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Laser considerations 
The different apertures experienced by the laser radiation 

upon exit from the diode create an elliptical beam profile based on 
the divergence angles θ in direction of the width and the height of 
the output area of the semiconductor. While this characteristic may 
be unwanted in some applications, here we make use of this fast-
slow axis behavior in order to illuminate the vicinity of the droplet 
with a minimum loss of photons. For this reason, collimation can 
be accomplished using a single cylindrical length with a focal 
length fc and a numerical aperture NA of the incident beam 
equivalent to sin(θ/2), which will create a diameter db in the fast 
axis of  ݀ୠ ൌ 2 ୡ݂NA 

which results in a strong beam broadening in the fast axis and 
minor widening in the slow axis creating a line profile. 

Illumination conditions 
To omit motion blur, the object under consideration may not 

move more than one tenth of its characteristic size [5] during the 
illumination time till. Considering droplet formation at a velocity v 
lower than 10 ms-1 and sizes larger than 5 µm this requires an 
illumination time smaller than 50 ns.  

The required amount of photons during an illumination period 
can be estimated from the desired signal-to-noise ratio (SNR), 
which can be calculated using  SNR ൌ ܵ୮୦ටߜ୮୦ଶ ൅ ଶୢߜ ൅  ௥ଶߜ

where ܵ୮୦ represents the incident photon signal and δ are the 
photon noise (ph), dark noise (d) and the read-out noise (r), 
respectively.  

The photon noise results from the quantum nature of photons, 
which follows a Poisson distribution and has a fluctuation equal to 
the square root of the incoming photon signal. This signal can be 
calculated using ݐ ܫ୧୪୪ܳୣ, where I is the incident photon flux and Qe 
is the quantum efficiency of the used sensor. The photon noise 
therefore results in  ߜ୮୦ ൌ ටS୮୦ ൌ  ඥݐ ܫ୧୪୪ܳୣ 

The dark current noise, originating from thermal fluctuations 
in the sensor, introduces a noise as the integral of the dark current 
Id over the exposure time texp. Assuming a Poisson distributed 
effect this gives ୢߜ ൌ ටୢܫ  ୶୮ୣݐ

Finally, the read-out noise δr is related to the amplifier circuit 
of the sensor and therefore specific for the system used. 

Recalling that the number of photons N is equal to ݐܫ୧୪୪ one 
can rearrange the equation to the desired number of photon. For 
simplification we assume the exposure time will be reasonably 
short and therefore, dark current noise will be nil. The number of 
required photons per pixel can then be calculated using ܰ ൎ SNRଶ2ܳ௘ ቌ1 ൅ ඨ1 ൅  ୰ଶSNRଶቍߜ4

In order to allow for a comparison to the number of photons 
provided by the laser, one can calculate the emitted number by 
comparing the energy of the laser Elas and the illumination time till 

with the energy of a photon Eph, giving ݊୪ୟୱ ൌ ୮୦ܧ୪ୟୱܧ ൌ ୪ܲୟୱݐ୧୪୪݄ܿߣ  

where Plas is the nominal power of the laser, λ is the 
wavelength of the radiation, h is the Planck constant and c is the 
speed of light.  

 This number of photons will be distributed over the amount of 
pixels illuminated by a single laser pulse. As the maximum usable 
pixel area of the CCD sensor is 1280×960 px2, with a physical 
dimension of 4.8×3.6 mm2 [6], a division into 10 slices results into 
exposure areas of 128×960 px2, or 480×3600 µm2. 

The calculation given above results in 123840 illuminated 
pixels. Using a desired SNR of 20 [7] for good contour 
reproduction, Qe of 0.5 at a wavelength λ of 630 nm and an 
assumed read-out noise of δr of 10 e- the desired number of 
photons per pixel equates to 970 and for the complete strip 
1.2×108 photons. Using the calculated illumination time of 50 ns, a 
peak power of the laser of 600 mW and the speed of light in 
vacuum, the total number of photons leaving the laser results to 
9.7×1010. This results in a ratio of emitted to required photons of 
815, which leaves a margin of almost three orders of magnitude.  

Projection optics 
In order to have a sharp projection with a fixed magnification 

simple calculations using the Gaussian lens were used. Assuming 
no distortion effects from the MEMS mirror, the image distance is 
simply a sum of the distance bL from lens to the mirror and bM 
from the mirror to the CCD surface. Taking into account a 
magnification of two and a focal length f of the lens being 75 mm, 
the object distance equates to 112.5 mm and the image distance to 
225 mm. 

Theoretical resolution 
The minimum optically resolvable feature size dmin,opt is 

determined by [8] ݀୫୧୬,୭୮୲ ൌ ߣ1.22  ܮ݃

where g is the object distance and L is the diameter of the lens 
used. With the numbers given in the previous section this equates 
to a minimum feature size of 1.8 µm.  

When resolving this feature with a digital sensor, the Nyquist-
Shannon sampling theorem can be rewritten to give, with 
consideration of the magnification M of the system and the 
available pixel size dp, the digitally resolvable feature size dmin,dig 
as ݀୫୧୬,ୢ୧୥ ൌ 2݀௣ܯ  

For the given sensor and a magnification of two, this restricts 
the resolution of the system to the pixel size of 3.75 µm. 

The pixel size furthermore relates to the depth of focus that 
can be achieved. In order to calculate the depth of focus δf one can 
consider the lens diameter L, the pixel size dp and imaging distance 
b and yield ߜ୤ ൌ 2݀୮ܾܮ  

This gives for the given values a depth of focus of 33.8 µm. 
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Implications of the resonant MEMS mirror 
Resonant MEMS mirrors provide a constant tilting frequency 

and an amplitude, which can be modulated using the sinusoidal 
driving signal. 

The required tilting angle of the mirror αm, can be calculated 
using ߙ୫ ൌ tanିଵ ൬  ୱ2ܾ୫൰ݓ

where ws is the width of the sensor and bm is the distance 
between the mirror and the sensor. For the given sensor and bm 
being 100 mm this yields 1.37°. A typical transit of a droplet with 
a velocity 10 ms-1 and a throw distance of 1mm gives a total transit 
time of 100 µs, which dictates the resonating frequency of the 
mirror to 5 kHz and, assuming linear motion, the velocity of the 
beam on the CCD sensor to be 48 ms-1. Recalling the criterion for 
motion-blur-free images and keeping 50 ns as illumination time, 
the system is limited to a spherical feature of 6.9 pL in volume. 

The tilting of the mirror also introduces a change in the 
imaging distance as the beam path increases. The change in path 
length can be estimated using the Pythagorean theorem and yield ∆ൌ ඨቀݓୱ2 ቁଶ ൅ ܾ୫ଶ െ ܾ୫ 

A comparison with the depth of focus found above indicates 
that a bm of 100 mm yield sufficiently low distortion with 29 µm. 
At 50 mm imaging distance the change in path length yields 
58 µm, respectively, and will therefore reduce the image quality by 
blurring images at the maximum deflection of the mirror. This, 
however, is only true if the aperture posed by the mirror is not 
considered. Recalling the equation given above and replacing the 
aperture of the lens with the diameter of the mirror and the imaging 
distance with bm equal to 50 mm changes the depth of focus to 
125 µm, which reliefs the constraints on the distance between 
mirror and sensor. 

Experimental 
The system as depicted in Figure 1 has been realized on an 

optical breadboard table, using a 500mW, 638 nm laser diode 
(ML520G72, peak power 600 mW, Mitsubishi Electric, JP) with 
an appropriate collimation lens (focal length 3.1 mm, 352330-A, 
Thorlabs, UK). Driving the laser diode was accomplished using a 
commercially available laser driver module (iC-HG HG1D, iC-
Haus, DE). Imaging was carried out with a projection lens having a 
focal length of 75 mm and a diameter of 50 mm. The projection 
was swept over a progressive CCD sensor (Pixel size 
3.75x3.75 µm2, ICX445, Sony, JP) using an off the shelf 
VarioScan MEMS mirror (diameter 3 mm, tilt angle 8°, Fraunhofer 
IPMS, DE) with a resonant frequency of 5.85 kHz and a diameter 
of 3 mm. The mirror was driven at twice its resonance frequency 
using a sinusoidal signal from a function generator (Model 164, 
Wavetek, US) amplified by a high voltage converter (WMA-01, 
Falco Systems, NL). 

The system was controlled using an Arduino UNO (Arduino, 
IT). To generate short pulses from the output of the micro 
controller a monostable multi-vibrator (DM74123, Fairchild, US) 
was connected to a resistor of 5 kΩ and a capacitance of 1 pF. The 
triggering setup comprised a 1 mW red laser pointer and a 
photodetector (AEPX65, Centronic, UK) supplied with a 5V bias 

voltage. Waveforms were recorded with a digital oscilloscope 
(PicoScope 2206B, Pico Technology, UK). 

Jetting experiments were carried out using a Xaar 126/50 pL 
printhead with an unpigmented oil ink (Toyo Ink Group, JP) at 
room temperature. The waveform was chosen such that the droplet 
velocity yielded 6 m/s. 

Results and Discussion 

Triggering Signals 
In order to extract signals with sufficient amplitude for 

triggering the interrupts of the Arduino microcontroller, a 1 MΩ 
resistor was connected in series with the photodetector. The 
resulting amplitude response of the MEMS mirror as a function of 
driving voltage to the mirror and hence tilting angle is show in 
Figure 2. 

 
Figure 2: Triggering signal amplitude as a function of excitation amplitude, i.e. 
mirror deflection, measured using a 1 MΩ sensing resistor. 

The response clearly indicated a stable condition of the signal 
for driving voltages up to 110 Vp-p. Above this level the amplitude 
of the oscillation was too high and hence the speed of the reflected 
laser beam and the resulting short interaction time with the diode 
was insufficient to generate the required voltage level. According 
to the specification, a peak-to-peak voltage of 110 V generates 
deflection amplitudes of 5.5° and thereby renders the detection 
circuit adequate for the desired application. 

The location of the triggering diode in the produced light fan 
can furthermore improve the robustness of the system. Figure 3 
shows the resulting triggering signal for varying diode positions 
relative to the center of the trajectory of the sensing beam. The 
duty cycle of the triggering pulses changed as the distance to 
inflection changed. This made it difficult to select the correct 
mirror direction for imaging. Therefore, the maximum 
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Figure 3: Influence of the photodetector position in the trajectory of the 
sensing laser on the dwell time and the duty cycle of recurring trigger impulses 
[solid line: photodetector signal, dashed line: normalized agitation signal of the 
mirror] 

 
Figure 4: Outputs from the pulse generation unit and the resulting laser output 
measured using a AEPX65 photodetector over a 1MΩ resistor and normalized 
to its maximum value.

displacement of 12 mm was chosen to position the triggering 
sensor so that the error introduced by left- and right going mirror 
movements was minimized. 

Pulse generation 
As was discussed in the design section, a very short, high 

intensity light flash from the laser diode was desirable in order to 
achieve motion-blur-free images with a good signal to noise ratio. 
In order to produce these signals using the outputs of a Arduino 
microcontroller, an intermediate pulse-shortening logic had to be 
implemented, converting the >5 µs long pulses from the controller.  

 A monostable multi-vibrator in conjunction with a variable 
resistor being set to 5 kΩ and a 1 pF capacitance produced stable 
single pulses upon experiencing the rising edge coming from the 
microcontroller. Figure 4 shows the superposition of 30 
successively recorded pulses from the shortening logic and 
confirms the pulse width reduction to a FWHM of 13.5 ± 0.2 ns 
and a characteristic pulse length (e-4 level) of 32.6 ± 0.5 ns. While 
the first pulse was clearly visible, some remaining oscillation was 
detected which we attributed to interactions of the externally 
connected capacitance as well as the input impedance to the 
oscilloscope. The observed fluctuations, however, did not exceed 
the 2 V triggering threshold voltage of the laser driver and was 
therefore neglected. 

In order to quantify the light output from the laser diode when 
using the triggering signal provided by the pulse shortening logic, 
a photodiode with a risetime of 0.6 ns was wired to a sensing 
resistor. The normalized results are depicted in Figure 4. Using a 
Gaussian fit for the pulse, a FWHM of 9.0 ± 0.2 ns and a 
characteristic width of 21.7 ± 0.5 ns were found. Here the sensing 
resistor in conjunction with the input impedance of the 

measurement equipment cause the current to lower the bias of the 
diode and generate a negative flowing current, which then 
resonates in the system. 

The obtained results proved the illumination capbility of the 
system to provide light pulses much shorter than 50 ns. The photon 
dose was accordingly adjusted using the incorporated variable 
resistor as well as the diode current in order to give high contrast 
images.  

Jetting 
In order to demonstrate the capabilities of the system a 

Xaar 126/50 pL printhead was mounted and operated at room 
temperature. The triggering circuit was connected to the external 
electronics of the printhead, which allowed for defined firing and 
setting of a time delay. 

Figure 5 depicts the droplet formation of a single droplet 
using the described multi-exposure system. In this depiction the 
sinusoidal characteristic as superimposed by the motion of the 
mirror was removed digitally to give a better impression of the 
drop formation process. The image sequence shows ejection of a 
droplet with a long filament as a result of the break-up between the 
fluid in the nozzle and the forward accelerated fluid mass (1). 
Already at this stage a non-axisymmetric tail geometry was 
observed, which moved over the length of the tail with time (1-3). 
The instability finally triggered the disintegration of the long 
filament (4-6), leaving the main droplet connected to a first 
satellite by a very thin thread (6). In the course of time surface 
tension formed round droplets (7) and merged succeeding satellites 
into a larger one, which traveled at a similar velocity as the main 
droplet. 
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