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Abstract

Galvo-scanner is a two dimensional beam steering system
essentially employed in microscopic imaging modalities. The
advent of microscopy in tumor diagnosis and functional imaging
of the organs and cells is apparently promising as it can unravel
the intricate dynamics of the biological processes at microscopic
level in real time. For instantaneous measurement of pigment
(melanin) concentration and monitoring the fractional changes in
oxygen hemoglobin saturation, the microscopic imaging system
must be very rapid in terms of scanning and data acquisition.
However the images obtained from such systems were found
to be distorted. In an attempt to make the high speed imaging
system efficient, we conducted an in-depth study on the problem,
its causes and formulated an optimal solution. We studied and
analyzed the behavior of a Galvo Scanner (GS) at different scan
frequencies. A triangular signal is usually employed to drive the GS.
Conventionally, the GS’s mirrors move in accordance with the input
control signal at low scan frequencies (less than 100 Hz) but as
we advance to higher scan frequencies (more than 700 Hz), GS
fails to obey the input due to the inherent mechanical inertia of the
mirrors. This scrambles the distance between the microstructures
being imaged, thus leading to distortions in the images obtained.
Therefore we propose a novel library of (purposely) distorted ramp
signal to deal with this problem. The rationale behind this idea is to
provide the GS enough voltage to overcome the inertia so that the
resultant movement is a linear ramp. The results obtained showed a
significant improvement in the behavior of the scanners in the terms
of spectral width of the FWHM of the output signal.
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Introduction

Galvo Scanner (GS) is widely used for lateral laser scanning in
various imaging modalities such as photoacoustic microscopy [1-
3], confocal microscopy [4-8], and optical coherent tomography
[9,10]. GSs are employed in microscopic imaging modalities to steer
the focused beam in a two dimensional space. This mechanism is
used instead of mechanical scanning using a manual or a motorized
XY scanner. The two dimensional scanning using an XY scanner
is illustrated in a cartoon in Figure 1. Usually, photoacoustic
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microscopy requires a scan rate of 1 KHz [1] and most OCT systems
operate at 2-200 Hz frame rate and scan frequencies of around 4 MHz
have also been reported. Functional imaging microscopy modalities
require a higher scanning rate, e.g., 200 KHz for recording real-time,
in-vivo, data of dynamic processes [11] . Unfortunately, this leads to
degradation of the image resolution due to the nonlinear behavior of
the GS mirrors. The nonlinear behavior of GS is more pronounced
at higher scan rates, i.e., above 1 KHz which corresponds with high
acquisition rates, thereby causing a tradeoff between speed and image
quality [9]. In this study, we introduce a solution for this problem
that can potentially generate images with less artifact in high speed
galvoscanner based microscopic imaging systems.

Typically, a GS includes a motor assembly, mirrors, mirror
mounts, driver electronics and a heat sink. The angular displacement
of the mirrors is directly proportional to the voltage applied to the high
speed, current sensitive electrical motors. Open and closed loop are
two major types of this device. An open-loop scanner does not have a
position detector device while a closed-loop scanner has one. Closed-
loop GS is equipped with a position detector, a position correction and
feedback signals. These signals are sent to linearize angular deviation
[12]. The popularity of the closed-loop GS stems from its unique
combination of positioning accuracy, speed, control flexibility, ease of
integration and cost for optical scanning applications [13].

Different waveforms can be given as an input to the GS driver
circuit. However triangular waveform is usually preferred as it
generates images with fewer artifacts compared to a sinusoidal
waveform. Using saw-tooth waveform for scanning also generates
less distortions, however it has the fly back portion that needs to be
discarded [14]. The key performance criteria of a GS actuator are
its torque/inertia ratio, its maximum peak and Root Mean Square
(RMS) torque capability, mechanical resonant frequency, positioning
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Figure 1: Dual axis Galvo-scanner with galvanometers and mirrors.
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repeatability characteristics and bearing technology lifetime.
The response time of a GS is defined by the torque, constant peak
current capability, its inertia and mechanical resonant frequency. The
GS’s maximum repetitive frequency depends on its maximum power
capability and the ability to dissipate the heat during the operation.
The positioning precision of the actuator is determined by its bearing
suspension, design sensitivity to manufacturing tolerances and method
of integrating a position detector technology into its design [13].

At high input frequency, GS cannot exactly follow the shape of
the control signal because of a considerable mechanical inertia in
the mirrors [15]. At high scan frequencies, the nonlinear portions of
the scanning waveform are the main cause of producing artifacts in
the image, which consequently results in the loss of data and clinical
misinterpretations. The algorithm implemented in the driver circuit
of GSs compares the actual position of the mirror with the expected
position at a given voltage. It then generates a correction signal, which
is combined with the input signal to be sent to the GS. Despite such
correction, at large rates, when the angular deviation nonlinearity
becomes stronger, the correct is not as efficient any longer and further
correction is required.

The non-linear behavior of the GS occurs due to the inertia
when insufficient voltage is applied to stop and turn the mirrors
instantaneously [16,17], which eventually causes artifacts and
distortions in micro-scale resolution imaging modalities [1-3].
There are various methods to correct the nonlinear effects. It can be
observed from equation (1) that the output torque (7) is proportional
to the input voltage (V).
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Where w, is the angular velocity, k is the torque electrical constant
of the motor and R is the coil resistance. Therefore the angular
displacement 0, of the mirrors is a function of the voltage applied
(equations 2 and 3). This explains the principle of working of a GS.

L=Iw (4)
T=0xL (5)
r=Ia (6)

Where « is the angular acceleration and I is the moment of
inertia. The angular velocity, w, of the mirror is directly related to
the control (input) signal frequency. Increase in the input frequency
causes the mirrors to move faster, this leads to an increase in the
angular momentum, L (equation 4). According to the classical
physics, the angular momentum of a system remains constant unless
an external torque acts on it. Therefore, at input frequencies when
there is rapid change in the position of the mirrors, sufficient voltage
has to be applied in order to generate enough torque to overcome the
inertia and attain the momentum (equations 5 and 6).

In this study, we intend to investigate the behavior of the GS at
different scanning speeds and propose a novel dictionary to generate
a purposely distorted triangular signal in order to eliminate the non-
linear behavior at high frequencies.

Methods
Experimental section

He-Ne laser with the central wavelength of 632.8 nm is spatially
filtered by means of an iris and then illuminates on the mirrors of the
GS. The Galvo scanner was GVS012, a galvo scanning system with
silver-coated mirrors from Thorlabs Inc., USA. One dimensional
scanning is done by keeping one mirror stationary while the other one
undergoing angular displacement proportional to the input voltage.
Initially, we study the effect of frequency of the scanning signal on the
GS’s behavior. Triangular waveform of 5 V peak-to-peak amplitude
is generated by high speed analog output card (PXI-6711, National
Instrument, USA) and applied to the GS driver. A commercial line-
scan camera (Linea GigE CMOS Vision Camera, USA) is utilized to
record the laser scanning. Sapera LT 8.0 software is used as the image
acquisition software.

Line scan camera saturation is reduced by using Beam splitter
(70:30) and neutral density filter which is placed before the line-scan
camera. Line acquisition rate is proportional to the frequency of GS.
Different frequencies from low to high (10 to 3 KHz) are applied to GS
and the line scanner captures the frames with the corresponding line
rates (1000 to 80k lines/sec). Figures 2a and 2b shows the schematic
and photograph of our setup. To overcome the inertia when the
mirrors are made to suddenly start, stop or turn, we generate various
templates of distorted ramp signal with the help of a high speed analog
output card (PXI-6711, National Instrument, USA). The template
signals have voltage values that counteract the nonlinear tendency
and force the GS to follow the linear ramp movement. High voltage
is applied to the GS at start, turn and stop points. Different templates
are generated based on different initial voltage values and the pattern
of variation of the voltage values. These distorted ramp signals are
sent to the GS driver and frames are captured for frequencies (500
Hz-3000 Hz). The acquired frames are saved in bmp format and then
sent to the processing section.

Processing section

MATLAB R2015a is used to process the raw data acquired from
the experimental setup. In order to find the position of the maximum
intensity value in each intensity profile, which represents the position
of the GS’s mirror at a specific time, each line of the frame is scanned
(Figure 3). The spectrum analysis is performed by calculating the Fourier
transform of the signal. Fourier transform spectrums are fit on the
desired Gaussian model using Curve Fitting toolbox in MATLAB. Full
Width at Half Maximum (FWHM) expression is used as criterion for
measuring the spectral width of the frequency profile after performing
Gaussian fitting. Equation 7 is used for Gaussian fitting:
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Where, G is the standard deviation and x, is the expected value.
The FWHM is calculated as follow.

FWHM =2+2In2 0= 23550 ®)

We calculated FWHM of the output signal for various templates
at different frequencies.
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Results

Triangular waveforms of eight different frequencies with 5 volt
peak-to-peak are generated by a high speed analog output card
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Figure 2: (a) Schematic and (b) Photograph of the experimental section of our study.

Processing Section

Figure 3: Block diagram of the processing section.

and applied to the GS’s driver circuit. Line acquisition rates are
set proportional to the Galvo mirror’s movement frequency. We
examine the movements at 10 Hz, 50 Hz, and 500 Hz, 750 Hz 1000
Hz, 1500 Hz, 2000 Hz and 3000 Hz with line rates set to 1000 lines/s,
2000 lines/s, 10k lines/s, 50k lines/s, 75k lines/s and 80k lines/s
respectively. For each frequency, a frame was acquired and each line
in it contained the position of GS at a particular instance of time.
The position of the Galvo mirrors with respect to time is observed,
recorded, calculated and plotted. Laser position is detected in each
line and then we calculate the absolute value of Fourier transform for
each scan at various frequencies and line rates. We fit the Spectrum
signal on the Gaussian distribution and measure the FWHM of
the output signal at each frequency. The amplitude of the Fourier
transform in Figure 4 represents the laser position at eight different
scan frequencies.

After fitting the spectrum signals on the Gaussian distribution, we
calculate the FWHM at each frequency. Table 1 and Figure 5 show the
variation in FWHM with the frequency change.

According to Figure 5, the Spectral width of the output signal
(that represents the current angular position of the galvo-mirror)
is associated with the scan frequency. At high frequencies, the
increase in the spectral width is due to the addition of harmonics.
Figures 4d-4h shows the effect of frequency on the FFT spectrum
of the output signal. In these figures FFT spectrum width becomes
wider with increasing scan frequency and the increase in the width
becomes significant from 1 KHz scan frequency. As discussed earlier,

the reason for this behavior is inertia. Initially mirrors in the GS
are stationary so in order to move these mirrors at high frequency,
enough voltage is required to overcome the inertia. Similarly in order
to stop or turn the mirrors we need to supply sufficient voltage. The
distorted ramp signals have non uniform change in the amplitudes
with respect to time unlike the triangular signals in which the voltages
change is uniform with respect to time. The distorted ramp signals
were generated by high speed analog output card and applied to GS’s
driver. Figure 6 shows ten different distorted ramp signals which were
applied to GS.

We generated template signals for scan frequencies 500 Hz,
750 Hz, 1000 Hz, 1500 Hz, 2000 Hz and 3000 Hz as the nonlinear
behavior becomes more apparent at high frequencies and we applied
them to the GS driver. We repeated the experiment and performed
processing with the distorted ramp signals and calculated the FWHM
for each template. In Table 2 the FWHM of the output signal with
distorted ramp as input signal templates is compared to the FWHM
of the output signal with a perfect ramp input signal.

From the data in Table 2 we observed that FWHM of the obtained
output signal when distorted ramp signal is fed as an input is lesser
when compared to the FWHM obtained when the input was a perfect
ramp signal. It is clear that applying enough force to turn or stop
the mirrors has significant effect on FWHM. When we are talking
about the decrement in FWHM it means that at high frequencies
with distorted ramp signal as an input we will have less harmonics
added than perfect triangular signal. In addition, from Table 2, it can
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Figure 4: Fourier transform amplitude of laser position at different frequencies (a) 10 Hz, (b) 50 Hz, (c) 500 Hz, (d) 750 Hz, (e) 1000 Hz, (f) 1500 Hz, (g)
2000 Hz and (h) 3000 Hz.
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Table 1: Eight different frequencies and correspond FWHM.

Frequency (Hz) FWHM
10 0.82
50 3.56
500 70
750 100.4
1000 150
1500 226
2000 244
3000 270
300
250
200
=
E 150
100
50
0
0 500 1000 1500 2000 2500 3000 3500
Frequency (Hz)

Figure 5: Eight different frequencies and the correspond FWHM.

be observed that each template has a minimum FWHM at a particular
scan frequency. For example we can use Template 10 to get a narrow
spectrum at 500 Hz. Template 7 has narrower spectral width than
other templates for both 750 Hz and 2000 Hz. In order to get a narrow
spectrum at 1000 Hz, our results recommend using Template 3.
While Template 8 is suitable for 1500 Hz, we can use either template
1 or 2 for 3000 Hz.

Discussion

GS does not precisely follow the input triangular signal at high
frequencies (>750 Hz) due to the mechanical inertia inherently exist
in the configuration of the scanner. Such artifact can be observed
through Fourier transform of the signal recorded in a high speed line
camera that measures the laser light reflected from it. The non-linear
behavior of the GS occurs due to the inertia when insufficient voltage
is applied to stop and turn it instantaneously. The problem can be
overcome if the sudden movements can be replaced with gradual
ones. Therefore, we provide a library of signals that nearly resemble
a triangular signal and have voltage values that can potentially
counteract or overcome the inertia at specific frequencies. Hence
based on the nature of application and the operating frequency one
can choose a suitable signal from the library. For instance, if a GS
based microscopic imaging system requires an operating frequency
of 200 Hz, we choose template #10 with a minimum FWHM at this
frequency. Similarly for (a scanning rate of 3 KHz), templates #1 and
#2 give efficient results. Template #7 is appropriate for confocal and
fluorescence microscopy.

By convention, at higher frequencies, when the inertia effect
becomes dominant, high voltages are required to compensate for
nonlinearity in the GSs. Voltage values applied to overcome the
inertia depends on the scan frequency. The templates were designed

in a way that it cancels out the non-linear tendency of the Galvo-
scanner thus forcing it to behave linear by making it to follow a ramp.
Finally, the non-linearity effect can be further reduced to obtain the
optimal set of voltage values in order to make the Galvo-scanner
behave perfectly linear.

Summary and Conclusion

In order to study the real-time, in-vivo intricate dynamics of
cellular structures and other biological processes, microscopicimaging
systems must be equipped with fast pace laser scanning systems. For
instance in wide-field functional microscopy systems a scanning rate
of 200 KHz is required. The solution that we introduced in this article
is by manipulation the triangular signal that is commonly given to
the Galvo scanners. The behavior of the GS at different scanning
rates, i.e., 10 Hz, 50 Hz, 500 Hz, 750 Hz, 1000 Hz, 1500 Hz, 2000
Hz and 3000 Hz, have been explored. We observed that the GS was
incapable of following the input signal at high frequencies. With an
aim to make the galvo-scanner behave linear, we designed a library
containing a set of template waveforms that have voltage values
which can nullify the nonlinear tendency of the galvo-scanner. These
waveforms are generated by a high speed analog output card and sent
to the GS driver. The displacement of the glavo mirror was traced by
a high speed line-scan camera that receives the laser light reflected
back from it. Each frame of the line scanner camera was processed
to obtain its FFT and the FWHM of it; determine the distortion.
The wide (undesired) FWHM associated with high frequency (>750
Hz) scanning rates was then compensated (eliminate the artificial
harmonics in the waveform than the principle harmonic) using the
proposed waveform templates; it was significantly decreased. A large
library of the templates has generated. These templates are available
for research use upon request.
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Figure 6: Distorted ramp waveforms for Galvo scanner’s nonlinearity correction.
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Table 2: Six different high frequencies distorted ramp signal and correspond spectral width in terms of FWHM.

EZ:L?:\%:I;?II-IIZ) zii]mn:I Template 1 Template 2 Template 3 Template 4 Template 5 Template 6 Template 7 Template 8 Template 9 Template 10
500 70 41.2 50 55 60 56 64 58 65 45 40

750 100.4 96 96 90 88 84 96 68 86 70 86

1000 150 84 86 48 120 114 105 92 101 90 100

1500 226 184 182 180 158 130 168 176 120 146 180

2000 244 136 218 202 236 156 180 118 185 232 203

3000 270 150 150 250 248 170 118 214 196 218 172
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