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Abstract

Porous-wall hollow glass microspheres are a one-of-the-kind
material with many potential uses in security technology. This
work focuses on the development of security inks containing
porous-wall hollow glass microspheres, whereby the microspheres
serve as storage vessels for a variety of functional materials. This
preliminary work comprises two feasibility studies. One study
resulted in the successful aerosol jet deposition of hollow glass
microspheres onto a substrate. The other study resulted in the
loading of porous-wall hollow glass microspheres with gold
nanoparticles. Both studies demonstrate the feasibility of
developing and delivering a security ink utilizing porous-wall
hollow glass microspheres that are loaded with functional
materials. The results encourage the continuation of research to
achieve this goal.

Introduction

In recent years, the production of counterfeit goods has grown
into a world-wide issue that is detrimental to both the world
economy [1] and the well-being of consumers, impacting a variety
of products (e.g. pharmaceuticals [2] and auto parts [3]).
Counterfeiting technology has developed in recent years, often
resulting in negation of existing security features used for product
authentication. As a result, there is a need for novel, functional
materials to be incorporated into the next generation of security-
end products. Porous-wall hollow glass microspheres (PW-
HGMs) are one of these materials. These glass microspheres
typically have diameters that range from 10 microns to 100
microns and wall thicknesses of 1-2 microns [4]. Figure 1 shows a
scanning electron microscope (SEM) image of multiple PW-
HGMs. The most unique feature of PW-HGMs is their
interconnected wall porosity (see Figure 2) that is generated and
controlled after producing phase separation during the
manufacturing process [4]. The 10-3000 A pores enable the hollow
spheres to be loaded with solids, liquids, and gases for use in a
wide range of applications including renewable energy, medical
imaging, and drug delivery [4-6].

The objective of this research was to initiate the development
of a security ink that contains PW-HGMs loaded with one or more
functional materials (e.g. materials with unique optical, electrical,
magnetic, thermal, or chemical properties). Such a novel PW-
HGM-based security ink could be used to fabricate next-generation
security devices with direct write printing technology.
Encapsulating various payloads within PW-HGMs would allow for
an efficient deposition process that utilizes the same printing
parameters for a variety of functional materials. Thus, a variety of
functional security inks may be developed and deployed within a
single technology envelope. Additionally, the encapsulation of
functional materials within thin glass walls can be exploited to
create security features for use in anti-tamper applications.

Figure 2. SEM image revealing the wall cross-section of a PW-HGM. The dark
gaps between the wormlike glass features are the interconnected pores
(about 50-100 nm in diameter in this case) through which PW-HGMs can be
loaded with a variety of materials.

As first steps in developing a security ink incorporating
functionally loaded PW-HGMs, two feasibility studies were
performed. One study sought to show that glass microspheres
could survive a printing process using an aerosol jet deposition
system. The second study focused on demonstrating the feasibility
of loading PW-HGMs with metallic nanoparticles through the wall
porosity.
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Aerosol Jet Deposition of Glass Microspheres

Objective

Before working directly with the limited quantities of the
unique PW-HGMs available for this research, inks containing
solid-wall hollow glass microspheres were developed. The
chemical, mechanical, and rheological properties of the ink,
suitable for the specific direct write technology utilized for the
printing process, had to be identified. Additionally, parameters
involved in the printing process needed to be optimized to ensure
successful deposition of the microspheres onto a substrate.

Materials and Methods

An ink consisting of 5.0 wt% polyvinylpyrrolidone (PVP) and
0.2 wt% 3M™ iM30K Glass Bubbles (average diameter of 18 um
[7]) in ethylene glycol was developed for aerosol jet deposition by
a Sono-tek ExactaCoat SC system. The loading of the ink with
both the glass microspheres and the PVP, which was used for
adhesion of the microspheres to the substrate following printing,
was restricted by the printing system’s rheological limitations,
which were experimentally determined. Ethylene glycol’s viscous
nature helped to slow the hollow glass microspheres’ tendency to
float to the surface of the ink. Sufficient dispersion of the
microspheres in the ink was maintained to allow for generation of
an aerosol spray.

The ink containing the iM30K Glass Bubbles was printed
onto glass and paper substrates. Printing parameters such as
volumetric infusion rate and line spacing were experimentally
optimized to eliminate overspray of the ink and infusion line
blockage caused by microsphere buildup.

Results and Discussion

The iIM30K Glass Bubbles were successfully deposited onto
glass and paper substrates. Figure 3 shows SEM micrographs of
iM30K Glass Bubbles with PVP printed onto copy paper using an
aerosol jet deposition system. From inspection of Figure 3, it is
clear that the microspheres remain intact after printing with limited
signs of microsphere fracture. Also, it is interesting to note that the
microspheres appear aligned with the paper fibers, potentially
caused by evaporative assembly. Figure 4 shows the same ink
printed on a glass substrate. The image was captured near the edge
of the printed area and depicts part of a ring of microspheres which
is believed to have formed during drying due to the coffee ring
effect [8]. From inspection of Figure 4, cracks which formed
during the drying process are present in the film. These results
demonstrated that, with the proper ink characteristics and printing
parameters, hollow glass microspheres can be printed using an
aerosol jet deposition system.

Future work must be done to further optimize the printing of
glass microspheres. As shown in Figure 3, there is a non-uniform
coverage of the paper substrate after printing. Thus, improved
coverage of substrates with glass microspheres should be sought.
Additionally, the coffee ring effect, which occurred after printing
on glass substrates (Figure 4), need to be minimized in future
work, perhaps through the use of binary solvents [9].

The process used to develop the ink that resulted in the
successful aerosol jet deposition of these solid-wall hollow glass
microspheres will be extended in the future to the development of
inks containing PW-HGMs. It should be noted, however, that the
iM30K Glass Bubbles used in this feasibility study are both
relatively small and very strong. PW-HGMs, on the other hand,
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will be weaker due to the induced wall porosity. This means that
techniques used to strengthen PW-HGMs, such as coatings, will
also need to be explored in future research.

Figure 3. SEM image showing aerosol jet deposition of iIM30K Glass Bubbles
with PVP onto copy paper.

Figure 4. SEM image showing aerosol jet deposition of iIM30K Glass Bubbles
with PVP onto a glass slide.

Loading of PW-HGMs with Nanoparticles

Objective

As mentioned in the introduction, PW-HGMs have been
loaded with a wide range of materials for a variety of applications.
Limited research, however, has been conducted on loading PW-
HGMs with metallic nanoparticles with properties applicable to
security printing, such as unique optical, electrical, magnetic,
thermal, or chemical properties. Loading PW-HGMs with gold
nanoparticles was attempted simply to demonstrate proof of
concept for the loading of PW-HGMs with functional
nanoparticles.

Materials and Methods

PW-HGMs, with an average diameter of about 27 microns,
were soaked in an approximately 18 nanomolar citrate-capped gold
nanoparticle aqueous dispersion. Pressure and heat were used to
impregnate the PW-HGMs with the 12-15 nm spherical gold
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particles. Multiple loading cycles were performed and, after each
cycle, the PW-HGMs were washed and dried to gradually build up
the amount of gold on the interior of the microspheres.

The loaded PW-HGMs were then cracked open and
characterized using field emission SEM and energy dispersive X-
ray spectroscopy.

Results and Discussion

Gold nanoparticles were found on the wall interior and inside
the wall porosity of a PW-HGM that had been cracked open for
characterization. Figure 5 shows an SEM image of the interior
surface of a PW-HGM after completion of the loading process.
Note, this sphere was deliberately fractured to inspect the internal
surface. Clearly, gold nanoparticles (light regions), present in both
clusters and as individual particles, were found uniformly
distributed on the interior microsphere surface. From inspection of
the inset in Figure 5, the wall porosity (dark circles) can also be
observed. The individual spherical nanoparticles are indeed about
12-15 nm in diameter and the pore openings in this particular area
are roughly 12-20 nm in diameter. Figure 6 shows an SEM image
revealing the wall cross-section of a PW-HGM after completion of
the loading process and the deliberate fracture of the sphere. From
inspection of Figure 6, and comparison with Figure 2 (unloaded
sphere wall cross-section), the wall cross-section contains a
significant coverage of gold nanoparticles (light regions). Also, the
pores in this area are about 50-90 nm at their widest points. The
presence of gold nanoparticles on the interior wall surface and
within the microsphere’s internal wall porosity strongly suggests
that nanoparticles traveled through the porosity and loaded the
glass microsphere. The PW-HGM had undergone five separate
loading cycles, all of which utilized both pressure and elevated
temperatures, and soaking times ranging from 30 minutes to 2
hours.

The discovery of gold nanoparticles on the interior wall
surface and within the wall porosity of a PW-HGM demonstrated
that the loading of PW-HGMs with metallic nanoparticles is
indeed feasible. These results suggest that methods can potentially
be developed to load PW-HGMs with nanoparticles that are
functionalized for security printing applications.

Figure 5. SEM image of the interior wall surface of a PW-HGM after loading
the sphere with gold nanoparticles. The inset depicts a higher resolution
image where the gold nanoparticles (light regions) and wall porosity (dark
circular openings) are clearly visible.

Figure 6. SEM image showing the PW-HGM wall cross-section after loading
the sphere with gold nanoparticles. Gold nanoparticles are present as light-
colored spheres and clustered spheres in this image.

Conclusions

These feasibility studies have demonstrated the ability to print
solid-wall glass microspheres, albeit small and very strong
microspheres, with an aerosol jet deposition system and the ability
to load PW-HGMs with gold nanoparticles. Based on these
encouraging results, further research on incorporating PW-HGMs
into security inks seems worthwhile. Steps will be taken towards
loading PW-HGMs with a variety of functional materials,
including metallic nanoparticles, and then developing an ink that
contains these loaded PW-HGMs for use in aerosol jet deposition
systems. Such a novel ink would have many applications in new
generations of security features.
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