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ABSTRACT 

Directed-assembly by standing surface acoustic waves (SSAWs) only requires an 

acoustic contrast between particles and their surrounding medium. It is therefore 

highly attractive as this requirement is fulfilled by almost all dispersed systems. 

Previous studies utilizing SSAWs demonstrated mainly reversible microstructure 

arrangements from nanoparticles. The surface chemistry of colloids dramatically 

influences their tendency to aggregate and sinter; therefore, it should be possible to 

form permanent microstructures with intimate contact between nanoparticles by 

controlling this property. 

Dispersed silver nanoparticles in a microfluidic channel were exposed to SSAWs and 

reversibly accumulated at the pressure nodes. We show that addition of chloride ions 

that remove the polyacrylic capping of the nanoparticles trigger their sintering and the 

formation of stable conducting silver microstructures. Moreover, if the destabilizing 

ions are added prior to nanoparticle assembly while continuously streaming the 

dispersion through the acoustic aperture, the induced aggregation leads to formation 

of significantly thinner microstructures, which are (for the first time) unlimited in 

length by the acoustic apparatus. This new approach overcomes the discrepancy 

between the need for organic dispersants to prevent unwanted aggregation in the 

dispersion, and the end product's requirement for intimate contact between the 

colloidal particles.  



 
 

1. Introduction  

Fabrication of nanostructures and microstructures is essential in many 
fields such as photonics[1], electronics[2,3], sensing[4], and drug 
delivery[5]. Self-assembly and directed-assembly are two attractive 
approaches to fabrication due to their low material consumption and 
high design flexibility[6]. Directed-assembly can be achieved by 
applying external fields such as electric, optical and magnetic 
fields[7,8] on nanoparticles (NPs). These fields prepare the NPs in a 
state of local equilibrium with complex spatial organization. However, 
they usually require certain material characteristics — conductivity, 
transparency or magnetic susceptibility — that limit their range of 
possible applications.   

Compared to other methods, the main advantage of acoustic methods 
is that they only require a difference in density and/or compressibility 
between the target particle and the surrounding medium (a factor 
termed acoustic contrast), which is true for almost all dispersed 
systems. In addition, the power density required to manipulate 
particles with acoustic waves can be as low as 0.001 Watt/mm2 
(several orders of magnitude smaller than its optical counterparts[9–
11]) while the affected area can be easily scaled up.     

Among the various acoustic methods, manipulation with standing 
surface acoustic waves (SSAWs) shows promise as an emerging tool 
for material manipulation[12–16]. A suspended particle that is 
exposed to an ultrasound standing wave field may respond to the 
primary acoustic radiation force[17,18] by moving to specific locations 
along the wave (pressure nodes or antinodes)[13].  

Acoustic manipulation can be used to study particle-particle 
interactions, cell population growth[19], size sorting[20], coalescence 
phenomena[21] and to perform bioassays on trapped 
microparticles[22]. Previous studies have also shown that SSAWs can 
control the alignment of NPs and nanowires in microfluidic 
systems[13,23–25]  and polymeric matrices[26], but the resulting 
microstructures were non-continuous (no intimate contact between 
the NPs that would allow properties such as electrical conductivity). 
The main challenge (that was not previously addressed) is overcoming 
the discrepancy between the need of using organic coated stabilized 
NPs to prevent unwanted aggregation in the dispersion, while the end-
product (after alignment) requires intimate contact between the NPs. 

In this work, we show how stabilized organic coated silver NPs are 
directed by SSAWs followed by a room temperature chemical sintering 
process (based on the detachment of the anchoring groups from the 
NP's surface) thereby forming micro-sized continuous conducting 
lines. This demonstrates for the first time how manipulating the 
surface chemistry of stabilized NPs in situ transforms a reversible 
directed assembly process into an irreversible process. This approach 
allows directed assembly of NPs also inside closed systems, such as 
microfluidic channels. While there are several laser-based methods 
that allow 2D patterning[27] even inside microfluidic channels[28], 
they require optical transparency and an undistorted optical path. 
Acoustic techniques, which use much lower power density, could be 
adequate for optically distorted or even opaque systems. Additionally, 
while laser-based methods pattern materials sequentially (only at the 
focal point, thus requiring movement of the sample/laser), our 
acoustic patterning approach simultaneously affects all regions 
influenced by the acoustic waves.      

Furthermore, while all previous demonstrations of assembly by SSAWs 
were limited to the area where the acoustic waves are present 
(considerably limiting the influenced area), we introduce a new 
concept that enables going beyond this limitation. If the destabilizing 
ions are added prior to the nanoparticle assembly while the dispersion 
is continuously streamed through the acoustic aperture, the induced 
aggregation leads to formation of significantly thinner 
microstructures, unlimited in length by the acoustic apparatus. 
Previously reported room-temperature sintering of NPs[29,30] were 
post-assembly treatments (the NPs were already dried and stable as 
micro-structures), while here removing the capping is performed in 
situ and serves as the trigger for the permanent assembly of the NPs. 

This new approach of arranging stabilized NPs followed by a 
destabilizing chemical step to allow their merging into continuous 
permanent micro-structures, could be generalized for other material 
systems (beyond the scope of this manuscript). Electrolyte-induced 
coagulation can be performed [31,32] as an alternative to sintering, as 
the SSAWs have a similar effect on almost all dispersed systems. 

 

 

 

 

 

  

Fig. 1. Schemes (not to scale) of the SSAW device with the embedded 
microfluidics channel, illustrating its working mechanism.  A) The comb-
shaped metal electrodes (IDTs) deposited on top of a piezoelectric substrate 
convert electric signals to surface acoustic waves. Suspended nanoparticles 
are arranged inside a PDMS microfluidic channel along the pressure nodes. 
B) Cross-section of the microfluidic system showing the primary acoustic 
force (red arrows) that drives the NPs towards the pressure nodes of the 
SSAWs.  



 

2. Experimental 
Device fabrication. For the substrate of the SSAW device, a 128° Y-
rotated, X-propagating, single-crystal lithium niobate 3-inch wafer was 
used. A pair of IDTs was fabricated on the surface of the wafer using 
standard soft photolithography procedures. A layer of photoresist 
(thickness 1.4 µm, AZ 5214 E, MicroChem) was spin-coated, irradiated 
by a UV light source through a chrome mask, and subsequently 
developed with a photoresist developer (AZ 351B, MicroChem). A 5 
nm adhesion layer of chromium followed by 100 nm of gold was 
evaporated by an electron beam evaporator (Bestec), and a lift-off 
process was used to remove the photoresist. The distance between 
the electrodes of the IDTs (center-to-center distance) was 103 μm. The 
LiNbO3 wafer was then cut into pieces, and each device was attached 
to an electric board. Wires were soldered from the IDTs to BNC 
connectors. 
 
PDMS/glass microchannel fabrication. PDMS/glass microchannels (22 
µm in height, 2 mm in width, and 12 mm in length) were fabricated 
using standard soft-lithography and mold-replica procedures. The 
photoresist (AR-N-4400-50) was spin-coated on a silicon-wafer 
substrate and developed in a photoresist developer (AR400-44). The 
silicon mold was coated with 1,1,1,3,3,3-hexamethyldisilizane (Merck) 
to prevent adhesion. Sylgard TM184 silicon elastomer base and curing 
agent (Dow Corning) were mixed at a 10:1 weight ratio. The mixture 
was then cast on the silicon mold and cured at 80 oC for two hours. 
After cooling at room temperature, the PDMS microchannels were 
peeled off the silicon mold. For formation of the opaque microfluidic 
channels, the PDMS was painted black using a Xylene based spray. 
The PDMS structures were attached to the glass cover slides (120 µm 
thickness) to form the completed microchannels. To enhance 
adhesion between the two parts, 10 min of UV Ozone treatment 

(T10X10/OES Uvocs Inc.) was performed on both components prior to 
their attachment. Silicon oil (IMMOIL-F30CC, Olympus) was used to 
acoustically couple the microchannel glass surface to the LiNbO3 chip. 

Glass microchannel fabrication. Preparation of glass-based 
microchannel consists of cleaning glass cover slides (0.17 mm thick) 
with ethanol, followed by thorough drying (with streaming dry 
nitrogen). Double-sided tapes (50 µm height) were placed between 
two slides as spacers, thus forming a micro-channel (~ 5 mm wide, 18 
mm long, 50 µm high). Silicon oil (IMMOIL-F30CC, Olympus) was used 
to acoustically couple the microchannel glass surface to the LiNbO3 
chip. Placing a droplet on one edge of these micro-channels results in 
a constant streaming towards the other end (while there is almost no 
streaming for PDMS/glass microchannels due to the PDMS 
hydrophobicity).  

Dispersion preparation. Ag NPs were synthesized as described by 
Magdassi et al.,[29] yielding nanoparticles that are stabilized by 
polyacrylic acid sodium salt (MW 8000 kD), with an average size of 50 
± 3 nm and a typical zeta potential of 40 mV. Dispersions with various 
concentrations of nanoparticles in water (0.5 wt % – 4 wt %) were 
prepared by vigorously mixing the dispersions using a vortex, followed 
by 20 min of a sonochemical bath (VWR, Symphony).  

Device operation. A radio-frequency signal was generated by a dual-
channel arbitrary function generator (Siglent SDG 5162). The selected 
frequency was found by connecting an oscilloscope (SDS1152CML, 
Siglent) to one of the IDTs and applying a signal to the other. The 
maximum intensity (where the acoustic field is maximal) was found to 
be at 19.4 MHz. 

Fig 2. Bright-field microscopy images showing the directed-assembly process from NPs to silver lines along the pressure nodes. A) A 1.5 

wt % dispersion of Ag NPs fills the microfluidic channel and there is no noticeable streaming. The acoustic waves are then turned on (19.4 
MHz, 20 Vpp, t = 0 s). B-D) The primary acoustic radiation force drives the NPs towards the pressure nodes and the lines get thicker with 
time (t =10, 20, and 40 s, respectively). The letter "S" in red is shown above the location of the accumulating silver NPs lines. Scale bars: 
100 µm. 

Fig. 3. Width as a function of time for A) various wave intensities (2 wt % Ag concentration) and B) various Ag NP concentrations (wave 

intensity kept constant at 20 Vpp).  



 

Freeze-Drying. After HCl sintering, the microchannels (PDMS and 
glass) were inserted into a lyophilizer (Alpha 1-4 LSCplus, Christ) at -
25oC for 20 minutes. The pressure was then decreased to 1 mbar for 4 
hours. After all the water had sublimated, the PDMS was separated 
from the glass cover and characterized further. 

Characterizations. SEM and HR-SEM images were obtained using 
Quanta FEG 250 and FEI Magellan 400L systems, respectively. 
Conductivity measurements were performed using a SUSS MicroTec 
probe station. Measurements of the height and width of the lines 
were obtained using a profilometer (Veeco Dektak 150 system). 

3. Results and discussion   

The acoustic waves were generated by a pair of interdigital 
transducers (IDTs) fabricated on a lithium niobate (LiNbO3) 
piezoelectric substrate[33–35]. Application of a radio-frequency signal 
to both IDTs leads to two series of identical surface acoustic waves 
(SAWs) propagating in opposite directions, which result in the 
generation of SSAWs. A microfluidic channel was positioned between 
the two IDTs using silicon oil for acoustic coupling.  

50 nm silver NPs were synthesized as described by Magdassi et al.[29] 
These NPs are stabilized by a polyacrylic acid salt as a dispersant, that 
enables a unique feature of the ink; The NPs can be sintered at room 
temperature by exposure to  chloride ions, due to removal of the 
dispersant[30]. The acoustic field was used to obtain a temporary 
arrangement of the NPs so that fixed micro-sized continuous 
conducting lines could be formed after sintering.  

A PDMS microfluidic channel (22 µm high, 2 mm wide and 12 mm 
long) bonded on a glass cover slide was positioned between the two 
IDTs using silicon oil for acoustic coupling. Once the fluid is inserted 
into the microfluidic channel, the acoustic waves are partially 
refracted into the liquid as longitudinal waves[36]. Dispersed particles 
in the fluid respond to the primary acoustic radiation force[15] that 
drives them towards the pressure nodes (for particles with a positive 
acoustic contrast factor in the medium such as metallic NPs in water) 
as illustrated in Fig. 1. 

The patterning process began by filling the microchannel with 0.5 µl of 
a 1.5 wt % (unless stated otherwise) dispersion of silver NPs. After 30 
s, the system stabilizes and there is no noticeable streaming (Fig. 2A). 
Once an AC signal is applied to both IDTs (19.4 MHz with 20 Vpp), two 
series of identical surface acoustic waves propagating in opposite 
directions generate the SSAWs with a 206 µm wavelength. As silver 
NPs have a positive acoustic contrast factor in water, the primary 
acoustic radiation force drives them towards the pressure nodes (Fig. 
2B, after 10 seconds). With time, the NPs continue to accumulate and 

the line width increases (Fig. 2C-D, after 20 and 40 seconds, 
respectively). 

Due to the difference between the velocity of sound in the substrates 
(LiNbO3 and glass) and fluid (water), the waves radiate at a Rayleigh 
angle which is determined by Snell’s law[36]. As the channel height is 
considerably smaller than the wavelength, the particles are pushed 
towards the PDMS surface (the upper side of the channel). Initially, 
the NPs scatter light and are viewed as a dark cloud (Fig. 2B). They 
accumulate on the PDMS surface and form a densely packed layer, 
obtaining a metal-like shiny finish (Fig. 2D). By measuring the height of 
the stage at focus, the shiny finish was determined to be at the upper 
section of the microchannel (pushed against the PDMS). 

Finally, chloride ions were introduced into the microchannel by 
flowing 2 µl of a 1M HCl solution. This solution is streamed at a very 
slow rate (< 0.2 µl/min) to avoid disruption of the formed silver 
microstructure. The chloride ions promote sintering of the NPs and 
consequently fixation of the printed lines. 

Fig. 5. Bright-field microscopy images showing assembly of silver NPs for 
different channel heights: 22 µm - A) 30 sec and B) 4 min after applying 
the waves; 44 µm - C) 30 sec and D) 4 min after applying the waves; 110 
µm - E) 30 sec and F) 4 min after applying the waves. The letter "S" in red 
is shown above the locations of the silver lines. Scale bars: 100 µm 

Fig. 4. Bright-field microscopy images showing the disassembly of the silver lines when the acoustic waves are turned off and reassembly into lines after they are 
turned on again. A) At t = 0, the lines have already reached their maximum width of ~50 μm, and the waves were turned off. The lines immediately disassembled 
and lost their shiny metallic finish (< 1 sec). The Ag NPs started diffusing (B, t = 8 s) until they had covered the entire area, making it making it impossible to 
determine the locations of the former nodes (C, t = 20s). At t = 21 s, the waves were turned on again leading to reassembly of the NPs (D, t = 60 s). The letter "S" 
in red is shown above the locations of the silver lines. Scale bars: 50 µm. 



 

Fig. 3A shows the line widths, obtained by analyzing bright-field 
microscopy images, as a function of time for various wave intensities 
(Ag concentration of 2 wt %). Each data point was averaged over ten 
lines with more than three measurements for each line over at least 3 
different samples. It is evident that the particles reach the nodes 
faster as the intensity increases. The lines at the nodes continue to 
increase in width until they stabilize (final width between 35-50 µm, 
depending on the intensity). At 16 Vpp, the particles assemble into 
non-continuous lines (see supplementary information Fig. S1B). At 15 
Vpp and lower intensities, the NPs seem to be more concentrated 
around the nodes, but without any apparent formation of dense 
structures (see supplementary information Fig. S1A).   

Controlling the width can also be achieved by changing the 
concentration of the silver dispersion. A series of dispersions with 
different concentrations were prepared and tested at a fixed intensity 
of 20 Vpp (Fig. 3B). In this case, higher Ag concentrations initially 
accumulate at a greater rate than lower concentrations. Dispersions 
with concentrations of 0.5 wt % and below do not form continuous 
lines (see supplementary information Fig. S1C). Line widths for various 
intensities and concentrations over longer periods are included in the 
supplementary information (see Fig. S2A and Fig. S2B).  

The NPs form dense lines, yet they are only sintered into a solid 
structure when HCl solution is introduced. Turning off the waves 
before adding HCl causes the lines to disperse (Fig. 4A). The shiny 
metallic finish disappears within less than 1 s. The Ag NPs start 
diffusing (Fig. 4B, after 8 seconds), and within 20 seconds cover the 
entire area, making it impossible to determine the locations of the 
former nodes (Fig. 4C). The lines form again once the waves are 
turned back on (Fig. 4D). This procedure (see video SV1 in 
supplementary information) was repeated many times (>20) without 
any noticeable change. After introduction of the HCl solution, there is 
no apparent change in the microscope image, however after the 
waves are turned off, the lines’ structure remains intact. Thus, 
manipulating the surface chemistry of stabilized silver NPs in situ 
transforms a reversable acoustic directed assembly process into an 
irreversible one. This also demonstrates the fundamental difference 
between previously reported room temperature sintering by exposure 
to HCl[29,30] and the approach used here. In all previous reports, this 
was a post assembly treatment (the NPs were already dried and stable 
as micro-structures), and sintering was used only to enhance the 
conducting properties. Here, removing the capping is the trigger for 
the permanent assembly of the NPs. 

For further analysis, the aqueous medium should be removed. As 
capillary forces arising from the drying process might damage the 

microstructures, the samples were freeze-dried in a lyophilizer. Once 
dried, the two parts of the microchannel were separated, and it was 
found that the NPs deposited as lines only on the upper side of the 
channel, concurrent with the microscopy height determination. As 
reported above, all results were obtained using 22 μm high PDMS 
microchannels (Fig. 5A-B). For higher PDMS microchannels (44 μm), 
the lines were not homogeneous microchannels (Fig. 5C-D). When 
even higher PDMS microchannels were used (110 μm, where the 
height is comparable to half the wavelength), the NPs were arranged 
along the nodes while applying the acoustic waves but did not 
assemble on the upper microchannel surface (no metallic finish and no 
deposition found in SEM, Fig. 5E-F). These findings demonstrate that 
the channel height must be kept minimal to allow deposition on the 
top surface.  

Dried samples (22 μm channel height, 5 min at 20 Vpp, and 5 min of 
1M HCl) were visualized using SEM (Fig. 6A). The lines had an average 
width of 47.8 ± 1.8 µm and a maximum length of 1.7 mm (slightly 
shorter than the acoustic aperture of 1.9 mm, due to weaker waves at 
the edges). Profilometer measurement (Fig. 6B) showed that the 
maximum height of the lines was 2.9 ± 0.2 µm. 

Zooming in on the lines (with high-resolution SEM) revealed the 
structure of the deposited NPs (Fig. 7A-B). The HCl in the solution 
caused partial sintering of the 50 nm NPs, forming particles up to 
hundreds of nanometers in size. Conductivity measurements (over 500 
µm) showed a resistivity of 5.6×10-6 ± 2.2×10-6 Ωm. In order to 

Fig. 7. High-resolution SEM images showing the A,B) bare sample and C) 
after HCl vapor sintering of the Ag lines. D) Typical I-V curves for Ag NPs 

deposited as lines before and after sintering with HCl vapor. 

Fig. 6. A) SEM image showing the line formation of silver NPs on PDMS. The letter "S" in red is shown above the location of the Ag 
lines. B) Profilometer measurements showing the height of the lines (maximum at 2.9 ± 0.2 µm). 



 

improve conductivity, post-process sintering of the lines was 
performed by exposing them to vapors of an HCl solution (32%) for 30 
seconds. Fig. 7C shows a high-resolution SEM image after post-process 
sintering, demonstrating that the NPs are better merged compared to 
untreated samples. This can explain the improvement in resistivity of 
the lines (8.1×10-7 ± 1.3×10-7 Ωm). Fig. 7D shows typical I-V curves for 
bare samples and samples after HCl vapor sintering. While the 
resistivity is higher than the resistivity of bulk silver (~1.6*10-8 Ωm), it 
is on par with previously reported resistivity measurement depositing 
the same Ag NPs using a laser induced photo-thermal technique, 
followed by HCl vapor sintering (9.8×10-7 ± 1.6×10-7 Ωm)[28].  

The deposition approach presented above (along with all previous 
demonstrations of assembly by SSAWs[13,23,24]) is confined to the 
area where the acoustic waves are present. This limits the final 
products' size to the size of the acoustic aperture. In order to 
overcome this limitation, we have developed an assembly approach 
that enables continuous formation of microstructures. The approach 
shown above (Fig. 1A) relies on accumulation of the NPs at node areas 
followed by a destabilizing step to promote the sintering. This requires 
working without any flow that might disrupt the buildup of the NPs 
into the desired pattern. Fig. 8A presents an alternative to this 
approach; a dispersion of NPs with destabilizing ions is continuously 
streamed through the acoustic aperture. The acoustic forces drive the 
NPs towards the nodes, while at the same time the ions destabilize the 
capping of the NPs and promote sintering. The formed lines are 
streamed out of the acoustic aperture by capillary flow through the 
micro-channel. The process is repeated by NPs that enter the acoustic 
aperture and attach to the formed lines.    

The patterning process begins by filling the glass-based microchannel 
positioned between two IDTs (using silicon oil for acoustic coupling) 
with a 1M HCl solution. An AC signal (19.4 MHz, 15 Vpp - 20 Vpp) is 
applied to both IDTs prior to the addition of the NPs. A 5µl droplet of 
Ag NPs (0.1 wt % - 1 wt %) is then added to one edge of the 
microchannel, leading to a constant stream towards the other edge. 
After a few seconds, the flow stabilizes at 50 µm/sec ± 5 µm/sec. 
When the NPs reach the area influenced by the acoustic waves they 
are driven towards the pressure nodes while simultaneously undergo 
sintering due to the presence of the chloride ions that remove their 
polyacrylic acid coating. Fig. 8B-G show the formation of lines under 
SSAWs (20 Vpp) for a 0.3 wt % dispersion of Ag NPs. In Fig. 8B the area 
influenced by the SSAWs is marked in red brackets. It is evident that 
the line structure is maintained beyond the area of acoustic influence 
due to the capillary flow in the microchannel (see Fig. S3 regarding the 
beginning of the process). Ag NPs that enter the acoustic aperture by 
streaming repeat the process and attach to the formed lines. 
Occasionally, there are some discontinuities in the formation of the 
lines, but during the flow process most of these gaps disappear. This is 
due to hydrodynamic pair attractions between driven colloidal 
particles [37] and shown in Fig. 8C-G (see also video SV2 in the 
supplementary information). The process of continuous line formation 
in this setup is maintained for ~60 seconds, until the chloride ions are 
washed away.  Conceivably, this process could be extended in time by 
providing a constant supply of chloride ions.   

The formed lines are stable even after exiting the acoustic aperture 
and do not disassemble after turning off the acoustic field. Eventually, 
some of the lines are pinned to imperfections existing on the glass 

Fig. 8. Continuous flow directed assembly of silver lines by SSAWs while streaming a dispersion of Ag NPs into a microfluidic channel filled with an 
HCl solution. A) Scheme (not to scale) of the dispersed NPs flowing in a microfluidic channel, assemble at the acoustic aperture and continue to 
flow as assembled lines. B-G) Bright field microscopy images. B) The area influenced by the SSAWs is marked with red brackets. C-G) Zoom in on 
the blue square in B) showing how gaps (marked with green and yellow arrows) are reduced due to hydrodynamic pair attractions between driven 
particles. Scale bars: 50 µm.      

 



 
surface beyond the acoustic aperture and the streaming lines fold on 
these spots (see Fig. S4 in supplementary information). While here we 
demonstrate for the first time the basic concept of acoustic micro-
structure formation beyond the acoustic aperture, advancing this 
concept into formation of useful large-scale structures is beyond the 
scope of this manuscript. Once the flow stops the lines settle on the 
bottom glass slide. The samples were freeze-dried and retrieved for 
further analysis. Control of line width is achieved by using various 
concentrations of NPs dispersions and varying the acoustic wave 
intensity as can be seen in Fig. 9 and Fig. S5 in supplementary 
information. Fig. 9A–C show HR-SEM images of lines formed by 
dispersions of 0.1 wt %, 0.5 wt % and 1 wt %, respectively. As can be 
seen, there is a positive correlation between the concentration of the 
silver dispersion and the width of the lines due to the presence of 
more NPs. This correlation is also presented in Fig. 9D for different 
acoustic wave amplitudes.  

The minimal line width achieved while streaming is just ~3µm (see Fig. 
9A and Fig. 9D), and almost comparable with deposition of the same 
Ag NPs using a laser induced photo-thermal method (that has shown a 
minimal width of ~1.7 µm)[28]. It is interesting to note that this line 
width is considerably smaller than the minimum line width achieved 
without streaming the dispersion (see for comparison Fig. 3). The 
reasoning is the usage of low concentration dispersions that do not 
form continuous lines without streaming. This is because of a 
fundamental difference in the timing with which we manipulate the 
surface chemistry of the NPs with and without streaming. Without 
streaming, we do not introduce the chloride ions until the NPs have 
assembled into densely packed lines (as in Fig. 2D). Therefore, the 
acoustic force that has a positive linear correlation to the volume of 
the particles[15] is applied on 50nm NPs, and the sinusoidal acoustic 
driving force around the nodes is sufficient only to increase the 
concentration but not to form dense lines (see Fig. S1C). On the other 
hand, chloride ions are present in the microfluidic channel in the 
scenario that includes constant streaming. In this case, the NPs' 
polyacrylic acid coating is removed and as they are directed towards 
the node areas they collide and aggregate. The increase in size causes 
an increase in the applied primary acoustic force, thus allowing 
formation of thin dense lines.       

All measurements (with or without flow) were conducted with a cover 
glass placed between the liquid medium and the LiNbO3 surface 

(acoustically coupled with the LiNbO3 surface via silicon oil). The 
purpose of this additional glass layer was to decrease the influence of 
electrical charges arising from the piezoelectric substrate. Upon the 
application of SSAWs, a non-uniform charge distribution on the LiNbO3 
crystal creates virtual electrodes on the surface[23]. The 120 µm thick 
cover glass completely suppresses this phenomenon, and only the 
influence of the acoustic waves is detected. Additionally, we have 
performed the described deposition process using an opaque 
microfluidic channel (Fig. S6) to demonstrate one of the advantages of 
acoustic deposition compared to optical deposition. As expected, no 
noticeable differences were detected with the opaque system. 

While here the most basic standing wave formation was used (two 
opposing IDTs leading to line formations), more complex patterns 
could be achieved using holographic acoustics[38,39]. Additionally, 
super-high-frequency transducers could lead to much higher 
resolutions[40,41] (possibly sub-micron). This technique could be used 
for the development of sensors and microelectronic devices. This 
approach also allows fabrication inside closed systems (such as 
microfluidic channels) even for opaque or optically distorted systems 
where laser-based assembly methods are not applicable.[28] As we 
simultaneously affect all regions influenced by the acoustic waves (in 
contrary to optical techniques that require sequential treatment to 
achieve the desired pattern), our method could result in faster 
micropatterning, pending further comparative research.  

4. Conclusions 

While previous studies demonstrated microstructure arrangement of 
NPs with acoustic forces [13,23,24], intimate  contact between NPs 
was not achieved in these formations. This study presents a new 
approach for directed assembly of colloids to form continuous and 
conducting micro-structures. It overcomes the competing 
requirements of preventing unwanted aggregation in the dispersion 
by using organic dispersants and achieving intimate contact between 
the colloidal particles in the end-product after acoustic alignment. This 
is achieved by manipulating the surface chemistry of polyacrylic acid 
capped silver NPs (by addition of chloride ions) leading to aggregation 
and sintering into continuous conductive microstructures under 
SSAWs. Here, removing the capping is the trigger for the permanent 
assembly of the NPs while in previous reports[29,30]  this was 
achieved only by a post assembly treatment (the NPs were already 
dried and stable as micro-structures). Moreover, we show that the 
order in which the destabilizing ions are added has a major effect on 
the resulting microstructure. If the destabilizing ions are added prior 
to the nanoparticle assembly while continuously streaming the 
dispersion through the acoustic aperture, the induced aggregation 
leads to the formation of significantly thinner microstructures. While 
all previous demonstrations of assembly by SSAWs were limited to the 
area where the acoustic waves are present (considerably limiting the 
influenced area), in this scheme we show formations unlimited in 
length by the acoustic apparatus. Conductivity measurements (8.1×10-
7 ± 1.3×10-7 Ωm) are comparable to previously reported depositions 
of the same Ag NPs using laser induced photo-thermal deposition.[28]  

While here the most basic standing wave formation was used, future 
work could utilize more complex acoustic patterns based on 
holographic acoustics[38,39]. Additionally, super-high-frequency 
transducers could lead to much higher resolutions[40,41], possibly 
achieving sub-micron sized patterns. This approach also allows 
directed assembly inside closed systems (such as microfluidic 
channels) even for opaque or optically distorted systems where laser-
based assembly methods are not applicable. As acoustic forces can be 
applied to almost all dispersed systems[42], our method can 

Fig. 9. HR-SEM images of sliver lines formed from a dispersion of Ag NPs 

with A) 0.1 wt %, B) 0.5 wt % and C) 1 wt %. D) Width of the lines as a 
function of dispersion concentrations for various wave amplitudes.  



 
conceptually be implemented for directed assembly of various 
electrically stabilized colloids by utilizing electrolyte-induced localized 
coagulation[31,32].   
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