanding of how the scanner
design parameters affect the accuracy of finished SLS parts. The results will also be used to identify
specific machine modes and provide corrective measures to improve part accuracy in Selective Laser
Sintering. Experiments are proposed to further investigate the SLS system parameters that affect
part accuracy.
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A State Differential Equations from Bond Graph Model
1 Rei
N Ein - N2~M

h
Jtat

h 1"8 - f{t()k B tot h
Jtot

()'k _l_h
Jtot

where <.p is the coil flux, () is the angle of rotation, h is the angular momentum, ()k is the shaft angular
oscillations. The values for 1"8 and ~M are given in Equation 2. Jtot is the sum of the rotor and mirror
inertias, Btot is the sum of estimated viscous damping from the bearings and the shaft internal damping,
The remaining parameters from General Scanning [11] (for scanner model G 120DT and mirror model G300,
10 mm) and the estimated parameters are given in Table 2.

Constant Description Provided Value Estimated Value
N Number of coil turns 175 turns
c¥ Overlap angle 0.002 rad

Ein Input voltage 2 Volts
g Air gap size 10 -4 m

J.to Permeability of air 47r 10 .( H /m
Dr Rotor diameter 4.610 -;5 m
L r Rotor axial length 33 10 -6 m
J r Rotor rotary inertia 0.02810 .( kg m;(,
Jm Mirror rotary inertia 1.310 ·f kg m;(,
Kt Angular Stiffness 0.02 kg m;(,
Bs Internal Shaft Damping I 3.0 10 -6 Nmsec/rad

Rb Bearing Damping 1.1 10 '0 Nmsec/rad

Ret Coil Resistance 2.0 (2

Lel Coil Inductance 1mH
K Torque constant 0.011 N m/A
B Constant PM field iT

Table 2: Constants for the Bond Graph Model.
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