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Cross-scan Error Evaluation of Large Size Polygon Mirror Based Laser
Scanning System for Industrial 3D Printing

Bo Cong, Han Woong Yoo, Daniel Pechgraber and Georg Schitter

Abstract— This paper analyses and evaluates the cross-scan  reflection technique is adopted in [13] to precisely measure
error of a large-size polygon mirror-based laser scanning facet pyramidal errors of a PM. A general discussion of the
system for industrial stereolithography (SLA). The polygon ., ceq (o cross-scan errors in a PM-based scanning system
mirror (PM) is often used for fast scanning applications . . . R R .

is given in [7], including mounting errors of the PM to

due to its superior scanning speed and large scanning angle. ,
However, PM-based laser scanning systems are prone to cross- the shaft. To the best of the authors’ knowledge, however

scan errors, restricting scanning precision. The facet tilt and few works have been conducted to analyse and quantify
scanhead dynamics are considered as two primary sources  the mounting error of the PM as a cause of the cross-scan
contributing to cross-scan errors. The datum-to-shaft error by ..o Especially, no research work has covered vibrations or

manufacturing imperfections is modeled as the main cause hanical def ions in the i d PM-based las
of the facet tilts in the investigated PM-based scanner. This mechanical deformations in the integrate ~based laser

datum-to-shaft error varies due to radius expansion by the PM  scanning system, which can also deteriorate the scanning
at high-speed rotations, leading to a 10pm variation in the precision.

cross-scan error. The scanhead dynamics are measured by a The contribution of this paper is the analysis and ex-
vibrometer and characterized by non-deterministic vibrations perimental evaluation of the cross-scan error including its

and the deterministic periodic excitation. The total scanning . L.
precision of the large-size PM-based laser scanning system is  CaUS€S of facet tilts and scannhead dynamics in a large-
approximately 160 um mainly due to the datum-to-shaft error, ~size PM-based laser scanning system for a high speed and
limiting the precision of the PM based industrial SLA printer  high resolution industrial stereolithography (SLA) printer.
without any compensation. The cross-scan error on the nominal scanning plane results
from the laser beam deviation, and facet tilts and scanhead
dynamics are raised as potential sources of this deviation.
Polygon mirror (PM) based scanning system is a popular ~ The datum-to-shaft error is raised as the main cause of the
choice for many applications, such as LiDAR [1], additive ~ facet tilts and analysed to explain the variation of the facet
manufacture [2], [3] or laser machining [4], [5], thanks to tilts by the PM rotational speed, measured by an imaged-
its fast scanning speed and wide scanning angle. By rotating ~ based scan line measurement system. The scanhead dynam-
the PM at a high speed, PM-based scanning systems generate  ics are quantified utilizing a vibrometer and assessed both
more than 10 times faster scanning speed in comparison to ~ non-deterministic vibrations and periodic motions induced by
galvanometer based scanning systems of a similar scanning  the rotating PM. An error budget is drawn from the analysis
angle [6]. to provide indication on the achievable scanning precision
Despite the benefit in high speed and large angle, the PM- ~ without any cross-scan error compensation.
based scanning system suffers from cross-scan errors, limit-
ing its implementation in precise scanning applications [7], II. PM-BASED SCANNING SYSTEM
[8]. Understanding the cause and demonstration of the cross-
scan error is critical for the development of this technology.
Based on this understanding, compensation methods such as Fig. 1 shows a scanning system with a large-size PM,
passive correction [9] or active error compensation [10], [11] developed for a high speed and high resolution industrial
can be adopted and optimized to achieve a single digit um  SLA printer [2], and utilized for the investigation of scanning
scanning precision. This need becomes more evident when  Precision in this study. In the scanning system, a colli-
large-size PMs are employed, where a small angle deviation =~ mated laser beam is generated from a laser unit (PhoxX-
is magnified by the projection system and results in a large ~ 405-300, 405 nm, Omicron-Laserage Laserprodukte GmbH,
cross-scan error [2]. Germany), is expanded to 10 mm diameter, and is guided
Numerous studies have investigated the causes of scanning ~ Via optics to a polygon mirror (PLS-08-525-125-AL-7.5K,
errors for PM-based laser scanning systems. Sweeney [12] 144 mm diameter, Precision Laser Scanning LLC, United
investigates a PM-based laser scanning system and provides ~ States), where it gets deflected to a maximum optical scan
a performance chart including cross-scan errors. A multiple ~ angle of & 22°. The deflected laser beam is then focused
by an f-theta lens (S4LFT0580/173, f=0.59 m, Sill Optics
This work was supported by FFG Basisprogramm of the Austrian BMK ~ GmbH, Germany), achieving an optical resolution of approx-
under Project FO999900183. imately 30 um with a beam scanning speed up to 460 m/s.

The authors are with the Advance Mechatronic System group at the A head i 15 hick alumi 1 h h
Automation and Control Institute, Technische Universitit Wien, A-1040 scanhead 15 a mm thick alummum plate, where the

Vienna, Austria. cong@acin.tuwien.ac.at polygon scanner, the f-theta lens, and a fast steering mirror

I. INTRODUCTION

A. System description

2024 IEEE/ASME International Conference on Advanced Intelligent Mechatronics (AIM) | 979-8-3503-5536-9/24/$31.00 ©2024 IEEE | DOI: 10.1109/AIM55361.2024.10636950

979-8-3503-5536-9/24/$31.00 ©2024 IEEE 290

Authorized licensed use limited to: TU Wien Bibliothek. Downloaded on January 08,2025 at 11:48:36 UTC from IEEE Xplore. Restrictions apply.

Published version of the article: Bo Cong, Han Woong Yoo, Daniel Pechgraber and Georg Schitter, “Cross-scan Error
Evaluation of Large Size Polygon Mirror Based Laser Scanning System for Industrial 3D Printing,” Proceedings of 202/
IEEE/ASME International Conference on Advanced Intelligent Mechatronics (AIM)pp. 290-295, 2024. DOL:
10.1109/AIM55361.2024.10636950


http://www.acin.tuwien.ac.at/en/publikationen/ams/
https://doi.org/10.1109/AIM55361.2024.10636950

Published version (generated on 08.01.2025)
This and other publications are available at:
http://www.acin.tuwien.ac.at /publikationen/ams/

= v o

. Scanhead Polygon Mirror

Fig. 1. Large-size PM-based laser scanning system consists primarily of
an eight-facet PM, an f-theta lens and a steering mirror, all of which are
integrated on the scanhead. 6 represents the mechanical scanning angle of
the PM, and B denotes the reflection angle of the central laser beam. The
Euclidean coordinates of the scan are shown by three axes (X, Y and Z),
where the X axis matches the nominal scan direction, the Y axis aligns to
the PM rotating axis and Z axis is defined by the right-hand rule.

are integrated. The scanhead is tightly fixed to the printer
frame.

The trade-off in optical parameters limits the design choice
to a large-size PM with a long-focal-distance lens to have a
scanning system with high-resolution, wide-range and high-
speed [2], [12]. This choice, however, also makes the scan-
ning system sensitive to angular errors or scanhead dynamics,
hence posing challenges to achieve precise scanning.

The scanning function that describes the scanning position
of the PM-based scanning system is given by

x=-2f8, y=0, (€Y

with the coordinates system shown in Fig. 1. f is the focal
length of the f-theta lens and 6 is the mechanical scan angle
bounded by the scan range 6 € [—11°,11°]. The nominal
scan direction is defined by the scanning path on the nominal
scanning plane and perpendicular to the rotation axis of the
PM. The scanning error is then naturally differentiated in
along-scan and cross-scan directions. The cross-scan errors
of the scanning system is the limiting factor for scanning
precision, assuming the along-scan error is eliminated by
accurate timing of laser shooting.

B. Cross-scan errors

The cross-scan errors are the deviation of scanning posi-
tions along Y direction on the nominal scanning plane, i.e.
ecross =Y —y. Fig. 2 shows a typical scanning system, where
PM facet tilts and scanhead dynamics can deviate the laser
beam from its nominal path, causing cross-scan errors. By
adapting the scanning function (1) to facet tilts and scanhead
dynamics, the caused cross-scan errors can be modelled.

The scanning function adapted to the PM facet tilt is
presented in a two-steps approach. Firstly, having a tilt angle
§ translates into deviations in scan directions which are
described by 6’ and 7.

y = arcsin(cos(f — 6)sin26),

c0s20

S ——————
+“ PM Facet 1

Scanning Plane,
7

/

Fig. 2. Laser scanning is susceptible to geometrical errors. The nominal
reflection of the laser beam is denoted with a solid-purple arrow with an
optical scan angle of 20 with respect to the central laser beam. The facet tilt,
indicated by a dotted-black arrow and angle 8, deviates the laser beam from
the nominal path, indicated by a dotted-purple arrow. The scanning deviation
is denoted by 6’ and 7. The scanhead dynamics, including translation (Ay)
and rotations (0 and ¢), alter the scanning plane (dashed frame) from the
nominal scanning plane (solid frame) by moving the entire scanning system,
adding to the cross-scan errors.

The PM facet tilt angle & can be calculated by
V.

6= ear(:sin(‘Z,T.Gj')7 3)

where 7’ is the norm of the tilted facet, and ¥ is a vector
aligned with Y axis. Secondly, the altered laser beam is
focused by f-theta lens on the scanning plane with the
position in Y direction defined by

J’}r = farcsin <\/sin2 y+sin?(6’ + 6) cos? y) siny, (4)
where .
siny
cosysin(0+6')"
The scanning function accommodating scanhead dynamics
can be approximated by

Vg~ hsin(oy) —2f0sin( o) + Ay ®)

Y = arctan

in Y direction, where & is the distance between the scanhead
and the nominal scanning plane. @y, &, and Ay are three de-
coupled motions from the scanhead dynamics, as indicated in
Fig. 2. The rotation with respect to Y axis and movement in
X an Z directions are not considered since their contribution
to cross-scan errors is negligible.

The total cross-scan error is the sum of both error contribu-
tions resulted from (4) and (5). The standard deviation of the
Cross-scan error o(ecrys) is adopted to represent the cross-
scan error for multiple scan lines given the same reference,
which also defines the cross-scan precision of the PM-based
laser scanning system. The cross-scan precision, including
impact from both the facet tilts and the scanhead dynamics,
is estimated by

G(ecross) ~ \/Gz(ecmss(s)) + Gz(ecros.v(aX7 o, AY))7 (6)

given the assumption that the two causes are independent.
€cross(0) and ecross( 0, 07, Ay) denote the cross-scan errors
calculated from (4) and (5) respectively.

6’ = B —arctan (M> . @
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Fig. 3. PM facet tilt. (a) pyramidal errors of facet 1 and 5, denoted by
Op1 and 85 respectively, give facet tilt angles with respect to the PM axis
(indicated by dotted lines) (b) datum-to-shaft error € is the angle between
the shaft and the datum norm 7, of the PM (dotted arrows), which induces
tilts to each facets with the sensitivity defined by (8). The example impact
is visualized on facet 1,2 and 8 of the PM by dotted lines, and denoted by
O¢e1, Oc2 and Ogg, respectively.

III. PM FACET TILT

PM facet tilt can have multiple physical causes such as
pyramidal error of the PM or imperfect alignment between
PM and shaft. Given the large size of the scanning system,
1 prad facet tilt approximately leads to a cross-scan error of
1.2 um in magnitude, estimated by (4).

A. Pyramidal error and datum-to-shaft error

Pyramidal error is a manufacture imperfection of the PM,
where the facets are machined non-parallel to the PM central
axis, as shown by &, and &5 for the facet 1 and 5 in
Fig. 3(a). Typical range of the pyramidal error is from tens
to hundreds of prad [7], and it is normally inconsistent for
each facets.

Datum-to-shaft error is another primary contributor to the
PM facet tilt, which can be introduced either in manufactur-
ing or mounting of the PM. Fig. 3(b) gives a demonstration
of the datum-to-shaft error €, where each facet is affected
differently. For a PM with the datum norm 7}, defined by

Wi = {ex,,/lfeffezz,ez}

the tilt of each PM facet is approximated by a sensitivity
matrix

(N

IS TSI T

Oc1 sin0  —cos0
Oe2 sin %” —cos %’”
indr An £
583 ~ | Sin-g Cos ¢ | . [SX] , (8)
. . Z
Ocs sin 2%7 —cos %”

with &, and g, of small magnitude. Jg; denotes the facet tilt
of the facet k, caused by the datum-to-shaft error €,

€ = arcsin <\/83 + 63) ~ /g2 +el )

300
- Facet 1
— 200 = Facet2
§; 100 = Facet3
Z Facet 4
>U-5 0 ® Facet5
S 100 Facet 6
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Fig. 4. Measured cross-scan error with the PM rotating 7500 RPM. The
scan lines are measured at multiple sections over the scan range, depicted by
colour-coded squares, with O (ecrpss) = 157 pm for 8 facets. The scan lines
estimated from facet tilts are plotted with dotted lines, with discrepancy less
than 1.5 umgys referred to the measurement.

TABLE I
ESTIMATED FACET TILT OF THE PM IN URAD.

Facet 1 2 3 4 5 6 7 8
) -83 | -203 | -215 | -101 | 78 | 222 | 217 | 86
O¢ -82 | 211 | -216 -95 82 | 211 | 216 | 95
Sy -1 8 1 -6 -4 11 0 -9

The total facet tilt is the sum of the impact from the
pyramidal error and the datum-to-shaft error,

5=05,+0.

B. Cross-scan precision and angle estimation

The facet tilt angles caused by both the pyramidal error
and the datum-to-shaft error are repetitive with every PM
revolutions as each facet is sequentially and repetitively en-
gaged for scanning the laser beam. Given this characteristic,
the cross-scan error from each facet can be measured using
an image-based scan line measurement system [2]. This
measurement system captures multiple images of the scan
line, using a CMOS camera, at multiple locations within the
scanning range, to extract the deterministic cross-scan error
from each PM facets. Fig. 4 shows the measurement results
of the scan lines by all 8 facets, with a cross-scan precision
O'(ecmss) = 157 pm.

By fitting the scanning function (4) to the measurement,
the cross-scan error caused by facet tilts can be estimated,
shown by dotted lines in Fig. 4. The corresponding tilt angle
6 of each PM facet is provided in Table 1. The discrepancy
between the measured cross-scan error and the estimated
error from facet tilts attributes to other periodic error sources,
such as scanhead dynamics.

The contribution to facet tilt from the datum-to-shaft
error O¢ can be extracted by computing the minimum norm
solution for the linear equation (8), and the corresponding
datum-to-shaft error € is revealed as

£=231yrad, [g,&]=[-216,82]x 1075  (10)

Based on this estimation of &, the pyramidal error con-
tributed facet tilt 8, is calculated from the difference between
6 and &, for each PM facet. The resulted facet tilts from both
causes are listed in Table I.
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(a) (b)

Fig. 5. PM mount and its variation. (a) the PM is screw-mounted radially
and axially to the shaft. The stress induced deformation results in a datum-
to-shaft error, indicated by €. (b) by rotating the PM to a high speed o,
centrifugal stress expands the PM radially and changes the datum-to-shaft
error, indicated by £().

C. PM Facet Tilt Variation

The PM mounting error, as one of the causes to datum-to-
shaft error, is susceptible to the PM rotational speed, which
can lead to a PM facet tilt variation.

In the PM-based scanning system, the PM is screw-
mounted onto the shaft in both radial and axial directions.
As screw mounts require mechanical stress between parts
to secure the fixation, it unavoidably induces deformation
on the parts. Fig. 5(a) shows a concept diagram of the PM
mount in the designed scanning system, and the deformation
caused by mounting stress. Given the deformation, a datum-
to-shaft error is formed in the scanning system, which can
be estimated by

an

(—RO -I—Rm) —Ro+ R,
€ = arctan =~ .

L L

Ro and R,, denote the radius of the mounting location with
respect to the PM center and the shaft center. L indicates the
distance between the axial fixation and the radial fixation.
By rotating the large PM at a high speed, large centrifugal
stress is applied on the mirror structure and leads to a radial
expansion of the PM, shown in Fig. 5(b). As results, the
datum orientation of the PM is varied to accommodate the
expansion. The inner radius expansion of the rotating PM is
estimated by a homogeneous annular disk model [14],

2
pPW-Ry
Ry =
07 4
with inner and outer diameter matched with the PM, denoted
by Ro and R, respectively. p, E and v are the density,
elastic modulus and Poisson’s ratio of the PM, respectively.
o denotes the rotational speed of the PM in rad/s. As the
radial expansion of the shaft is negligible compared to the
PM, the variation of the datum-to-shaft error Ae for a PM
rotational speed change can be predicted simply by
Ry —Ro
L )
with R{, calculated from (12). Fig.6 shows the predicted
datum-to-shaft error variation with the reference condition
as the PM rotates 7500 revolutions per minute (RPM).

[(3+V)RT+ (1 V)R], (12)

Ae = (13)

50
- Ae Model
404 — Ae Measure
= -9 ~<_
g 30 < _ R
o KN
w 20 - — ~O
1 -Y,Np(w,) Tip(w,) ~
10 7 z LAN
\\’
4)( Sy

0 : —9
2000 3000 4000 5000 6000 7000 8000
PM Speed [RPM]

Fig. 6. Datum-to-shaft error variation Ae over different PM rotational
speeds. Taking the datum-to-shaft error at 7500 RPM as a reference,
the error variation predicted by the annular disk model is plotted in a
dashed-blue line. The error variation estimated from the cross-scan error
measurement is marked with red ¢.

—%-2000 RPM —%* -4000 RPM — ¢ -6000 RPM
—©-3000 RPM - & -5000 RPM 7000 RPM

7500 RPM

300 Facet 6
B
>
g T -
§ -100 SRR Jore T
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-0.2 -0.1 0 0.1 0.2
Meas. X [m]
Fig. 7. Cross-scan error variation over different PM rotational speed. The

measurement fitted scan lines of facet 1,3,6, and 8 are plotted as examples
to demonstrate the impact of varying rotational speed (indicated by markers)
on cross-scan errors. For facet 1, more than 30 pm error change is observed,
while less than 5um is measured for facet 3. The cross-scan precision
G (ecross) ranges from 157 um to 167 um for the tested PM rotational speeds.

D. Cross-scan precision variation

Using the same image-based measurement system as in
Section III-B, the scan lines can be retrieved over different
PM rotational speeds. Fitting the measured scan lines to the
scanning function (4), Fig. 7 shows the cross-scan error due
to facet tilts for the rotational speed from 2000 to 7500 RPM.

The scan line of each PM facet shows different magnitudes
of variation by increasing the rotational speed. The largest
variation is observed with facet 1, where more than 30 um
cross-scan error changes are measured. When the PM is ro-
tating 7500 RPM, a cross-scan precision 6 (€cross) Of 157 um
is evaluated for the scanning system. As the rotational
speed decreases to 3000 RPM, the cross-scan precision is
deteriorated to 167 um. Despite the variation driven by PM
rotational speeds, a significant amount of cross-scan errors
remain unchanged. This portion attributes most likely to the
static facet tilt, yielded from manufacturing errors.

The datum-to-shaft error of each rotational speed €(®) can
be extracted from the measured cross-scan errors and the Ag
is estimated from the measurement by

A~ /(e 01) — (@) + (e:(0) — (). (14)
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Fig. 8. PSD of vibrations in scanhead. The solid-black line describes the
vibration transmitted to the scanhead when the PM is static (0 RPM). The
dash-dotted blue and dashed-red line show the vibration level when the PM
is rotating 3000 and 7500 RPM, respectively.

The measurement based estimation on A€ is plotted against
the model predictions in Fig. 6, with mismatch less than
1.4 urad. The maximum datum-to-shaft error change is
39 yrad for PM rotational speeds from 2000 to 7500 RPM.

IV. SCANHEAD DYNAMICS

The scanhead dynamics can be critical for a large-size
scanning system as the cross-scan errors due to the scanhead
rotations increases proportionally by the focal length. Given
the large-size PM rotating at a high speed, a small misalign-
ment of the shaft results in an unbalanced force, causing
significant increase of vibrations [15], [16]. Moreover, the
periodic force from rotating PM exerts onto the scanhead
and triggers dynamic motions at the same frequency [16].
The scanhead vibration can cause non-deterministic scanning
errors while the excited motions are generally synchronized
with the excitation in a deterministic and periodic manner.

A. Vibration increment

The vibration of the scanhead is measured at multiple
locations on the front side of the scanhead with a vibrometer
(OFV-534, Polytec GmbH, Germany) mounted on a tripod,
positioned approximately 0.5 m away from the scanhead. The
vibration, measured close to the PM, is plotted in power
spectral density (PSD) in Fig. 8.

The tripod modes (8 Hz and 10Hz) and cooling fan
noises are identified in the measured PSD. Two structural
resonances of the scanhead can be seen at approximately
21Hz and 55 Hz, corresponding to the rotation ¢, and o,
respectively. Likely, due to stiff connections between the
scanhead and the frame, the vibration increase is constrained
to an amplitude less than 0.02um?/Hz in the PSD. The
dynamics excited by PM rotations are distinctively visible at
50Hz and 125 Hz for the rotational speed of 3000 and 7500
RPM respectively, as well as the higher order harmonics. The
increase of PM rotational speed lifts the level of vibration,
and this increment is especially apparent at the frequency
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Fig. 9. Periodic motions of the scanhead with the PM rotating 3000 RPM
(blue x) and 7500 RPM (red o). The scanhead rotation o, (dashed lines) is
dominant over ¢ (solid lines) and Ay (dash-dotted lines), which has a peak-
to-peak amplitude of 6.6 urad and 1.7 prad for the two evaluated rotational
speeds.
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Fig. 10. Cross-scan error caused by the scanhead dynamics. The rotation
around X axis contributes the largest amount to the cross-scan error.

range close to the structural resonance. The vibration, exclud-
ing the periodic motions, is evaluated of 0.07 um, 0.09 um
and 0.21 pym for PM with 0, 3000 and 7500 RPM rotational
speed, respectively.

B. Periodically excited dynamics

The periodically excited dynamics can be extracted by
synchronizing the vibrometer measurements of multiple loca-
tions with the PM revolution. By averaging the measurement
over multiple revolutions, the repetitive motions of ¢, o, and
Ay are discovered and plotted in Fig. 9.

The second structural mode of the scanhead, being the
rotation around X axis, is amplified significantly by PM
rotating 3000 RPM, equivalent to an excitation frequency
of 50Hz. This excitation frequency coincides with the res-
onance frequency of the structural mode, and triggers a
periodic rotation of 6.6purad peak-to-peak amplitude. The
periodic motions of ¢, o, and Ay exhibit mostly the first
harmonic of the excitation frequency.

C. Impact on cross-scan precision

The scanhead vibration is treated as non-deterministic
error, mapped to the cross-scan error, and the impact from
the periodic motions is estimated using the scanning func-
tion (5). Fig.10 summarizes the estimated cross-scan errors
for different PM rotational speeds.

The periodic rotation o, has the largest impact on the
cross-scan precision with the maximum contribution of
1.7 um. The total impact on the precision from the scanhead
dynamics is estimated by the quadratic sum of the total
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TABLE 11
BUDGET ANALYSIS OF CROSS-SCAN ERROR (O (€cross) [m])

PM Rot.
Speed

7500
RPM

2000 ‘

3000
RPM

4000
RPM

5000
RPM

6000
RPM

7000
RPM

RPM

Facet Tilts

Pyra.* 4.6 4.6 4.6 4.6 4.6 4.6 4.6

Datum | 1659 | 1664 | 162.5 | 160.9 | 158.4 | 158.2 | 157.0

Sum | 166.0 | 166.6 | 162.5 | 161.0 | 158.5 | 158.3 | 157.2

Scanhead Dynamics

Vibration 0.1 0.1 0.1 0.1 0.1 0.2 0.2

Periodic 0.1 1.4 0.4 0.4 0.5 0.2 0.4

Sum 0.1 1.4 0.4 0.4 0.5 0.3 0.4

Total Cross-scan Error (No compensation)

Total | 166.0 | 166.6 | 1625 | 161.0 | 1585 | 1583 | 1572

*The average value of the pyramidal error, derived by all tested PM rot. speeds.

periodic impact and the vibration, which is less than 1.4 um
for all tested PM rotational speeds.

V. BUDGET ANALYSIS OF CROSS-SCAN ERROR

The total cross-scan error is estimated by the quadratic
sum of the error caused by the facet tilt and the scanhead
dynamics as they are independent. For the facet tilt, the
pyramidal error and datum-to-shaft error are added linearly
before applying to the scanning function to calculate the
induced cross-scan error. For the scanhead dynamics induced
errors, the periodic contributions (from ¢, o, and Ay) are
added up linearly and then summed quadratically with the
vibration induced errors. The resulted standard deviations of
cross-scan error are summarized in Table II.

The most cross-scan error results from the facet tilt,
limiting the large-size PM-based scanning system by ap-
proximately 160 um scanning precision. The scanhead dy-
namics is largely suppressed by the rigid connection to
the frame, leaving less than 1.4pum impact to the cross-
scan precision. Considering the optical resolution of 30 um,
the PM-based scanning system is mainly limited by the
PM facet tilt. To improve the scanning precision, the PM
facet tilt has to be compensated by either passive or active
methods [9], [10]. An active error compensation (AEC)
method is demonstrated to compensate for PM facet tilts with
a fast steering mirror (FSM) [11]. An advanced AEC based
on iterative learning control achieves a 23 um peak-to-peak
scanning precision by compensating for the cross-scan error
induced by facet tilts and periodic scanhead motions while
it is evaluated only for a single PM rotational speed [2].
Calibration procedures can be devised for the datum-to-shaft
error variation to further improve the AEC.

By the evaluation of cross-scan errors in the PM-based
laser scanning system, the proposed datum-to-shaft error
is revealed as the largest contributor with approximately
160 um scanning precision and even varies by PM rotational
speeds, limiting the precision of the PM based industrial SLA
printer without any cross-scan error compensation.

VI. CONCLUSION

In this paper, the cross-scan error caused by PM facet tilts
and scanhead dynamics are evaluated for a large-size PM-

facet tilt, including contribution from the pyramidal error
and the datum-to-shaft error, leads to a standard deviation of
the cross-scan error about 160 um. Additionally, variation of
the PM datum orientation occurs up to 39 urad due to the
radius expansion of the PM by high-speed rotations, leading
to a 10um variation in the cross-scan error. The scanhead
dynamics are characterized by vibrations and the periodic
motions, adding together 1.4 um to the total scanning pre-
cision. Without any compensation, the achieved scanning
precision of the large-size PM-based laser scanning system
is approximately 160 um, mainly limited by the datum-to-
shaft error. This result also shows that the cross-scan error
compensation is essential for high resolution high speed PM
based laser scanning system to maintain the designed optical
resolution of 30 pm.

The developed analysis of the cross-scan error can be used
to enhance PM-based laser scanning systems for industrial
3D printing and many other applications such as LiDAR and
laser machining. For example, methods for mounting the PM
to the shaft can be improved to reduce the risk of a large
datum-to-shaft error, and AEC can be extended for various
PM rotational speeds by the radius expansion model.
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