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A Chemical Display: Generating Animations by Controlled

Diffusion from Porous Voxels

Yevgeniy V. Kalinin, Shivendra Pandey, Jinpyo Hong, and David H. Gracias*

The concept of utilizing precisely patterned and chemically loaded 3D porous
containers akin to chemical voxels to enable dynamic visual patterns via
spatial and temporal control of both local and global chemical release is
described. Using numerical simulations and experiments, it is shown how
variations in porosity, volume, shape, and relative positioning of the chemical
voxels can be used to control the types of images that are formed with control
in both space and time. Moving images are generated via controlled chemical
release from an array of voxels to create an animation of a running man

thereby illustrating proof-of-concept for a chemical display.

1. Introduction

Present-day display technologies such as liquid crystal dis-
plays, flexible displays, printable electronic displays, electronic
paper displays, conformable displays, and wearable displays
have become ubiquitous.'™! However in all these existing
displays, the information displayed by individual pixels is not
stored in the pixels themselves but instead sent to the pixels
from an external source, typically through wired interfaces.®7]
Such interfaces which are required to transmit information and
address individual pixels can make displays fairly complex, and
the electrical power required to operate them can limit utility of
these devices.®l There also exists a technological gap between
processes used in conventional media such as painting or
printing and those used to create electronic displays. In
printing technologies, for instance, once information is sent to
the printer to be printed on paper, the dynamic aspect of the
information is lost. Hence, printers are only capable of pro-
ducing static images, with the exception of lenticular printing,
where multiple patterns are printed on the same image and
a change of the observation angle of the printed image alters
the displayed pattern.l’! Here, we describe a new approach for
generating moving visual images where the information to be
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displayed is geometrically encoded in the
pixels themselves and the pixels can be
dispensed using a variety of techniques
such as manual dispensation or nozzle-
based printing approaches amenable to
both rigid and flexible substrates.

Our approach is inspired by concepts
from the field of controlled release wherein
particles and devices have been developed
and used to release chemicals often drugs,
with precise temporal characteristics.[1%1%
Controlled release can be achieved in a
continuous or pulsatile form, either spon-
taneously by diffusion!!*!2l or in response
to various stimuli such as pH,2%2! temperature,?224 electric
current,®>! magnetic field,? ultrasound,’”) and light radia-
tion.?#2%] [n addition to temporal control, recent studies using
anisotropic or patterned particles have demonstrated chemical
release with spatial variations as well.2%33 Chemical diffusion
has also been used to generate wave-like reaction diffusion pat-
terns and to actuate microstructures.>*"l In our approach,
we also utilize controlled diffusion from chemical sources but
importantly, we show that by tuning the characteristics of the
sources themselves as well as their relative spatial arrangement,
we can generate well-defined animations. Drawing an analogy
to digital display technology, we refer to these sources as chem-
ical voxels, and to our knowledge this is the first demonstration
of the concept of a chemical display.

We emphasize that while we certainly do not expect chemical
displays to replace electronic devices entirely, we note that there
are numerous advantages of our approach that could lead to
new capabilities for dynamic display technology of relevance to
visual, scientific, or biological applications. Chemical displays
do not require any wiring, back-end interfaces, interconnects,
batteries, or external power sources. The chemical voxels can
be dispensed manually or via printing modalities both on rigid
and flexible substrates and either in 2D or 3D to generate a
variety of moving images on a variety of media, making it pos-
sible to create animations with conventional artistic techniques.
The voxels can be loaded with chemicals multiple times and
hence are reusable. There is considerable versatility and tun-
ability in the time scale of the image especially if images need
to be generated over long times. Further, as we show, it is pos-
sible to design specific moving images in silico using simula-
tions and that these designs correlate well with experiments,
allowing for a rational and software enabled design of moving
images in the display. We note that in order to create moving
images via chemical release, it is necessary to control the con-
centration of the chemical in both space and time, both locally
at each voxel as well as over the entire image. Importantly, we
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show that both the concentration of chemical and timing (start,
peak, and end of the chemical release) can be controlled via
manipulation of the characteristics of the porous voxels. Con-
sequently, the essential components of our approach require:
a) a high throughput strategy to synthesize chemical voxels in
the form of capsules or containers with well-defined volume,
shape, and porosity; b) a strategy to dispense and arrange the
voxels into well-ordered arrays; and c) design criterion for pro-
grammed chemical release with both local and global control
based on numerical simulations. We envision that a wide range
of chemical voxels such as porous capsules, microgel particles,
or reservoir systems could be utilized. Of these, polymer- and
gel-based particles can be readily mass-produced in a relatively
inexpensive manner but they offer limited control over direc-
tional release.’3*% In our demonstration, we utilize self-folding
polyhedral voxels which feature a high degree of control over
shape, volume, pore size, surface chemistry, and distribution in
all three dimensions. Hence, they serve as a model chemical
voxel system to illustrate the concept of a chemical display via
controlled chemical release.

2. Results and Discussions

2.1. Numerical Simulations to Control Chemical Diffusion from
Voxels

To illustrate control over the timing of chemical release via vari-
ation in porosity and shape of the voxel we consider a cube with
porous walls (Figure 1a). When the porous cubic voxel filled
with a chemical is placed into a stationary diffusion medium,
the chemical starts diffusing through the pores on the surface.
The temporal characteristics of the chemical release, such as its
duration of release, timings of start, peak, and end can be con-
trolled via geometric design parameters such as porosity, shape,
and volume of the voxels. We define the “start” of the chemical
release as the time when chemical starts coming out and its
concentration in the vicinity of the voxel is one-half (1/2) of the
maximal value. We define the “peak” as the time when the con-
centration in the vicinity is maximal and the “end” as the time
when the concentration of the chemical reaches one-half (1/2)
of its maximal value in the vicinity of the voxel (Figure 1b). The
use of the (1/2) factor in our definition of “start” and “end” is
arbitrary; we could as well have chosen any other reasonable
number, such as (1/10) which would lead to a larger temporal
separation between peaks of chemical release from multiple
voxels. It should be noted that the decay in chemical concentra-
tion occurs exponentially and thus never fully reaches a zero
value. A typical spatial profile of the chemical concentration
around a cubic voxel in a stationary diffusion medium is shown
in Figure S1 (Supporting Information). Our simulations sug-
gest that the separation of peaks can be controlled by varying
pore sizes and volumes of the voxels (Figure 1b-f). Larger pores
result in faster release of chemicals in the vicinity of the voxel
and shorten the duration of chemical release. An important fea-
ture of our work is the ability to generate a moving image and to
this end we observe that it is possible to synchronize the release
times from different chemical voxels by varying the pore size
and volume of the voxels, so that, for example, some voxels will

Adv. Funct. Mater. 2015, 25, 3998-4004

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.afm-journal.de

Q
(o

’:,:\ g Peak 1 Peak 2 20
© 5
c o 15
o 4
® gl 1.0
® 2 05
o 1
g | 0.0
o?f o :
0 500 1000 15002000
c d Time (s)
A
B I
] 000 ¢
Pore size (um) c D
310 190001 g
% —e— Peak
308 . —a—End
= 510000
S 0.6] -
® 04] £
£ 04 £ 5000 /
Q 0.2 /‘
§ 0.0/ 0 | e—g—: -
0 3600 7200 10800 0 500 1000 1500 2000
Time (s) Voxel height (um)

Figure 1. Numerical simulation results demonstrating temporal control
over chemical release from chemical voxels with different shapes, sizes,
and pore characteristics. a) Schematic illustration of chemical diffusion
from a cubic voxel. b) Plot of the typical variation of chemical concen-
tration outside of the voxel as a function of time. The temporal charac-
teristics are determined by the voxel geometry (size and shape) and its
porosity. Black line corresponds to diffusion from a 500 pm size cubic
voxel with a single 100 pm pore on each face, and red line corresponds
to a 500 ym size cubic chemical voxel with a single 20 pm size pore
on each face. The temporal characteristics of chemical release can be
controlled by varying the pore size in such a way that when the chemical
release from one chemical voxel ends (“End 1,” ¢t = 1000 s), the release
from the other voxel reaches the peak (“Peak 2,” t = 1000 s). c) Plot of
the time of chemical release as a function of pore size. The start, peak,
and end points of chemical release are plotted for a 500 pm size cubic
chemical voxel. The dashed lines in the plot illustrate the procedure for
synchronizing release times from voxels with different pore sizes. For
example, in this plot, when the chemical release from a voxel with 100 pm
size pore ends, the release from a voxel with 20 pm size pore reaches the
peak. This way we can “preprogram” when a given voxel would become
visible and when it would fade away. d) Images of voxels with various
time release characteristics: (A) is a 500 pm size cubic chemical voxel
with a 4 x 4 array of 25 ym pores on each face, (B) is a 400 ym size cubic
chemical voxel with a 17 pm pore on each face, (C) is a 250 pm size
cubic chemical voxel with a 3 pm pore on each face, and (D) is a parallel-
epiped with dimensions 2000 x 500 x 500 pm with a single 100 pm pore.
e) Numerical simulation plot of chemical concentration as a function of
time for the voxels shown in (d). f) Time of chemical release plotted as
a function of voxel volume. Voxels have same pores and cross-section
(500 pm x 500 pm) with varying heights. It shows that we can control
the duration of chemical release by using voxels with different volumes.

only start releasing chemicals when other voxels have released
almost all of their content (Figure 1c). This approach can be
utilized for “programming” various time-dependent chemical
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patterns by placing precisely designed voxels in the immediate
vicinity of each other. Since the duration of the chemical release
depends on pore size and volume, we can use voxels of dif-
ferent geometry with different pore characteristics to control
the separation of peaks and the duration of chemical release as
illustrated in simulation results shown in Figure 1d-f.

2.2. Design of an Animation Using Simulations

In this paper, we demonstrate the concept of a chemical dis-
play by arranging chemical voxels of different volumes, pore
sizes, and chemical concentrations in an array to generate
moving frames of a “running man.” The animation was first
designed using simulations and then validated in experiments.
As in conventional animations, we broke up the moving image
of the running man into a sequence of three static images or
frames and performed numerical simulations for appropriate
arrangements of cube shape voxels with three different vol-
umes, pore sizes, and chemical concentrations to generate
three frames (Figure 2). In order to control the voxel's start,
peak, and end timings, the voxel volume and pore size were
varied. Our simulations suggest that a moving image from left
to right can be generated by arranging chemical voxels with
decreasing volume, decreasing pore size, and increasing con-
centration from left to right. Thus, the frame on the left should
be constructed using voxels with the largest volume, largest
pore size, and lowest chemical concentration while the one
on the right should be constructed with voxels of the smallest
volume, smallest pore size, and highest chemical concentra-
tion. This arrangement is done to control the duration of chem-
ical release for the three frames of the “running man” figure
with their peaks well separated. As time goes by, the chemical
in the voxels of the first frame are depleted (reaches half of the
maximal concentration in vicinity) while the concentration of
the chemical for second frame is maximum. The same process
repeats during generation of the third frame.

Thus, our simulations suggest that moving images can be
generated by discretization of frames and arrangement of
appropriately designed voxels in terms of their physical dimen-
sions, porosity, and loaded chemical concentrations. To create
a single animation, the frames can be arranged either in the
same location or on top of each other.

2.3. Dispensation of Chemical Voxels on Rigid and Flexible
Substrates

In order to validate this concept experimentally, we used fluo-
rescein-loaded cubic voxels, which were attached to glass sub-
strates. First, we fabricated the chemical voxels using surface
tension driven self-assembly, by a process that has been detailed
previously.1#2 Briefly, prepatterned planar templates of a
desired shape are defined on a sacrificial layer using photoli-
thography with metal frames and solder hinges. The templates
are released by dissolving the sacrificial layer and self-assemble
on heating into porous polyhedra with well-sealed edges due
to surface energy minimization of the molten solder hinges.
We fabricated cubic voxels of various sizes with various pore
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Figure 2. Simulation results showing time-dependent images of the
frames of a “running man.” a—c) Sequential emergence of three frames
of a running man from left to right. The frames are composed of voxels
with decreasing volume (from left to right the cubic voxels are 500, 400,
and 250 pm in size) with decreasing pore size (from left to right the pores
are 100, 17, and 3 pm in size) and increasing chemical concentration of
fluorescein (from left to right the fluorescein concentration was 2 x 1073,
4x1073 and 15 x 107 wm).

characteristics and arranged them on a glass slide to represent
fixed chemical sources or chemical voxels for the generation of
three frames of a running man in a chemical display (Figure 3).
To highlight the use of our methodology with conventional
artistic media we also show that the voxels can be printed with
fairly high throughput. By using a voxel-loaded pipette we were
able to write the shape of a house (Figure 4a,b). While our
approach was done by hand it could as well be implemented
by automated nozzle-based computer controlled printing tech-
niques allowing arrangements in both 2D and 3D.**-*] From
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Figure 3. Ordered arrangements of chemical voxels used to fabricate the
chemical display. a) Top view of the chemical voxels arranged on a glass
slide that represents the first, second, and third frames of a “running
man.” From left to right, each frame is formed by a single voxel type:
500 pm size voxels with a 4 x 4 array of 25 pm pores on each face, 400 pm
size voxels with a single 17 pm size pore on each face, and 250 pm size
voxels with a single 3 pm size pore on each face. All three frames were
imaged separately and then stitched together. b—d) The corresponding
cubes used to create the chemical voxels for the frames from left to right
shown in (a). The inset in (c) is a zoomed image of a 17 ym size pore and
the insetin (d) is azoomed SEM image of a 3 pm size pore. Scale bars are
100 pm for (b—d), 30 pm for the inset in (c), and 2 pm for the inset in (d).

a functional standpoint, as shown in Figure 4c—f, voxels can
be arranged both on rigid and flexible substrates highlighting
the ability to create displays by chemical diffusion on a variety
of substrates in 2D, curved and folded geometries. It is impor-
tant to note that it can be challenging to create displays using
conventional electronic pixels on such media due to the incom-
patibility of these material substrates with the high tempera-
tures and vacuum-based processes used in microelectronic
fabrication [+

2.4. Experimental Validation of the Animation

We used fluorescein-loaded voxels to visualize the image; alter-
nate chemicals with different colors could also be utilized. As
designed, the first frame appears at the time when the fluo-
rescence intensity of fluorescein released from the chemical
voxels constituting this frame reaches its peak. When the
fluorescence intensity of the first frame decreases to the half
of its maximal value, the fluorescence intensity of the voxels
in second frame reaches the peak and thus the second frame
becomes visible. Similarly, when the fluorescence intensity of
the chemical voxels in the second frame reduces to half of its
maximal value, the third frame becomes visible. Hence, the
three frames appear one after the other from left to right in
agreement with simulations (Figure 5). Details of fabrication
of voxels, loading of chemicals, arrangement methods, and
imaging of chemical diffusion are given in the Supporting
Information.
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Figure 4. Dispensing voxels on rigid and flexible surfaces. a) Schematic
illustration of the dispensation of chemical voxels using a nozzle-based
approach to create the shape of a house on a glass slide. b) Optical image
depicting voxels written using pipette filled with agarose gel in the shape
of a house. The agarose gel serves as a diffusion medium to visualize
chemicals released from the voxels. The zoomed inset is an optical
image of a single cube shaped chemical voxel. c¢,d) Optical images of
dodecahedron-shaped chemical voxels arranged on a polydimethylsiloxane
(PDMS) surface to illustrate an artistic design of a man on a flexible sub-
strate. e,f) Optical images showing chemical diffusion from dye loaded
chemical voxels on the PDMS surface. Scale bars: 1 cm for (b—f) and
100 pm for the inset in (b).

3. Conclusions

Our studies suggest a proof-of-concept for the fabrication and
operation of a chemical display. The resolution of the display
is based on the size of the chemical voxels as well as their
spacing. In comparison to conventional electronic displays,
while no sharp “pixel” boundaries can be formed by a diffusion
process, the gradients of chemical concentration in the vicinity
of the pores are very high (Figure S1, Supporting Information).
Accordingly, the size of the chemical “pixel” is comparable to
the size of the voxel that created it. High chemical gradients
also allow the pixels to remain visible even as the chemical
background concentration increases. This is essential for the
voxels that are programmed to become visible at later times as
more and more chemical voxels release their chemical content.
When working with multiple voxels at close spacing, a chemical
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Figure 5. Experimental demonstration of a chemical display depicting a
man running from left to right. a—c) Experimental results showing time-
dependent images of the frames of a running man via fluorescein diffu-
sion from chemical voxels in a diffusion medium consisting of glycerol,
ethanol, and water in a ratio of 2:1:1 (v/v). All three frames were imaged
separately at the same time and then the frames were stitched together.
a) Initially only the first frame becomes visible. b) After 2:30 min, the
first frame completely fades away and the second frame becomes visible.
c) Finally at time 6:00 min, the first two frames fade away and the third
frame becomes visible. Scale bars: T cm.

voxel will alter the concentration in the vicinity of its neighbors
that has some effect on the chemical release from the neigh-
boring voxels; these effects were taken into account in the sim-
ulation of the running man.

In terms of the size of the voxels, we note that a variety
of nanostructured liposomes, microgel particles, or even
similar self-folded containers already exist at 100 nm length
scales, which is a size far smaller than the 10 pm size range
of conventional toner particles used in 600 dots per inch (dpi)
printing technologies.P! As noted earlier, higher precision
approaches such as traditional ink-jet or 3D printing could
also be utilized on unpatterned or patterned substrates.[>3!
Prepatterned substrates could also aid in registry. For example,
previously we have shown how egg-crate like substrates could
be used to orient polyhedral®! suggesting that anisotropic and
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oriented diffusive patterns from local voxels could also be uti-
lized. Further, arranging chemical voxels on a preexisting grid
ensures a precise orientation relative to the substrate and thus
local voxel diffusion can be optimized for a specified layout. In
this arrangement, the reusable array of voxels which releases
the fluorescent dye via diffusion behaves as other displays,
such as electrophoretic spheres (also known as E InkP%) or a
prototype microfluidic display.’®! The main difference between
the chemical display presented here and other techniques is
the absence of external connections or interfaces in our case.
Here, the timing information is encoded in the voxels them-
selves and it is programmed via engineering the volume,
porosity, and chemical concentration of the voxels. We note
that while our demonstration was shown using diffusion from
passive voxels, it could as well utilize existing stimuli-respon-
sive voxels such as those responsive to light, radio frequency,
or ultrasound allowing on-demand or remotely controlled
animations.*”%7 Further, the substrates with chemical voxels
printed on them can be reused by either simply submerging
them in the solutions of the dyes, creating a microfluidic
interface, or by relying on chemical reactions; these features
are important from a recycling and sustainability standpoint.
Finally, additional time and color variability can be added by
utilizing multiple chemicals, such as ones with lower diffusion
coefficients.

In addition to media applications, we envision that the
methodology could also be used in biotechnology and bioen-
gineering to create programmable chemical patterns such as
dynamic gradients to direct cellular behaviors.’® In the case of
a single chemical release from multiple containers, this tech-
nique can be used to create complicated release profiles® in
a manner similar to the Fourier decomposition. Alternatively,
the technique can be used to time the release of multiple
chemicals such as growth factors, where sequential release
is known to be critical for the formation of organized tissues
and organs.® The proposed methodology would complement
existing techniques,?861-%3 while allowing for precise timing
of the release by relying only on the shape and size variations
of the voxels.

4. Experimental Section

Numerical Simulations: Numerical simulations were performed using
COMSOL Multiphysics (COMSOL, Inc.). It was assumed that the voxels
were surrounded by a 4 mm thick stationary medium and solutions were
sought to the time-dependent diffusion equation in stationary medium in
the absence of chemical reactions as described previously.’® Simulation
results such as those shown in Figure 2 were obtained by plotting the
concentration field in a plane parallel to the plane of the voxels and
offset from it by 600 pm. Photobleaching of the fluorescent dye was
not taken into account in the simulations. In addition, when calculating
chemical release from individual voxels zero boundary conditions were
assumed thus neglecting possible chemical interactions between voxels.
Such interactions were taken into account in simulations of chemical
release from ordered voxel arrangements.

Fabrication of Voxels: In this study, the voxels were fabricated in a
high throughput manner using a surface tension—driven self-assembly
technique in which prepatterned 2D templates of voxels self-fold
and self-seal due to minimization of surface energy of the molten
hinges.l*1*2l Planar templates of voxels using AutoCAD were designed
and were printed on transparency film to make photomasks. These
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photomasks were utilized for photolithography, and consequently
electroplating and wet etching techniques to pattern 2D panels and
solder hinges. The hinged templates from the substrate were released
by dissolving an underlying sacrificial layer and the templates were
heated to 200 °C, above the melting point of the solder to self-assemble
templates into perfectly closed and sealed voxels. In order to decrease
the pore size below the resolution of the transparency film photomasks,
which was 8 pm in this case, gold (Au) was deposited by electroplating
after self-assembly. Due to the electrically conductive nature of the
polyhedra, the gold deposited on both the inside and outside of the
cubes and the final size of the pores was reduced by the amount of gold
electroplated.l”

Positioning of the Voxel Arrays and Chemical Loading: Voxels can
either be positioned manually or by nozzle-based printing methods. In
order to write a house shape (Figure 4b), =200 cube shaped voxels
were added in a 2 mL (1% w/v) agarose gel and mixed well using a
pipette. A disposable transfer pipette was used (Fisherbrand; Catalog
No. 13-711-7M) to dispense the voxels and write a shape of house on a
glass slide. The gel solidified in 5-7 min at room temperature. To create
the design of a man on a flexible surface (Figure 4c-f), the elastomer
base and curing agent (Dow Corning Sylgard 184 Silicone Elastomer
Kit) were first mixed in a ratio of 10:1 (w/w) and put in a desiccator to
remove bubbles. After removing the bubbles, it was cured at 65 °C for
2 h to prepare a flexible polydimethylsiloxane (PDMS) substrate. Then,
300 pm sized dodecahedron shaped voxels were positioned manually
on the PDMS substrate and attached with an adhesive (Gorilla Glue).
These voxels were loaded by covering them with a green color liquid
dye (McCormick Food Color & Egg Dye) and placing the substrate in a
desiccator for 10 min to speed up the loading process. The excess dye
was removed by rinsing the voxels with distilled water and the excess
was dried by wiping with KimWipes. Similarly, for the animation of a
running man (Figure 5), the cubic voxels were positioned manually to
form three frames of a running man figure and attached them on glass
slides using an adhesive (Gorilla Glue). Arrayed voxels were loaded
with fluorescein (Sigma-Aldrich; Fluorescein Sodium Salt, Catalog
No. 231-791-2) by soaking them in aqueous solutions overnight.
In the case of voxels with small pores, the voxels were placed in a
desiccator to remove air bubbles and speed up the loading process.
It was also found that the addition of a Pluronic P-123 surfactant at
0.1% (w/v) facilitated voxel loading with chemicals more readily but
the surfactant led to the voxel detachment from the glass slides so its
use was discontinued. The concentrations of chemicals loaded in the
voxels were calculated in accordance with the numerical simulations
(Figure 2). To generate the animation shown in Figure 5, solutions
of fluorescein with different concentrations were utilized, 2 x 1073 m
aqueous solution for the first frame, 4 x 107 m for the second frame,
and 15 x 1073 wm fluorescein solution for the third frame, from left to
right.

Chemical Diffusion and Imaging: In order to generate the moving
images of the running man (Figure 5), loaded chemical voxels were
rinsed briefly with water and were gently wiped to remove any excess
fluorescein that remained on the outer surface of the voxels. The arrayed
voxels were placed in a 4 mm tall PDMS chamber and the display was
activated by gently pouring a mix of glycerol, ethyl alcohol, and water
in a ratio of 2:1:1 (v/v) onto the chemical voxels. A schematic of the
experimental setup is shown in Figure S2 (Supporting Information). The
diffusion of fluorescein under a fluorescence microscope was imaged.
Each frame was imaged separately but at the same time and then
stitched together to make an animation of three frames thus illustrating
a running man figure from left to right. The voxels were used and reused
for image formation over ten times.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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