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In recent years the 3D printing methods have been developing rapidly. This article presents
researches about a new composite consisted of golden and magnetite nanoparticles which
could be used for this technique. Preparation of golden nanoparticles by laser ablation and
their soldering by laser green light irradiation proceeded in water environment. Magnetite
was obtained on chemical way. During experiments it was tested a change of a size of
nanoparticles during laser irradiation, surface plasmon resonance, zeta potential. The ob-
tained golden — magnetite composite material was magnetic after laser irradiation. On the
end there was considered the application it for 3D printing devices, water filters and four-

valued non-volatile memories.
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Introduction

In recent years the 3D printing methods have
been developing rapidly. They are used to quickly
fabricate a model of a physical part or assembly. Usu-
ally three-dimensional computer aided design (CAD)
is used for production prototypes [1] but also there
exist 3D printing devices controlled manually. The
3D printing processes are used in different branch-
es of life from printing of bio-ceramic implants for
human body [2] to houses.

There are three main methods of 3D printing:

e Stereolithography (SLA) — additive creating
process using liquid UV-curable photopolymer
and a UV laser to build parts layer after layer.
On each layer, the laser beam traces a part cross-
section pattern on the surface of the liquid pho-
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topolymer and solidifies the pattern traced on the
polymer and adheres it to the layer below. Af-
ter that the SLA’s elevator platform is descended
by a single layer thickness, typically 0.05 [mm] to
0.15 [mm], fresh liquid polymer covers the solidi-
fied shape and the process is repeated with a new
cross-section [3],

Selective Laser Sintering (SLS) — technique fus-
ing small particles of plastic, metal, ceramic, or
glass powders into a mass that has a desired 3-
dimensional shape by using a high power laser.
The laser selectively fuses powdered material by
scanning cross-sections on the surface of a powder
bed. After each cross-section is scanned, the pow-
der bed is lowered by one layer thickness, a new
layer of material is applied on top, and the process
is repeated until the part is completed [4],
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e Laser Engineered Net Shaping (LENS) — a tech-
nology of fabrication metal parts by using a metal
powder injected into a molten pool created by a fo-
cused, high-powered laser beam. The laser is used
to melt metal powder fed coaxially into the focus
of the laser beam through a deposition head. The
focused laser beam passes through the center of
the head. The X-Y table moves under the motion-
less head creating a certain layer. Next the head
is moved up vertically to the table and the next
layer is created [5].

These methods work with a typical resolution of
tenths of millimeter, rarely hundredths. The work
presented below focuses on materials consisted on
nanoparticles which could be used to construct more
fine prototypes by 3D printing devices than it is
possible in current devices. Nanoparticles — parti-
cles with diameter not bigger than 100 [nm] — have
been present on Earth since the beginning of its exis-
tence as a result of volcanic eruption, erosion or oth-
er natural processes. Currently they are produced,
as by-products during industrial processes and are
usually treated as air pollution, which should be re-
moved from atmosphere because of their adverse im-
pact on health [6-9]. However even in the early his-
tory of human civilization (5 century B.C.) multi-
scale particles were applied to produce color glass
and ceramics. Later during the medieval period they
were used in the fabrication of stained glass and
more recently for photographic materials [10, 11].
Today this class of materials is of interest to re-
searchers and engineers because of their potential
applications.

Metal nanoparticles suspended in a solution ex-
hibit different optical, magnetic and electrical prop-
erties from bulk materials [12, 13]. They could be
used as a catalyst whose activity is dependent on
the size of particles [14]. Nanoparticles have much
more gainful ratio an area of surface to volume than
microparticles and bulk materials thanks to it they
could be more effective catalysts per mass unit. In re-
cent years gold nanoparticles were paid much atten-
tion of material scientists because of its application
in biotechnology [15-17]. Gold is harmless and firm-
ly combines with compounds possessing biochemical
functions such as polypeptides, DNA [18-20].

There are many various methods of manufactur-
ing nanoparticles, from chemical way [21, 22], com-
bustion [23] to pulverization [24] and mechanical
communition by milling or by electrical discharge
[25-27].

In general there are two main kinds of the man-
ufacturing based on the “bottom up” approach con-
sisting in growing nanoparticles atoms by atoms [10]
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or by reduction of bulk material into nanoparticles
called “top down” approach [10].

Experiments presented in the paper focused
on production new composites owing two kinds
of nanoparticles. Successful nanosoldering of two
metals: gold and cobalt was already reported by
Swiatkowska et al. [28]. Metal — metal oxide nanosol-
dering was presented in a paper of Kawaguchi
et al. [29]. Researches presented in this work contin-
ue and develop Kawaguchi’s researches testing be-
havior of gold and magnetite particles with extend-
ing irradiation time, their shape, optical properties,
stability and zeta potential [30]. This work presents
golden and magnetite nanoparticles with new optical
and magnetic properties with the special emphasis
on manufacturing a new medium for 3D printing de-
vices — the method of production of spatial objects
by systematic addition of successive layers of materi-
al of the specified shape, with higher resolution then
currently used. Also there are presented potential ap-
plication of the new material and the manner of their
implementation.

Production of golden
and magnetite nanoparticles

Golden nanoparticles were obtained on a laser ab-
lation process in water. The process removed small
liquid drops of metal from a solid surface by irradiat-
ing it with a laser beam. Generally during the abla-
tion process at low laser flux, the material is heated
by the absorbed laser energy and evaporates or sub-
limates. At high laser flux, the material is typical-
ly converted to a plasma. Usually, laser ablation
refers to removing material with a pulsed laser, but
it is possible to ablate material with a continuous
wave laser beam if the laser intensity is high enough.

For experiments described in the article gold
nanoparticles were prepared by pulsed laser ablation
in liquid (PLAL). Gold metal plate (> 99.99 [%]) [31]
was placed on the bottom of glass vessel filled with
5 [cm?] of deionized water and ablated by 1064nm
wavelength pulsed beam of a neodymium doped
yttrium aluminium garnet (Nd:YAG) laser Quan-
ta — ray GCR — 170 operating at 10 [Hz] at the
laser energy 100 [mJ/pulse]. The laser spot diam-
eter on the gold surface was 1 [mm] (laser fluence
13 [J/(cm?- pulse)]) [32]. A Scuentech AC2501 pow-
er meter was used to monitor the laser power.

The ablation process was held in the device shown
in Fig. 1. A vessel with an immersed in water golden
plate was situated on a rotating table. The rotation
of the golden plate reduced a negative effect of cavi-
ties creation by the laser beam which lowered efficien-
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cy of nanoparticles creation process. Another adverse
effect is a creation of a cloud of golden nanoparti-
cles above the golden plate which scatters the laser
light. A reason of the cloud creation is a laser beam
melt gold in a certain point of the plate and sputter
golden droplets around the point. They pass some
distance from the point and stop creating the torus-
shaped cloud. A stirrer shown in Fig. 1 was used to
dissipate the clouds. Thermodynamic process of the
metal ablation was described by Tran X. Phuoc and
Minking K. Chyu [33].

Transmission of rotation from engine to stirrer

Leser beam

Holder of engine and stirrer’s axle

Stirrer Water

Golden plate

Rotating table

Fig. 1. A scheme of laser ablation process.

The first step of the experiment was determina-
tion of an average diameter of nanoparticles and their
concentration in suspension produced in the same
conditions at the same time. Concentration of golden
particles was measured by inductively coupled plas-
ma optical emission spectrometry (ICP-OES). Aver-
age diameters of gold nanoparticles was measured by
non-invasive back scatter method based on dynam-
ic light scattering of Zetasizer Nano ZS of Malvern
company and confirmed by Scanning Electron Mi-
croscope (SEM) and also Transmission Electron Mi-
croscope (TEM).

Zetasizer measurements showed the average di-
ameter of golden nanoparticles as 57.1 [nm] with the
full-width at half maximum (FWHM) of Gaussian
peak 23.1 [nm]. It meant that we could assumed the
average diameter as 57 [nm] with the standard devi-
ation £10 [nm]. SEM observations confirmed it. The
concentration of gold in solution grows linearly with
the ablation time. The result of the concentration of
golden nanoparticles dependent on time is shown in
Fig. 2. For further studies 10 minutes ablation time
was chosen arbitrary for preparation gold nanoparti-
cles. During particles diameter measurement by Ze-
tasizer zeta potential was also measured. Just after
production it was — 36 (£6) [mV].
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Fig. 2. Dependence of a gold nanoparticle concentration

on the ablation time measured by inductively coupled
plasma optical emission spectrometry (ICP-OES).

For testing stability of golden solution it was al-
so measured next day, two days after and three days
after preparation. The size was stable, it means co-
agulation did not occurred. Zeta potential decreased
next day to — 44 [mV] and was stable for next days.
Suspensions with zeta potential between — 30 to — 40
[mV] present moderate stability but below — 40 [mV]
— good stability.

Magnetite nanoparticles were obtained on
a chemical way from mixing FeCl3-6H2O and
FeCly-4H2O with NaOH in water [34]. FesOy4 so-
lutions were produced with four concentrations: 0.01
[g/dm?], 0.02 [g/dm?], 0.04 [g/dm?]. After prepa-
ration two groups of particles for all solutions were
obtained. First group had a diameter from 100 to
140 [nm] and the second on — from 500 to 600 [nm].
TEM observation shoved that magnetite nanoparti-
cle size was from a few to over a dozen nanometers.
Measured diameters have not changed during next 2
days. This result showed that magnetite nanocrys-
tals agglomerated to big stable complexes just during
chemical creation of magnetite. Zeta potential mea-
sured just after magnetite production showed value
around 23 [mV] for all three samples which indicated
incipient instability. After two days great differences
occurred between them. The sample with magnetite
concentration 0.01 [g/dm3] presented — 60 [mV] zeta
potential, 0.02 [g/dm3]: — 43 [mV] and [0.04 g/dm?]:
— 22 [mV]. It illustrated that two first solutions ob-
tained achieved good stability but the third one was
still unstable.

Laser irradiation

A. Golden particles

In a first step of experiments with nanosoldering
pure gold nanoparticles were irradiated. The 4 [ml]
deionized water was mixed with 1 [ml] gold nanopar-
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ticles suspension with 48 [ppm] (0.053 [%]), pre-
pared as it was described above and next the sus-
pension was irradiated by a pulsed laser beam with
the wavelength of 532 [nm], frequency 10 [Hz] and
fluence of 2.5 [J/(pulse-cm?)] during 3, 6, 12, 24,
48, 96 minutes. The green light (532 [nm]) was used
to induce surface plasmon resonance (SPR) [34] on
surfaces of golden particles. The effect could be de-
scribed as a collective oscillation of surface electrons
stimulated by a light beam [35, 36]. During the exper-
iment the colour of the suspension changed with irra-
diation time from red to grey which pointed out de-
creasing of green light absorption in the suspension.
An ultraviolet-visible spectroscopy (UV-Vis) mea-
surements confirmed this simple observation. The
Fig. 3 shows a typical optical transmission spectrum
of the virgin and the laser irradiated solutions pre-
pared by the UV-Vis device.

100
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0 min
3 min
6 min
12 min
24 min
48 min
96 min
2(’)0 3(‘)0 4(‘10 560 6(‘]0 7(;0 8(‘)0 900
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Fig. 3. Optical transmission spectrum of gold nanoparti-
cle suspension before irradiation and irradiated during 3,
6, 12, 24, 48 and 96 minutes.
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Positions of a plasmon minima are in a range be-
tween 514.5 to 522.5 [nm] and a wavelength of plas-
mon minimum decreases with increasing of an abla-
tion time. In a time range between 0 to 48 minutes,
decreasing of plasmon wavelength is almost linear
(Fig. 4a). Over this range the plasmon wavelength
still decreases but slower. The figure 4b shows the
transmission plasmon wavelength minimum height
normalized to the size independent transmission at
A = 400 [nm]. After 48 minutes of irradiation the
SPR practically disappeared.

Papers [36, 37| relate changing of a position of
plasmon wavelength with changing of diameter of
nanospheres. According to the papers decreasing of
plasmon wavelength with the irradiation time in
the Fig. 4 suggests decreasing of gold nanospheres’
diameter with elongation of irradiation time. Link
and El-Sayed [36] shows a nanoparticle size depen-
dence on the adsorption plasmon wavelength max-
imum position. The wavelength of SPR grew with
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the nanosphere’s diameter growth. Similar analysis
was performed by Kreibig and Genzel [37] for gold
nanoparticles, and they also found this same depen-
dence.
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Fig. 4. a) plasmon wavelength as a function of irradia-

tion time of gold nanoparticles suspension before irra-

diation and irradiated during 3, 6, 12, 24, 48 and 96

minutes; b) the transmission plasmon wavelength min-

imum height normalized to the size independent trans-

mission at A = 400 nm for gold nanoparticle suspension
as a function of time

The Fig. 4b shows the transmission plasmon
wavelength minimum height normalised to the size
independent transmission at A = 400 nm. The ratio
increases almost linear from 0 to 48 minutes of irra-
diation and next increases still but only a little. The
depth of plasmon minimum diminishes and colour
of suspension changes from red to grey with elonga-
tion of irradiation time. The behaviour could suggest
decreasing of gold nanospheres’ number in the sus-
pension and creation other forms of gold nanopar-
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ticles because of melting of gold nanoparticles un-
der influence of green laser light. Microscopic obser-
vations confirmed our suggestions. Changing shape
of nanoparticles and creation nanonetworks with ir-
radiation time is shown in Fig. 5. After irradia-
tion time between 0 to 6 [min] the gold suspension
consisted of separated gold nanoparticles with av-
erage size about 50 [nm] but observed values were
ranged from 10 to 90 [nm]|. After 12 [min] of ir-
radiation time new structures have been formed —
gold clusters consisted of hundreds gold nanospheres.
After 24 [min] of irradiation time nanowires among
nanoparticles were created. The nanowires connect-
ed 40-80 [nm] diameter nanospheres. Number of
nanospheres was reduced compared to initial gold
suspension. After 48 [min| of irradiation nanospheres
occurred very rarely and their size was decreasing to
45 [nm] and 30 [nm| after 96 [min]. It was only a
few nanospheres bigger than 45 [nm] This behaviour
was in accordance with Mafune [10] and Kurita [38]
results.

Fig. 5. SEM images of gold nanoparticles irradiated dur-
ing: a) 6, b) 12, ¢) 24, d) 48 and e) 96 minutes. Magnifi-
cation — 100 000.

The change of the nanoparticle suspension colour
from red to grey could be explained by transforma-
tion of the suspension of separated gold nanospheres,
which presents good plasmon absorption, to the
suspension consisted of a small number of gold
nanospheres with a reduced diameter interconnected
by nanobridges creating an irregular structure simi-

Volume 6 ¢ Number 4 e December 2015

lar to nanocobweb. The nanocobweb did not reveal
the surface plasmon resonance.

The creation of the nanocobweb could be ex-
plained by the attraction between nanospheres sur-
faces molten by oscillating electrons on particle’s sur-
face (Fig. 6). Free gold nanoparticles (Fig. 6a) are
irradiated by short pulse of laser beam (Fig. 6Gb).
Surface electrons interact with laser light, absorb its
energy and use the energy for their collective mo-
tion on the surface what causes melting of an outer
part of gold nanosphere, leaving a solid core. If two
nanoparticles are close enough to each other van der
Waals interaction can create a bridge between parti-
cles (Figs. 6¢ and 6d).

a)
b)
laser beam
rnened avercoat solid core
c)
van der Waals interactions
d)

bridge

Fig. 6. Nanobridges creation: a) free gold nanoparticles,
b) surface of gold nanoparticles melted by laser beam,
c¢) van der Waals interactions start creation of nanobridge
from melted overcoat of nanosphere, d) bridge created.

Because of the fast heat flow from nanospheres
to the water the time of bridge creation is compara-
ble to a laser pulse duration and the number of laser
pulses (time of irradiation) is very important for cre-
ation of the nanostructure like the cobweb. The laser
beam was narrow compared to vessel diameter and
a small number of pulses cannot satisfy the condi-
tions of nanocobweb creation (Fig. 5a). But, accord-
ing to Bernoulli law of large numbers, if the number
of laser pulses is big enough conditions of nanocob-
web creation occur in all suspension After 96 minutes
irradiation nanoshells were created (Fig. 7).
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Fig. 7. Gold nanoparticles irradiated 96 minutes. Magni-
fication — 400.000. Arrows point nanoshells.

The nanoshells were created from groups of
nanoparticles which melted and created bridges
among themselves. Brownian motion and bridges
creation lead to nanoshells and nanorings forma-
tion. A two dimensional simple model of nanoring
creation is shown in the Fig. 8. Free nanospheres
(Fig. 8a) are irradiated by green laser beam and cre-
ate nanobridges among themselves (Fig. 8b). Brown-
ian motion moves single nanospheres and intercon-
nect them by brigdes, collect them near bigger struc-
ture which is analogous to “condensation nuclei” and
next laser pulses create next bridges among struc-
tures creating nanoclusters which could be in a form
of nanoshells as well (Fig. 8c) [39].

Fig. 8. TWO dimensional simple model of nanoring cre-

ation: a) group of nanoparticles before irradiation, b) dur-

ing irradiation nanobridges are created and nanoclusters

due to nanobridges, ¢) Brownian motion moves nanoclus-

ters, they collects and nanorings are created during irra-
diation.

B. Magnetite particles

Pure magnetite was also tested for nanosoldering.
Solution of 0.02 [g/l] FesO4 prepared on chemical
way was irradiated by a pulsed laser beam with the
wavelength of 532 [nm], frequency 10 [Hz] and flu-
ence of 2.5 [J/(pulse-cm?)] during 3, 6, 12, 24, 48, 96
minutes under same conditions as gold nanospheres.
In contrast to gold, the colour of the magnetite sus-
pension did not change with irradiation time. Af-
ter the irradiation an optical transmission spectrum
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were obtained which did not show differences among
different irradiation time (Fig. 9).
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Fig. 9. Optical transmission spectrum of magnetite

nanoparticle suspension before irradiation and irradiated
during 3, 6, 12, 24, 48 and 96 minutes.

Also the magnetite suspensions were analyzed by
TEM images and electron diffraction patterns which
did not show differences what suggest that laser ir-
radiation laser beam 532 [nm| wavelength does not
influence on magnetite properties. Average diameter
of magnetite nanoparticle measured by TEM was
8 [nm] — much smaller than average size of golden
nanospheres. The Fig. 10 shows TEM pictures of
magnetite before and after 48 minutes of irradiation.
Also TEM diffraction did not indicate any changes

Fig. 10. TEM pictures of magnetite before and after 48
minute of irradiation. Magnitude — 600 000.
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during the irradiation. The Fig. 11 shows the diffrac-
tion picture of non-irradiated and irradiated mag-
netite. Before and during irradiation the suspension
of magnetite was shook and mixed so its zeta poten-
tial changed from —12 [mV] after shaking to +8 [mV]
after 96 minutes irradiation.

——t=0min
——t=24min
/l ———t=48min (2)
| ——t=96 min
| mmmreo,

T T
-40 -20 0 20 40 60 80 100
d [mm]

||, |
-60

Tl |u.|||
100 -80

Fig. 11. TEM diffraction spectra of magnetite non-
irradiated and irradiated for 24, 48 and 96 minutes.

C. Goldden and magnetite particles

Experiments with welding of gold and magnetite
started from tests in macroscale. The test was based
on melting gold and next connecting it with sol-
id magnetite. The experiment was successful. The
Fig. 12 shows result of welding gold and magnetite in
macroscale. Welding did not destroy magnetic prop-
erties of magnetite. Successful welding magnetite
with gold in macroscale suggested soldering possi-
bility in nanoscale.

Fig. 12. A gold piece welded with magnetite in argon
atmosphere.

Volume 6 ¢ Number 4 e December 2015

In nanosoldering experiment of gold — mag-
netite nanoparticles the 4 [ml] 0.01 [%] (A) and
0.02% water solution of Fe3O4 was mixed with
1 [ml] gold nanoparticles suspension with 48 [ppm]
(0.053 [%]) with an average diameter 60 [nm]| of gold
nanospheres and irradiated with a pulsed laser hav-
ing the wavelength of 532 [nm] and fluence rate of 2.5
[J/(pulse - cm?)] during 3, 6, 12, 24, 48, 96 minutes.
The colour of the suspension changed with irradia-
tion time from red to grey. Figure 13 shows a typical
optical transmission spectrum of the virgin and the
laser irradiated A solutions. As shown in the Fig. 13
positions of optical transmission spectrum minima
are inclosed in a range between 523.5 and 528.5 [nm]
and decrease with increasing of an ablation time and
vanish beyond 24 minutes of ablation time.

90

80

70

60

50

T %]

40

——t=0min
/ t=3 min
30 | / —— t=6min
yd —— t=12min
’ ——— t=24min
—— t=48 min
T T T T T T T
200 300 400 500 600 700 800 900
A [nm]

20 4 /

Fig. 13. Optical transmission spectrum of gold nanopar-
ticles with magnetite mixture without irradiation and ir-
radiated during 3, 6, 12, 24, 48 and 96 minutes.

For B solution the minimum vanished after 6
minutes of ablation time.

Colour of samples irradiated with lengthening
time changed from red to grey, Fig. 14.

Magnetic particles of suspensions irradiated 96
minutes and non-irradiated were collected by per-
manent magnet, extracted from the solution and ob-
served by TEM. The Fig. 15 presents cross-section
spectra of electron diffraction pictures of these two
suspensions. Peaks of the sample without irradiation
represent pure magnetite but in the spectrum of the
sample irradiated 96 minutes maxima represent both
gold and magnetite. This proves a physical connec-
tion between the golden and magnetite nanoparticles
in the suspension irradiated 96 minutes.
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Fig. 14. Suspensions of gold nanoparticles mixed with magnetite without irradiation and irradiated during 3, 6, 12,
24, 48 and 96 minutes.
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Fig. 15. Cross-section spectra of electron diffraction pic-
tures for irradiation time 0 and 96 minutes after magnetic
extraction. The green curve represents the suspension be-
fore irradiation, the red curve represents the suspension
after 96 minutes irradiation and red bars show theoretical
magnetite maxima and green bars — gold maxima.

Differences in structures of nanoparticles in both
suspensions shows TEM pictures (Fig. 16). The
left picture presents mixture of gold and magnetite
nanoparticles but on the right picture a golden
sphere with magnetite inclusions is demonstrated
which could belong to group of materials called
Matrix-Dispersed Nanoparticles [39].

These results proved that the irradiation trans-
formed the gold — magnetite suspension to a new
kind of structures which possess features of both
components, what means it was magnetic and pre-
sented surface plasmon resonance under certain con-
ditions.

Zeta potential of irradiated suspensions turned to
positive value when exposure time was longer than
6 minutes. But during the re-measurement after two
days it decreased again to negative value.

50

Fig. 16. Gold — magnetite suspensions non-irradiated and
irradiated 96 min. Magnification — 800 000.

Potential applications

Magnetite is already applied in filters for uptake
magnetic particles for liquid. Also magnetite was
tested to adsorb fatty acids from solutions like oleic
from hexane [40]. The new golden — magnetite ma-
terial could be used in new kind of filters for these
substances. Viruses and other water pollutions have
negative zeta potential. Particles with positive zeta

Volume 6 ¢ Number 4 e December 2015
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potential are used for capture them from a water.
The golden — magnetite composite had positive ze-
ta potential after irradiation. If would be possible to
keep this potential long time what make it possible
to use this material in a new kind of water filters.

Gold and magnetite are harmless for human body
so their composite could be used as a medicine carri-
er [41] or because its positive zeta potential could
be medicine by itself collecting around viruses or
bacteria and applied magnetic field with high fre-
quency would be causing of high oscillations of mag-
netite increasing local temperature and kill bacteria
and viruses. The proper shape of golden magnetite
composite could be obtained by 3D micro — printing
device. There are already known methods of micro
and nano-focusing laser beam [42-45] which could
be used in nano- or micro- 3D printers. 3D printing
device could use micro-focused laser beam for sinter
magnetite and gold to the appropriate shape.

Many programmable devices need a non-volatile
memory (read only memory RAM) like a washing
machine, TV set or dishwasher. This kind of memory
could be realized using 3D printing of gold nanopar-
ticles or gold nanoparticles with magnetite. The idea
of recording is presented in the Fig. 17. The nano-
dispenser of golden nanoparticles puts them on a
tin plate. The laser beam solders golden nanopar-
ticles to thin substrate. Using a binary system “0”
could be fulfilled as free space and “1” as a gold-
en chain. For reading information the tin plate with
soldered nanoparticles could be illuminated by green
light micro-beam. The tin plate will reflect the beam
but in golden particles will oscillate electrons in SPR
absorbing light. It will be observed full reflection for
“0” but for “1” — part of green light will be absorbed.
For saving space it could be used different system
than the binary — ternary or quaternary. In nature
the most common numerical system for recording da-
ta is the quaternary system. It is used in deoxyri-
bonucleic acid (DNA) and ribonucleic acid (RNA)
in which the genetic information is recorded by us-
ing four nucleobases [46].

Dispenser of golden particles

Golden particle
Tin plate \

Fig. 17. Scheme of 3D printing device for golden non-
volatile memory.

Laser beam
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If nature have used the system billions of years it
means it is the most effective. The 3D printing de-
vice can reproduce the numerical system in the non-
volatile memory. It can print nothing for “0”, line
for “17, cross for “2” and circle for “3”. The char-
acters are different and easy to distinguish for the
reading system. As in the binary numerical system
the basic unit of information is “bit” which repre-
sents “0” or “1” so in the quaternary system it could
be called “quat” representing 0, 1, 2, 3. Another way
to record data in the quaternary system is presented
in the Fig. 18.

Dispenser of magnetite particles Dispenser of golden particles

Magnetite particle Laser beam

Golden particle

e

Tin plate . .
\o e o006

Magnet

N

Fig. 18. Scheme of 3D printing device for golden- mag-
netite non-volatile memory.

The idea of the recording is similar to pre-
sented in the Fig. 17. The nano-dispenser of gold-
en nanoparticles puts them on the tin plate and
the laser beam solders golden nanoparticles to thin
substrate. Next the nano-dispenser of magnetite
nanoparticles covers golden particle by magnetite
ones and the magnetic field from the magnet orga-
nizes magnetic moments of magnetite nanoparticles.
The laser beam solders them. Depending on a num-
ber of repetitions golden and magnetite layer or their
lengths or widths defined “quats” will be represen-
ted.

These two examples do not show all possibilities
of data recording by 3D nano-printing device using
golden and magnetite nanoparticles. There are much
more possibilities to achieve this goal.

Conclusions

Experiments confirmed that during green laser
beam irradiation, the diameter of gold nanoparti-
cles decreased with irradiation time and the particles
melting created a nanonetwork of gold nanospheres
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connected by nanowires. The longer irradiation time
the smaller golden nanoparticles and more nanowires
occurred. Also light reflection of these structures
changed with elongation of irradiation time. In
contrast, magnetite was not sensitive for green
laser beam generally, but the irradiation time in-
fluenced on zeta potential of magnetite nanoparti-
cles suspension. The irradiation of gold and mag-
netite mixture formed the new kind of structure
which was magnetic, its zeta potential was posi-
tive for some cases and optical properties changed
with lengths of irradiation time. The results pro-
vide possible applications of a new approach of
3D nano-printing method which could be used
for printing new medicines, water and other lig-
uids filters and new kinds of non-volatile memo-
ries.

Jacek Jaworski, PhD and Grzegorz Gawlowski,
MSc Eng. thank prof. Naoto Koshizaki, prof. Takashi
Sasaki, Kenji Kawaguchi, PhD and Yoshie Ishikawa,
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